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Abstract

Aptima Inc. and their partner VigiLife Inc. are developing a device that monitors the physiology of
Marines such as their heart rate and respiration in order to prevent heat illnesses or other related
afflictions during training. There is currently no way to transport and charge these devices at a large scale.
Pelican cases, which are hard-shelled carrying cases, are being used to transport devices now, but there is
nothing within the cases to organize the devices nor is there a way to connect the devices to a charger. To
combat this, a tray is being designed that will be able to be inserted into a Pelican case where the devices
can be slid into slots on the tray and be connected to their charger. It will ideally accommodate 40-50
devices, and be able to withstand extensive travel, high temperatures and low temperatures, and other
harsh conditions. The material chosen for this tray is ABS, as it is impact resistant, durable, and simple to
manufacture and prototype. Ultraviolet radiation may also be used in order to disinfect the tray and
devices. The tray will be tested in its device attachment and protection as well as durability through a drop
test, and the charging characteristic will be tested through a time functionality test. The results will
illustrate the effectiveness of the tray in accomplishing the clients requirements.
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Introduction

Motivation and Global Impact

The development of a wearable physiological monitoring device addresses critical safety
concerns in high-risk occupational environments, such as those involving heat stress or confined spaces.
Workers in these conditions face significant health risks, and real-time monitoring of physiological data
can help prevent accidents, reduce illness, and ensure timely intervention. The lack of an efficient
charging and transport system for multiple sensors hinders consistent and reliable usage. This project aims
to design a gang-charging system to address the practical need for sensor charging, transport, and
disinfection, improving workplace safety on a global scale.

Existing Devices/Current Methods

Masimo Corp filed a patent on a physiological device charging station. This design includes a
multiple-level system that holds the trays for the devices. The design has a charging port that protrudes
from the bottom of the station to provide charge to the devices. However, this design is very large and not
made for easy transportation [1]. One of the main requirements for the design is that it is very easy to
transport.

The MSTJRY USB charging station pictured in figure 1 is a 5-port USB charging station
designed for consumer devices like phones and tablets. While it offers multiple charging slots, it lacks the
durability, UV disinfection, and sensor-specific design needed for physiological monitoring devices in
harsh environments. Additionally, it doesn’t support large-scale sensor charging or backup power for
consistent use.

Figure 1: MSTJRY USB Charging Station for multiple devices. [2]



The Belkin BoostCharge Pro pictured in figure 2 is designed for personal use. This wireless
charger supports up to three devices but falls short in scalability, lacking the capacity to charge 40-50
sensors and offering no ruggedness, temperature resistance, or UV disinfection.

Figure 2: Belkin 3-in-1 Wireless Charging Port. [3]

The Pasco Wireless Sensor charging station shown in figure 3 is designed for educational sensors,
but its capacity (charging up to 10 sensors) is insufficient for the scale of the project. It also lacks features
such as UV disinfection, temperature resistance, and backup power that are essential for occupational
safety applications.
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wireless sensor charging station Pasco

Figure 3: Pasco Wireless Sensor Charging Station [4]


https://www.belkin.com/p/3-in-1-wireless-charger-with-magsafe-15w-certified-refurbished/WIZ009TTWH-RM.html?utm_source=google&utm_medium=paid&gad_source=1&gclid=Cj0KCQjw05i4BhDiARIsAB_2wfBViexlH6Wv5F2NQY0gQLIVVyCBHCTorOrSvSKz4_5zQFCCey_ToQAaAnpfEALw_wcB

Problem Statement

A new wearable device for physiological monitoring, specifically designed for occupational
safety in environments like heat stress and confined spaces, is currently being developed. The design
contains a hard-shelled carrying case which provides protection but lacks trays that can connect
physiological sensing devices with charging cables. Thus, the team is tasked to design and fabricate a
gang-charging system to help solve this problem effectively and efficiently. The design should consist of a
tray to house the physiological sensors paired with a charging system to ensure constant power supply to
the sensors. Overall, the design should be able to transport, charge, and recuperate 40-50 sensors. The
charging system ideally should indicate charge and UV levels. The final design should balance cost,
durability, and manufacturability.

