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Executive Summary

Smooth dogfish are a near-threatened species of shark that primarily reside in coastal waters off
of Central America and the Northeastern United States. As a result of dogfish being a bycaught
species, having a late sexual maturity, and having small litter sizes, dogfish populations are now
in danger. The species’ distinction as “near-threatened,” along with the fact that little is known
about their fine-scale behavior, has encouraged scientists at the Woods Hole Oceanographic
Institution (WHOI) to study dodfish in their natural habitat. To assist in this study, we were asked
to design a biologging tag that can securely attach while being minimally-invasive on dodfish.

To guide our design process and conceptualization of potential solutions, we developed a set of
specifications that any solution must meet. This list includes securing the sensing electronics to
dogfish while minimizing invasiveness, which is measured using metrics such as tail beat
frequency and qualitative analysis of behavior by the researchers at WHOI. We further specified
that the solution must be sufficiently durable to stay on the animal for 72 hours under typical
environmental conditions and activity levels, characterized by depth and movement of the
animals. The tag must also detach autonomously and float to the ocean surface for retrieval.
Finally, the device must not contribute to ocean pollution and have an affordable cost.

Through research, rapid prototyping, and physical testing, we developed a method to attach the
necessary biologging electronics to dogfish. The final solution features a flexible harness around
the circumference of the body with hydrodynamically efficient packages housing the electronics
on either side of the body in line with the first dorsal fin. The harness closes around the shark by
threading a strip of Nichrome wire through a clasp. The wire will break and release the tag when
a strong electrical current is triggered at a time programmed by the researchers.

We used a number of analytical and experimental approaches to verify our solution. Early in the
design process, we used computational fluid dynamics (CFD) to study the hydrodynamic qualities
of a virtual model dogfish. The package designs were hydrodynamically improved using CFD and
the final package design adds roughly 5-7% drag to the baseline shark. A physical model of the
dogfish was created and taken to the Michigan Hydrodynamics Laboratory to verify our analysis
procedure and test a prototype tag in their tow tank. Through tow tank testing we verified the
results from the CFD while also observing qualitative information about the attachment method.
Finally, we mailed a prototype tag to WHOI for testing on live dogfish that they have on campus.
Testing on the live dogfish highlighted potential areas for improvement in the design and
confirmed that the attachment method was effective, but too invasive for long-term deployment.

The current final prototype is not ready for deployment on dogfish in the wild. However, our design
and analysis procedures have been verified and can be used in future work related to tagging
small marine animals.
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Introduction

Project Background

It is very difficult to study the fine-scale behavior of numerous marine species because many
components of their life cycles occur solely or partially outside of the observable realm of
researchers. A common method for monitoring marine animals is biologging, which is the process
of attaching instruments or sensors to animals to take measurements of their behavior or
surroundings [1]. Biologging tags have sensors that can collect a variety of information including
GPS location, conditions of the surrounding environment (e.g. oxygen and light levels, and depth),
and conditions of the animal's body (e.g. body temperature, traveling speeds) [2]. There are many
different types of biologging tags that currently exist; tags may be attached internally or externally,
may transmit data via satellite or only when the tag is returned to the lab, and may release from
the animal after a predetermined amount of time or naturally [2]. These biologging tags can give
researchers a glimpse into otherwise unobservable states. Many biotags in existence are
designed for large or mid-sized marine species, while smaller species are largely under-studied
[3]. Our sponsors at the Woods Hole Oceanographic Institution (WHOI) have experience using
biologging tags to monitor and study squid and other marine species. Currently, they perform
research on squid using an internally designed sensor package, shown in Figure 1, called the
iTag.
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Figure 1: The existing sensor package and 3-D printed housing that is used for biologging squid. [4][5]

Researchers at WHOI would like to expand their research to other small-sized marine species
and are interested in an externally attached archival tag that can be used on a small species of
shark, the smooth dogfish. The outcomes from this project will likely be applied in future studies
with other species, but we are focusing on smooth dogfish for this project. This project aims to
design, prototype, and test a non-invasive attachment method for an archival biologging tag for
smooth dogfish. Smooth dogfish, also known as dusky smooth-hounds, shown in Figure 2, are a
small, slender species of shark that average between 100 and 150 cm in length when fully grown
[6]. The dorsal fins of the smooth dogfish are ‘fleshy’, making them extremely flexible. Additionally,
the posterior end of the fin detaches from the surface of the body [4]. The smooth dogfish species
is largely understudied and threatened by human fishing activity so learning more about them can
contribute to public knowledge and conservation efforts.
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Figure 2: (Top) Diagram of smooth dogfish with relevant features labeled [6].
(Bottom) A smooth dodfish in a tank at WHOI [4].