Background

Relevant Physiology and Biology

The device is predominantly used by the Marine Corps to monitor the heat stress that a soldier
experiences in training and combat. This is because high temperatures mixed with the physical activity
that soldiers are subjected to every day put them at a higher risk of heat stroke and other heat-related
illnesses. In 2021, there were 1,864 incidents of heat-related illness and 488 cases of heat stroke in the
US military[5]. Heat-related illnesses are due to heat stress that elevates a person’s core and skin
temperatures[6]. The symptoms of heat-related illnesses can vary very much based on how severe the
conditions that someone is subjected to. The least severe symptoms of heat illness are cramps, rash,
swelling caused by heat, and fainting. An increase in the severity of the heat illness leads to heat
exhaustion which causes headaches, vomiting, and weakness of muscles. And, finally, if the severity
increases more it can lead to heat stroke which causes a person to have an altered mental state, slurred
speech, seizures, and even death [7]. The symptoms that come from heat-related injuries can drastically
affect each soldier’s alertness and ability to focus on the mission at hand. This can be very dangerous
since soldiers are put in very stressful situations. In many of these situations the lives of themselves, their
units, and civilians are at stake. Ultimately the physiological devices will be able to monitor the core and
skin temperatures of soldiers, to prevent heat stress-related illnesses from impacting a soldier in the field.

The physiological device will be predominantly kept at the US Marine Corps bases. Throughout
the world, there are 39 US Marine Corp. bases all with very different climates and conditions that could
damage the charging station and the devices inside. These conditions include wind, sand, snow, rain, and
a high fluctuation of temperatures. This could very easily lead to damage to the charging station and the
devices if not properly protected. The Pelican Case solves this concern because it provides a durable, and
waterproof housing unit for the charging station and devices.

Client Information
The clients are Isabel Erickson and Kevin Durkee from Aptima Inc. as well as Vigilife and the

Marine Corps.



Product Design Specification

The goal of the gang charging system is to provide accurate connection and constant charging of
physiological sensors. The tray itself must be made of a material that is durable, easily fabricated, and
lightweight. The overall design must be easy and intuitive to operate, safe, durable, as well as it must fit
within a Pelican Case of unspecified dimensions. The client requires that the final product house and
charge 40-50 sensors and be able to withstand a wide range of temperatures and consistent usage,
hundreds of uses per day. Additional requests by the client include a charge display, a UV disinfection
system, and internal backup power. Refer to Appendix I for a more detailed explanation of the Product

Design Specifications.

Preliminary Designs and Materials

Refer to Appendix X for budget analysis.
Proposed Tray Biomaterial

Acrylonitrile butadiene styrene

Acrylonitrile Butadiene Styrene (ABS) is a popular thermoplastic polymer used as a 3D printing
filament due to its strength, durability, and ease of post-processing. ABS exhibits excellent mechanical
properties, including high impact resistance, toughness, and good dimensional stability, making it suitable
for a tray design. It has a Young’s Modulus between 1.9 and 2.5 gigapascals (GPa) [8] and a tensile
strength of 45 MPa [9], making it an excellent shock and vibration absorber while resisting cracking and
fracturing under loading. ABS has approximately 12.6 kJ/m?* of impact resistance [10] and a melting
point of 473.15 - 513.15 K [11] which allows it to withstand moderate temperatures before deforming.
However, ABS releases potentially harmful fumes, including styrene, when heated during the printing
process, which necessitates adequate ventilation or the use of an enclosed printer with proper filtration. It
is also slightly hygroscopic, meaning it should be stored properly to avoid moisture absorption, which can
impact printing quality [12]. ABS's combination of toughness and thermal stability makes it ideal for

printing functional prototypes and end-use parts, but safety precautions should be taken during use.



High-Density Polyethylene

High-Density Polyethylene (HDPE) is a versatile and lightweight thermoplastic commonly used
as a 3D printing filament due to its excellent chemical resistance, durability, and flexibility. HDPE offers
good mechanical properties, A Young's Modulus that ranges from 600 to 1500 MPa [13] and a tensile
strength of approximately 35 - 40 MPa [14] as well as a low density, approximately 930 to 970 kg/m?.
[15], which contributes to its strength-to-weight ratio. It also exhibits high impact resistance and good
flexibility, making it useful for applications requiring durability under mechanical stress. HDPE has a
relatively low melting point, ranging from 390 - 410 K [16], giving it good thermal stability for cold
environments. HDPE is chemically inert and resists moisture, but due to its warping tendencies during 3D
printing, careful attention to bed adhesion and temperature control is necessary. From a safety standpoint,
HDPE does not emit toxic fumes during printing, making it a safer option compared to filaments like

ABS.

Polyethylene Terephthalate Glycol

Polyethylene Terephthalate Glycol (PETG) is a popular 3D printing filament that combines the
strength and durability with the ease of printing. PETG is known for its excellent mechanical properties,
including high tensile strength of 31.3 Mpa[17], a Young’s modulus of 2.01-2.11 GPa [18], good
flexibility, and impact resistance, making it ideal for functional parts that need to withstand mechanical
stress. It also has excellent chemical resistance and is less prone to warping compared to other 3D printing
filaments. PETG's thermal properties include a melting point between 538.5 K [19] allowing it to
maintain stability at higher temperatures. PETG prints well without the need for a heated enclosure and
has good bed adhesion, reducing the risk of warping. In terms of safety, PETG is a relatively safe filament
to print with as it produces minimal odors and no toxic fumes. Its combination of strength, flexibility, and

ease of use makes PETG a popular choice for both prototyping and functional parts.

Proposed Tray Design

Design 1
This tray is designed with a rectangular profile, tailored to fit within a Pelican Case of unspecified
dimensions. It features 20 recessed divots, each specifically designed to securely hold physiological

sensors of unknown dimensions. Integrated magnetic mechanisms within each divot ensure stable



positioning of the sensors, maintaining continuous contact with the underlying charging system. The
charging system is designed to be wireless, utilizing inductive charging technology, and will be
seamlessly incorporated beneath the tray, housed within the Pelican Case. This ensures that the sensors
remain charged and operational while securely stored, offering a streamlined and efficient solution for

both transport and recharging.

Figure 4: Shows Design 1 and an idea of its dimensions

Design 2

This design features a compact charging dock intended to fit within a Pelican Case provided by
the client of unspecified dimensions. The dock is capable of holding and charging multiple physiological
sensors, which are positioned vertically into individual charging slots and held in place using magnetic
mechanisms. Each slot is designed to accommodate a sensor securely, with the dock ensuring a stable
connection for efficient charging. The charging unit connects to a power source via USB cable, which is
attached at the back of the dock. The charge will be distributed to each sensor via inductive charging. The
ergonomic design allows for easy insertion and removal of the sensors, providing a streamlined and

organized charging solution that complements the overall system within the Pelican Case.

Figure 5: Shows the proposed Design 2
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Preliminary Design Evaluation

Tray Material Matrix
Materials Design
Material ABS HDPE PETG
H Q c=N »F::: H C\/ cmn ||—€:: CFH/ s
Figure 1: Chemical Figure 2: Chemical o e — PR
Composition of Composition of High-density I“ ﬁ\_}\* e <\_> ”‘”]H ! ‘{q>\ : '”“'"‘”h
Acrylonitrile-Butadiene-Styrene Polyethylene [2] . .
1]
Figure 3: Chemical Composition of
Polyethylene Terephthalate Glycol [3]
Pictures
Score Score Score

Criteria Weight | (max 5) | Weighted Score |(max 5)| Weighted Score | (max 5) Weighted Score
Durability 30 5 30 4 24 4 24
Manufacturability | 20 5 20 4 16 5 20
Weight 20 4 16 5 20 3 12
Safety 15 3 9 3 9 5 15
Cost 10 4 8 5 10 4 8
UV Resistance 5 4 4 2 2 3 3
Sum 100 Sum 87 Sum 81 Sum 82

Figure 6: The Design Matrix ranks the three designs based on durability, manufacturability,
weight, safety, cost, and UV resistance with criteria weighted by importance. The final ranking
shows that the ABS won.

Proposed final design

After evaluating the design matrix, the proposed final design was to use Acrylic Butadiene
Styrene (ABS) as a 3D printing filament to 3D print the tray. It possesses mechanical and thermal
properties that meet the clients requirements for the final product. The density of the material causes it to
be slightly heavier than HDPE but it is much stronger. The manufacturability also allows for the
straightforward and repeatable creation of the tray using machines easily available at the University of

Wisconsin-Madison.
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See Appendix III for an in-depth analysis and criteria explanations for the Tray Material Design Matrix.