Project Significance

Biologging tags successfully deployed in the wild can offer insight into animal behavior and habits
that are otherwise obscured by the challenges associated with observing animals in their natural
state. Dogfish are interesting to study because they are classified as a “near-threatened” species
[7] and have multiple vulnerabilities that make it challenging to recoup from population loss.
Smooth dogdfish have small litters and take longer to reach sexual maturity which make them
extremely susceptible to overfishing [8]. Dogfish are also a known bycaught species, meaning
they are accidentally caught by fishermen and may be injured when they are returned to the
ocean.

Improving the available data about dogfish behavior will also improve the understanding about
the survival rate of bycaught species, the typical regions that dogfish inhabit and their behaviors
in those regions. This information can be used to improve marine management tactics and
potentially set fishing limits or policies to protect the species. More public information about
dogfish can also benefit research about their impact on the rest of their ecosystem [9].
Furthermore, the final tagging method may be applicable for other species of small marine
animals.



Problem Statement

Our project goal was to design, fabricate, and test a non-invasive attachment method to secure a
biologging tag to dogfish, and design electronics packages to suit the new attachment method.
This will allow Sensory Ecology and Bioacoustics Lab at WHOI to better understand dogfish
behavior, while minimizing the effects on the tagged animal. Our sponsors have already designed
a sensor package for small aquatic animals from a prior study about squid behavior. However,
dogfish biology creates additional challenges which require a different tag design.

Dodgfish are slender and flexible, leaving few areas available for feasible non-invasive tagging.
The top image in Figure 3 shows the iTag relative to a 1:1 scale dogfish model, and highlights the
need for a shorter, more compact tag design that would not interfere with any fins or flexibility of
the dogfish. The bottom image in Figure 3 shows the electronics, oriented as they are in the iTag,
which were used in the dodfish tag design. The sensor board includes a pressure sensor, light
sensor, and inertial measurement units. These components remained largely fixed throughout the
design process.
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Figure 3: (Top) Current squid biologging tag relative to a to-scale model of a smooth dogfish.
(Bottom) Current squid biologging tag electronics top and side exploded view.

This project made progress toward enabling our sponsors to collect meaningful, accurate data
about fine-scale dogfish behavior in their natural habitat, including feeding, escape response, and
energy expenditure. This project also included methods and procedures developed for successful
computational fluid dynamics and water tunnel analysis which can be applied to similar studies in
other contexts.



Requirements and Specifications

A robust set of requirements and corresponding specifications were created to ensure a high-
quality solution. The source for the majority of requirements was a stakeholder interview with
project sponsors Dr. Aran Mooney and Mr. Seth Cones [4]. The criteria that they described were
used as the basis for our requirements. Table 1 lists stakeholder requirements and their
corresponding engineering specifications in descending priority. Requirements explicitly stated by
the sponsors were deemed top priority. These stakeholder requirements are: “attaches existing
sensor board to dogfish”, “non-invasive”, “durable”, and “allows for sensor package retrieval”. In
addition to these requirements, we identified other criteria to ensure high quality data collection,
minimal environmental impact, and low cost. All requirements have been translated into
engineering specifications to ensure they can be verified during the design process and
implemented in the final solution. The engineering specifications were written based on published
literature for similar animals, projects, or, in the case of the ocean pollution requirement, based
on the design of the iTag.

Table 1: Stakeholder requirements and their corresponding engineering specifications for the shark
attachment device listed from highest to lowest priority.

Requirement Specification

Secure 4.70 x 2.21 x 1.60 cm box, with 0.127 cm
Attaches existing sensor board, battery, diameter rod of length 34.01 cm attached to smallest
and radio antenna to dogfish face, centered along 2.21 cm dimension, located at a

height of 0.08 cm [4] to dodfish of length < 1.5 m [8]

No significant change (< 5%) in behavior quantified by:
- Tailbeat frequency [10]

- Roll of animal [11]

Ensure that animals interacting with the tagged dogfish
have no behavior change, i.e. do not perceive tagged
dogfish as weakened or injured [11]

Is non-invasive

Withstand depth > 200 meters; Withstand pressure
> 2120 kPa [8] [12]; Withstand > 10 deployments

Is durable Secures to shark = 72 hours at speeds < 1.9 m/s &
accelerations < 31 m/s2 [13]
Allows for sensor package retrieval; Has density of combined sensor and package upon

Antenna must protrude out of package release < 1.020 g/cm? [14]
and point out of the surface of the water Antenna oriented at least 20 degrees above the horizon
[10] when tag is on the surface

Does not disrupt sensor measurements Has total error < 5% [11]

Does not add to ocean pollution Releases < 4.5 g of long-term material per use [4]

Has affordable cost Costs < $100 / tag [11]

The justifications of the requirements and their specifications are described below.



Attaches to Dogfish

The primary task for this project was to secure the sensor board, battery, radio, and antenna to
dogfish. The engineering specification for this requirement was derived from the dimensions of
the existing lab equipment and translated to a bounding box and a rod-shaped antenna. The
dodfish size was based on existing literature that states dogfish can be up to 1.5 m long [8]. This
value was left as an inequality to ensure that our design can be attached to a range of dodfish.

Is Non-Invasive

Another high priority stakeholder requirement was that the design be non-invasive to the dogfish.
This requirement exists to ensure the welfare of the animals being studied and to ensure the
integrity of collected data. Our sponsors are interested in measurements that are representative
of behavior in a natural setting meaning that our design must not disrupt typical behavior. If the
forces caused by the tag are too large, they could, for example, affect the metrics of tailbeat
frequency [10] and roll [11], which would signify that the animal’s behavior has changed due to
the tag. Tailbeat frequency is a metric derived both from conversations with our sponsors and
from a study that tagged sharks and manta rays and quantitatively studied their behavioral
characteristics [10]. We also specified that other animals’ behavior should not change after the
tag has been attached. If the tagged dodfish is viewed as weak by other dogdfish, the other dogfish
may exhibit aggressive behavior or group interactions may change.

Is Durable

The requirement that the tag and clip design should be durable ensures that the solution can
withstand the conditions of the dogfish swimming (e.g. pressure, speed, and acceleration), be re-
deployed many times, and secure to the dogfish for at least 72 hours, as required by our sponsors.
The current pressure specification was a function of natural habitats that dogfish are typically
found in during summer in the North Atlantic [8,11], when and where the study with our product
will be conducted. The current speed and acceleration specifications were set based on literature
about evasive dogfish maneuvers [13], so we expect them to be higher than nominal swimming
behavior.

Allows for Sensor Package Retrieval

A key stakeholder requirement for this project was that our design must allow for sensor package
retrieval. Our sponsors use archival tags, which means that the data measurements are stored
locally, and the tag must be recovered for analysis. Furthermore, the researchers do not plan to
recapture the dogfish to remove the tag, so the tag must autonomously detach from the animal
and float to the surface for retrieval. As such, we set our specification to ensure that the electronics
package combined with any permanently attached parts is positively buoyant in ocean water.

Does Not Disrupt Sensor Measurements

The stakeholder requirement to avoid disrupting sensor measurements was set to ensure that our
design does not interfere with sensor measurements so that the data match the actual movement
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of the dogfish and their environment. We set the engineering specification to include a
measurement error less than or equal to 5% of the expected value which was determined based
on discussions with our sponsor [4]. This requirement also applies to the oxygen and light sensors
which must be facing the dogfish’s surrounding environment to record proper data [11].

Limits Ocean Pollution

The dogfish themselves are also an important stakeholder in this project so we set an upper
bound of mass left in the ocean to help protect their habitat. The mass limit used in the engineering
specification is based upon the iTag which leaves approximately 4.5 g of plastic in the ocean for
each deployment. Meeting or improving this ocean waste will keep the dogfish’s environment from
further pollution.

Has Affordable Cost

The final requirement is that the design should be of relatively low cost to produce. This was to
ensure that the tag is a feasible cost for the Sensory Ecology and Bioacoustics Lab. The
specification was set at $100 / tag, which corresponds to less than $10 per deployment.