Tray Design Matrix

Figure 7: The Design Matrix ranks the 2 designs based on accuracy of connection, ease of use,
durability, manufacturability, safety, and cost with criteria weighted by importance. The final
ranking shows that Design 1 won.

Proposed Tray Design

Design Design 1 Design 2

5
I ‘
Y|

Pictures
Score Score
Criteria Weight | (max 5) Weighted Score (max 5) Weighted Score
Accuracy of
Connection 30 5 30 5 30
Ease of Use 25 5 25 4 20
Durability 15 3 9 5 15
Manufacturability 15 5 15 3 9
Cost 5 5 5 4 4
Safety 5 4 4 5 5
Sum 100 Sum 88 Sum 83

Proposed final design



After evaluating the design matrix, the team decided to proceed with Design 1. This design
provides an easy to use solution that ensures accurate connectivity between sensors and chargers as well
as sufficient durability. The durability may be more of a concern for Design 1; however, testing will be

conducted to ensure proper thickness and strength.

See Appendix X for an in-depth analysis and criteria explanations of the Tray Design Matrix.

Fabrication/Development Process

Tray Materials
ABS (Acrylonitrile Butadiene Styrene):

e ABS was selected for its excellent durability, impact resistance, and ease of manufacturability
through 3D printing. Its lightweight properties and cost-effectiveness make it an ideal choice for
components that require both strength and affordability. ABS is also moderately resistant to UV
exposure, making it suitable for environments with moderate outdoor use.

HDPE (High-Density Polyethylene):

e HDPE was chosen for its high durability and resistance to environmental conditions such as
humidity and temperature fluctuations. Its lightweight nature makes it perfect for a portable
system, while its non-toxicity and chemical resistance ensure safety in harsh conditions.
However, its limited UV resistance may necessitate additional treatment or protection for
long-term outdoor use.

PETG (Polyethylene Terephthalate Glycol):

e PETG offers a balance between durability and safety, with high impact resistance and
non-toxicity. It is easily 3D printable, making it convenient for complex designs. Although
heavier than ABS and HDPE, its superior heat resistance and flexibility in design make it a strong
contender for applications exposed to high temperatures. However, its UV resistance is moderate,
which could affect long-term performance.

Methods

Material Fabrication Methods
To construct the prototype of the gang charging system, 3D printing and injection molding
techniques will be utilized depending on the chosen materials. ABS and PETG will be 3D printed in the

Makerspace using precise design software and set specifications. HDPE requires molding processes such
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as injection molding and extrusion due to its material properties, which can be performed in the

Engineering Centers Building.
The steps were as follows:

1. Material Selection: Based on the characteristics of material (ABS, HDPE, PETG), the most
suitable material will be selected for specific sections of the tray.

2. Conceptualization: Brainstorm the overall functionality and form of the charging tray and
system, focusing on essential aspects like portability, ease of assembly, and compatibility with
physiological sensors.

3. Sketching & Rough Prototypes: Rough sketches will be made to visualize the tray and charging
system’s layout and port placement. These drawings will be used to ensure the selected materials
would align with both structural and functional needs.

4. Feedback & Refinement: The rough designs and material choices will be reviewed and gather
feedback, and be adjusted before proceeding with the CAD model.

Design: CAD software will be used to create detailed digital models of the charging tray.
Printing: The designs will be printed using 3D printers or molded through injection molding (for
HDPE).

7. Charging System Circuit Development : Design the circuit for the gang charging system. This
involved creating a layout that could efficiently distribute power to multiple physiological sensors
simultaneously. Prototype will be done on a breadboard and conduct multiple tests to confirm that
the sensors were charging properly and safely.

8. Assembly: Components will be assembled and tested to ensure proper fit and functionality.

Final Prototype

The goal for this semester is to make a hard-shell cased gang charging system that is able to
transport, charge, and recuperate 40-50 sensors simultaneously without overheating, with a charge level
indicator and UV disinfection mechanism. It should be simple and intuitive, and easy to remove and insert
sensors. The prototype will be robust and have a reasonable level of UV resistance enough to withstand

daily use in a military environment.

Testing and Results

14



Testing

*All test will be performed in future

Test 1 - Drop Test

1.
2.

The tray will be dropped on a hard surface that is kept constant throughout all trials.

It will be dropped from three heights: 1 meter, 1.5 meters, and 2 meters. These are meant to
simulate the range of heights the tray may be dropped from when in use.

It will be dropped in three different orientations at each height: flat(bottom-down),
edge(side-down), and on a corner. This ensures locating any weak points in the design.

After each drop, the tray will be checked for cracks, dents, loss of structural integrity or other
damage, and this information will be documented

This makes a total of nine drops per trial, and after each trial, the tray will be evaluated on overall
damage resistance from a scale of 1-10, with 10 being undamaged.

Repeat this trial two more times for a total of three trials while printing and using a new,
undamaged tray for each trial

(If pelican case is obtained) - Repeat three more trials of the same steps where the tray is installed
in the pelican case, and repeat the observations as above. In this instance, after each drop, open

the pelican case and examine the tray for damages.

Test 2 - Device Containment and Protection Test

* This test will hinge upon if the client provides a device to work with. If not, an object will be found or

created that is similar in size and weight to perform the test.

1.

The device(or device replica) will be placed in the tray design. Depending on how many devices
or device replicas are available will determine how many tray slots are used.

A drop test will then be performed from 1 meter, 1.5 meters, and 2 meters and in all three
orientations as above in test 1. This is subject to change once further details on the tray, pelican
case, and device access are known.

After each drop, assess if the device is still in its original position and if it underwent any
deformation, cracking, or any other damage. Note these observations in a data table.

Repeat these steps for three trials with a new tray for each trial.

(If pelican case is obtained) - Repeat three more trials of the same steps as above where now the
tray is installed in the pelican case, and the device is placed in a tray slot within the pelican case.

After each drop, open the case and make the necessary observations of the device.

15



Note - Future design may be charged magnetically which may affect these tests.

Test 3 - Charging Functionality Test

* This test also depends on getting the device from the client, but an alternative device that uses the same
charging mechanism may be an option.

1. Note what percent of battery life the device has left. If this is not an option, use the device until it
is dead so that it will be at 0 percent battery.

2. Place the device on the charger(whether it is in a tray slot or separate) and start a timer.

3. Wait until the device is at one hundred percent and stop the timer, recording the time.

4. Divide the percent that the device went up(if it started at zero, this would be 100) by the time to
get the rate of charging in percent/time.

5. Perform this trial three times and obtain the average rate and determine if this an effective
charging rate for the clients needs.

6. (Continuation if applicable)If multiple chargers are able to be wired together in a circuit, perform
this same trial three times but with the number of chargers that are available all being used, and
find the average rate of charging in this case. Then compare the results of just one device
charging at a time. Record all data.

Further testing can be designed to combine charging and drop testing to ensure charging connection is
secure through adverse carrying conditions that could come from pelican case movement.

Results

*Specific results and data will be available once testing is complete

Test 1 - Drop Test

Test 1 will effectively evaluate if the tray design is able to remain intact and in usable form after
several drops and in different orientations. This will ensure the product is up to client standards as it has
to withstand extensive travel and also will be used in sites where transport will not be the most careful.
Ideally, there will be little to no damage to the trays dropping from these heights, as the chosen material

ABS and design, durability has been a large consideration.
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Figure 8: Shows an example of conducting a drop test. [20]

Test 2 - Device Containment and Protection Test

Test 2 serves to ensure that when in the tray, the device will not be at risk of becoming detached
whether in the pelican case or not. This is important as there will be many devices in the tray, and if they
are falling out it will create a mess in the case. Staying in the tray will also protect the device from other
damages while being transported. Further down the line, when the electrical component of the design is in
place, it will also be key to maintain a solid connection between the device and the tray so that charging

occurs. The results of this test will show if these tasks are accomplished.

Test 3 - Charging Functionality Test

Test 3 will validate if the designed charging system is functional and works at an efficient enough
rate to effectively charge the device. This is vital to the client as constant charging while in the tray is an
important requirement. This test will evaluate if the tray will accomplish that goal, and also show if

charge can be extended to multiple devices at the same time
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Discussion

The expected outcomes of our testing hold interesting implications especially regarding the
deployment of the gang charging system in demanding environments requested from our client. For
example, passing the drop test from 1, 1.5, and 2 meters respectively with little to no damage would prove
that the durability demonstrated by the ABS tray would suggest that it can reliably withstand the rigors of
daily use in high risk settings. The ruggedness of this design is particularly noteworthy when compared to
consumer-grade options such as MSTJRY USB and the Masimo Corp changing stations which lack the
necessary durability and capacity.