Additional Aspects to Consider

Though not explicit stakeholder requirements or specifications, the stakeholders expressed
preference for the sensors on the sensor board to face the animal’s surrounding environment and
for the biologging tag to be secured to the top of the front %5 of the animal’s body. The sensor
package includes pressure and light sensors which measure the environment they are in and thus
should not be directed toward the skin of the animal. The sensors in the iTag orientation are
shown in Figure 4 on the left, this is the bottom view of the tag so the sensors are facing the
animal’s body. The right image of Figure 4 shows the sensor board in the same orientation with

the key components labeled.
Pressure Sensor

Light Sensor

Battery
(under board)

Figure 4: (Left) Bottom view of the iTag design. (Right) Top view of the sensor board with sensors
indicated and battery underneath the board.

The sensors shown in the image on the right in Figure 4 must face away from the dogfish body
for best data collection. Furthermore, the pressure sensor must be covered in a compliant material
so that it can still measure changes in environmental pressure without influence from swimming
speed of the individual.
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Additionally, the biologging tag should be located toward the front of the dogfish because it
measures acceleration and taking these measurements from the caudal fin may introduce
unwanted noise. The identified feasible tag locations are shown on a virtual dogfish in Figure 5.

= Feasible tag locations

Figure 5: Feasible tag locations highlighted in yellow on the virtual shark.

The dogfish at WHOI also spend a lot of time at the bottom of their tank, a behavior that
researchers believe may also be present in their wild habitat. Therefore attaching the sensors to
the top or sides of the body will not disrupt that habit and will minimize the risk of damaging the
package due to collisions with the bottom surface. Thus, we accommodate the sensor orientation
in package design and considered attachment mechanisms that were located toward the front
and top or sides of the dogfish body.
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Concept Exploration

Once the problem was well understood and the requirements and specifications were defined, we
began ideating and developing potential solutions. Figure 6 depicts our process of exploring
concepts for our design problem. We began our process with concept generation, aiming to
generate the most concepts possible before moving on so that we could ensure that our solution
space was thoroughly explored. Moving onto concept selection, we reduced our list of concepts
into a manageable number to further develop. Concept development involved expanding upon
and refining these initial ideas. After developing our concepts, we determined how to prototype
each and evaluate the designs prior to selection. After the evaluation data was gathered, we
chose a final concept to continue refining.

Concept Generation

‘What are all the options of what the sclution can be?

Prototype Development
How can we test these designs in the real world?

Concept Screening

What solutions should we further develop?

Prototype Evaluation
How and why are we testing these prototypes?

Concept Development

How should we refine our selected concepts?

Concept Selection

Which design are we finally

Figure 6: Depiction of our concept exploration process, including the underlying questions at each stage.

Concept Generation

We had multiple internal discussions to spark potential ideas and build off of previous solutions.
We mainly used mind-maps to facilitate these discussions, sketch ideas, and represent
relationships among concepts. To avoid limiting our designs based on individual features and to
provide structure in our discussions, we split the project into functional elements which included:
attachment, detachment (release), and electronics package design. Within attachment, we
considered different parts of the dogfish body to attach the tag to, as well as general attachment
strategies. The mind map created during our first idea generation session is shown in Figure 7
and was used to continue generating additional ideas and also to iterate upon previous ideas in
the subsequent ideation sessions.
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Figure 7: Mind-map created from the first team concept generation session.

Following our internal team discussions, we shared the results of the ideation session with our
stakeholders to gain additional insights and include their perspectives in the process. Including
our stakeholders’ voices in this discussion was valuable to gain a more refined understanding of
their needs and uncover some misunderstandings or biases that we had developed from the initial
stakeholder conversations. With feedback from stakeholders, we continued developing potential
ideas and refining existing ideas.

Attachment Strategies

The tag attachment methods discussed as a team included a wide variety of potential approaches
that were based on benchmarked biologging tags as well as synthesizing concepts from outside
sources and experiences. The attachment strategies were split into considering attaching to the
fin, the body, and general attachment.

The two main concepts discussed and investigated were a hoop-around-body, and a clothespin
design. The hoop method involved creating a fabric piece that stretched around the entire body
of the shark onto which the package could be attached. The clothespin concept was based largely
upon benchmarking and would attach by compressing against the first dorsal fin on the dogfish.
This design required contact with much less of the shark than many designs that we discussed
as the entire contact area was a small portion of the dorsal fin. The hoop-around-body design,
while in contact with more of the shark than a clip design, we believed would be more stable and
secure than the fin clip. Both designs were investigated and prototyped; they are discussed in
more detail in the Prototype Development and Appendix 2 sections respectively.

Detachment Strategies
The team initially ideated general detachment methods but understood that the release is heavily
dependent on attachment design and that it is generally more difficult to ensure that a package
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stays secured for a fixed period than to release. Thus, the team focused on attachment and
electronics package designs and will leave detachment to future iterations of the project.

Electronics Package Designs

In addition to the attachment and detachment strategies discussed above, we considered how to
redesign the electronics housings for dogfish. The functions of achieving positive buoyancy,
ensuring the antenna points upward upon surfacing, waterproofing the electronics, and achieving
desired hydrodynamic effects were considered. Figure 8 shows a morphological chart used to
explore the design space for these functions.
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Figure 8: (Left) Morphological chart based on functions related to packaging. (Right) Initial package location
sketches.

Electronics package shape is largely determined by the attachment strategy selected, so the
package redesign was started later in the design process. Once the attachment mechanism was
selected, the hydrodynamic shape and attributes of the package were refined and optimized.

Concept Screening

Following our initial ideation sessions, it was necessary to filter through our concepts to determine
which should be further developed and which should not. Our goal was to narrow down our large
number of concepts into a manageable set for research, evaluation, and, eventually, selection.
We first sorted through our ideas and eliminated those that were not feasible for obvious reasons.
This included ideas such as a timed explosive for the detachment method and feeding the shark
the sensor as a way to attach it. After filtering out ideas that were not feasible, we turned to
determining which concepts would best address our problem and meet the requirements and
specifications that are tabulated in Table 1 on page 8. During this step, we made sure to apply
our requirements and specifications as we originally defined them. Our requirement for the
attachment method to be non-invasive proved to be very limiting towards our concepts, as well
as the requirement specifying the need for retrieval of the sensor package. After completing these
evaluations, the “hoop around body” and “clothes pin” concepts were identified as viable themes
to continue iterating upon. We chose these concepts because they offered a wide range of
possible mechanical designs and represented distinct regions of the design space. We also
decided to move forward with foil-shaped package designs due to the favorable hydrodynamics
and compact nature of the design.

14



Prototyping

Prototype Development

To gain a better understanding of the concepts we screened, we developed proof of concept
prototypes for the “hoop around body” and “clothes pin” concepts. The design corresponding to
the initial “hoop around body” concept is called the “Shark Belt” and the “clothes pin” concept is
the “Fin Clip.” After prototyping, the team moved forward with the Shark Belt concept, so the Fin
Clip discussion is included in Appendix 2 and Shark Belt is discussed below.

Attachment Methods

The team prototyped many iterations of the Shark Belt concept, using different materials,
structural concepts, and sizes. The initial iterations of designs are discussed in Appendix 3, but
the most promising prototype included a TheraBand® resistance band material as the strap.

TheraBand® Shark Belt

The first iteration with the TheraBand® material replicated the one strap design from the initial
prototypes made out of elastic. The TheraBand® material is thinner than the elastic, and we
anticipated that the rubbery texture may be more secure on the dogfish skin. This strap is 1.5 in
wide and attaches underneath the body with Velcro®, shown in Figure 9. There was significant
interference with the dorsal and pectoral fins at this width. The adhesive Velcro® also did not
attach to the resistance band material as securely as it attached to the elastic band.

TheraBand® Strap B,
Velcro®
Q

Figure 9: Single strap belt located forward of the first dorsal fin. (Left) Side view highlights interference with the
dorsal fin and the Velcro® closure. (Right) Top view highlights interference with pectoral fins and dorsal fin.

We also created a wider belt, or vest, using the TheraBand® material with a slot for the first
dorsal fin to protrude through, shown in Figure 10.
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Figure 10: Image of shark “vest” surrounding the first dorsal fin. Vest is secured under the
dogfish with Velcro®.