Ethical considerations were a priority to our research and development process. Ensuring the
safety of users was critical, leading us to select materials like ABS that are non-toxic in their final form
and suitable for prolonged human interaction. The inclusion of UV disinfection also addresses hygiene
concerns, mitigating the risk of disease transmission among users, a critical feature in shared equipment
scenarios common in military or industrial settings. By facilitating real-time physiological monitoring, the
device also contributes to the well-being and safety of workers, aligning with ethical imperatives to
protect human health in hazardous environments.

The evaluation process identified a few notable areas for improvement. The upcoming outcome
of the device containment and protection test will reveal whether or not the tray will secure sensors
efficiently. However, under most conditions, higher-impact scenarios can lead to device dislodgement. To
combat this issue a plan to integrate additional securing mechanisms, such as adjustable clamps or elastic
bands into the tray design will be put in place. Enhancements to the tray’s structural integrity are also
planned, including increasing material thickness at important points and applying UV-resistant coatings to
extend the devices operational lifespan in conditions.

The team recognized has potential sources of error that could affect our results. For example, the
use of simulated devices may not have perfectly replicated the weight distribution and physical
characteristics of the actual sensors, potentially affecting the accuracy of the containment tests.
Furthermore, Inconsistencies in the manner of dropping the trays could have led to variable impact forces,
influencing the observed damage. Additionally, the testing will likely be conducted in an under controlled
room like environment where environmental factors such as extreme temperatures, humidity, or exposure
to chemicals all of which could affect the tray's performance that will not be tested for. These factors
highlight the need for testing under varied conditions to fully validate the device's reliability.
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Conclusions

This project aimed to develop a gang charging system capable of transporting, charging, and
maintaining 40-50 wearable physiological sensors intended for high-risk occupational environments like
those encountered by the US Marine Corps. The final design features a durable tray made from
Acrylonitrile Butadiene Styrene (ABS), which is located within a Pelican Case. This tray system
incorporates wireless inductive charging along with UV disinfection capabilities. This solution addresses
the critical need for real-time monitoring devices that are easy to transport, study, and efficient.

Through testing, the team hopes to observe that the ABS tray offers commendable durability,
successfully withstanding drops from heights up to 1.5 meters with minimal damage. While the
preliminary tray design aims to effectively secure the sensors under most conditions, additional research
on securing mechanisms will be done to enhance device retention during higher-impact events. The final
prototype idea has thus far, effectively balanced cost-effectiveness with manufacturability, making the
system both practical and economically viable for widespread deployment.

Furthermore, the inclusion of UV disinfection and charge level indicators adds value by
enhancing hygiene and allowing users to monitor device readiness easily. The design balances
cost-effectiveness with manufacturability, ensuring that the system is not only practical but also
economically viable for widespread implementation. Overall, the project aims to deliver a comprehensive
solution that enhances safety and operational efficiency in dynamic environments.
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Appendix

Appendix I - Product Design Specification (PDS)

Function

A new wearable device for physiological monitoring, specifically designed for occupational
safety in environments like heat stress and confined spaces, is currently being developed. The design
contains a hard-shelled carrying case which provides protection but lacks trays that can connect
physiological sensing devices with charging cables. Thus, the team is tasked to design and fabricate a
gang-charging system to help solve this problem effectively and efficiently. Overall, the design should be
able to transport, charge, and recuperate 40-50 sensors. The charging system ideally should indicate

charge and UV levels. The final design should balance cost, durability, and manufacturability.

Client requirements

e The client primarily requests a tray to be fabricated that is able to charge the devices.

e The client requests ease of removal and insertion of sensors out of the tray.

e The client requests there is a charge indicator on the device.

e The client requests a mechanism for UV disinfection within the device

e The client requests the device is simple and intuitive, easily operated by a person without an
engineering background.

e The client requests the device has internal backup power.

Design requirements

1. Physical and Operational Characteristics
a. Performance requirements
i.  Itis expected that th