This method was chosen because it is relatively simple to create and sewing or modifying with
the elastic material can be very difficult. This design also has ample area to secure packages to
the strap which is beneficial for package design and data quality.

Clasp

This part was designed in response to the need to close the Shark Belt without using Velcro®.
The Velcro® used during prototyping was presumed to induce a significant amount of drag, so a
smaller method of attaching the belt around the shark was designed. The first prototype, shown
on the left in Figure 11, was 3-D printed, fit quite well, and had sufficient clearance to sew the
pieces into the strap and connect the two halves with Nichrome wire.

Figure 11: (Left) First prototype of the clasp. The singular holes stack together for Nichrome wire to be threaded
through during attachment. (Right) The second prototype was slightly wider (1.5 mm) but more significantly featured
a way for the wire to be looped off and secured upon deployment.

After prototyping the first model, we recognized the need for a way to hold down the Nichrome
wire once it threaded through both pieces of the clasp. The second model, shown on the right in
Figure 11, solves that problem by including a strut to secure the wire. The small cylinder allows
the wire to be threaded through the hole and wrapped around the cylinder to stop it from becoming
undone during deployment.
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Package Shapes

The initial tag concepts were designed with the intent of using the iTag, however, after further
research on the size and flexibility of dogfish it was evident that a more compact package design
would benefit our project. The iTag is shown on a 1:1 model of a dogfish in Figure 12.

Figure 12: Side view of the dogfish with the existing squid tag package on its first dorsal fin.

The goal of redesigning the package was to contain the same or similar electronics as the iTag in
hydrodynamic shapes that are suitable for dogfish. To minimize the invasiveness of the design
and reduce frontal area of the package (and therefore, drag), the package was split into multiple
parts that could be placed around the dogfish body. Various package shapes and electronics
arrangements were investigated. The first package design, shown in Figure 13, houses the
battery and sensor board in one airfoil, and the antenna and radio in the other.

I

16mm:[[ ‘ =
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83 mm

Figure 13: Top view (Top) and side view (Bottom) of the airfoil package design with sensor board
shown on top of the battery (pink) and the antenna and radio (gold) in its own housing.

The second package, shown in Figure 14, houses each component individually which allows for
a narrower frontal area of each package, but ultimately a wider and longer tag.
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Figure 14: Top view (Top) and side view (Bottom) of airfoil package design with housing for each
component.

17



These packages will be helpful to integrate the electronics with various prototypes and can be
easily altered to accommodate any other design changes that arise. After these initial designs,
the shape of the package was optimized to minimize drag (discussed on page 28) and meet our
engineering specifications (discussed on page 8).

Prototype Evaluation

The prototype attachment methods and package shapes were evaluated at each stage of the
design process using both a to-scale virtual and physical dogfish model. This evaluation guided
the refinement of designs and was critical to each iteration in the design process.

Prototype Evaluation Tools

Concept development and prototype development and evaluation were aided by using a virtual
shark, and 3-D printed models of the shark. These models were used to visualize appropriate
dimensions and locations for the tag design.

A virtual shark model was created (Figure 15) based on a 3-D scan and comprehensive
measurements of the two dogfish at WHOI, provided by our sponsors. Simplifications on this
model compared to an actual dogfish include: no eyes, gills or mouth, and no slots on the rear
half of the dorsal and pectoral fins. This model is also fixed and does not simulate the movement
or flexibility of live dogdfish.

Figure 15: Virtual model of a dogfish used for concept generation
and analysis.

The virtual shark was used for initial qualitative design choices such as potential feasible locations
or sizes of the tag, and then used heavily for more in-depth quantitative analysis.

A physical model of the shark was 3-D printed using resources available at the University of
Michigan Mechanical Engineering Machine Shop. The virtual shark was split into three pieces to
create flat printing surfaces and fit within the available printer volume. The three pieces were then
glued together to create a to-scale model of the dogfish, shown in Figure 16. The physical model
was extremely useful in the physical prototyping and analysis processes.

18



,;‘ * ; » 64 cm =+
Figure 16: Physical model of a dogfish used for prototyping and analysis. Dashed
lines demarcate the three sections used for 3-D printing.

Attachment Methods
Physical Prototyping of Shark Belt

Prototype evaluation was conducted throughout the development process for the shark belt, since
each iteration was a physical prototype. The design was qualitatively evaluated for how well it fit
the shark shape, how well it stayed in one location, and if it interfered with any significant
anatomical features of the shark. Subsequent design decisions were made based on these
observations to continue iterating through concepts.

Virtual and Physical Prototyping of Clasp

The clasp was designed and evaluated qualitatively in the virtual environment before 3-D printing.
Based on the success of the initial print, discussed above, only functional design changes were
implemented in the second iteration. Due to the limited schedule of this project, the clasp
mechanism was not deployed with the rest of the tag for testing. However, based on component
tests and analysis, we believe it will be successful in future system tests.

Electronics Package Shapes
Computational Fluid Dynamics (CFD)

Background and Purpose

CFD is a numerical tool used to predict the behavior of fluids. To do this, the continuity (mass
conservation) and Navier-Stokes (momentum conservation) equations are discretized so that
they can be evaluated on finite elements to calculate fluid properties. One of these finite elements
is called a cell. The collection of these finite elements is called a mesh, or grid. To further simplify
these calculations and make the process computationally feasible, additional models are applied
to estimate the turbulence effects in the fluid. Additional simplifications exist for the same purpose,
such as neglecting transient effects and the laminar region of the flow. CFD has two uses for this
project:
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1) Inform our decision on where the biotag should be attached. By running CFD trials each
with a representative biotag attached in a different location, we can see how drag reacts
to tags in different locations.

2) Predict hydrodynamic forces and moments exerted on the dogfish with our tag design
attached. We can use this information to refine our design to reduce drag in an effort to
make our tag affect dogfish behavior as little as possible.

Methods

STAR-CCM+ was chosen for CFD due to its ease and widespread use. Settings were chosen
based primarily on best practices found for similar studies [15], but with three changes. First, an
unstructured mesh was used instead of a structured one as it is much less time consuming to
generate. Second, a mesh dependency study was done to determine the number of cells instead
of matching what was done in the cited study. Third, no transition model was used. While transition
models can be useful as they predict the laminar flow region instead of assuming all flow is
turbulent, transition models need further developing to accurately predict the laminar-turbulent
transition in flow fields with separation [16].

For convenience, a summary of the CFD cases completed is shown in Table 2 which includes the
geometry, velocity/velocities, and water properties. For some runs, water properties were
changed to match the water in the tow tank and allow for a more direct comparison of results.

Table 2: Summary of CFD cases.

Base Location Shape Tow Tank Final Design
Testing Optimization Correlation
Geometry Shark Shark with Shark with package Shark, Shark with  Shark with
package package package
Velocities [m/s] 1.9 1.9 1.9 14,19,24 1.9
Water Density [kg/m?] 997.6 997.6 997.6 998.2 997.6
Water Dynamic Viscosity 8.887e-4  8.887e-4 8.887e-4 1.001e-6 8.887e-4

[Pa-s]

The domain is the region in which the finite volumes exist for computation. It is important to have
a domain large enough to not interfere with the flow field around the body for external fluid
dynamics. Per the cited article, a domain five times the length of the model upstream, fifteen times
downstream, and five times to the sides, top, and bottom of the model was used. This is illustrated
in Figure 17.
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Figure 17: Side view illustration of computational domain used for CFD, with our smooth
dogfish model shown in red. Not pictured is the distance between the shark and the side
walls, which is five times the shark length on either side.

As previously mentioned, an unstructured mesh was generated using the built-in tools of STAR-
CCM+. The mesh on the surface of the body sets the basis for the mesh in the rest of the volume
between the shark and walls of the domain. For this, a “base size” is specified for the mesh to
target. In addition to this surface mesh, “prism layers" are added. These are very fine cells that
extend off the surface and are important for accurately predicting forces on a body for external
flow. A key metric for these prism layers is wall y*, which is defined as follows [17]:

YUz

+

Y v
Tw

Ur; = ?

where y is the absolute height of the cell from the wall, u; is friction velocity, v is kinematic viscosity,
Tw is wall shear stress, and p is fluid density. To accurately predict the formation of the boundary
layer along the surface, and by extension accurately predict forces on the body, a wall y* less
than 1 is targeted, with wall y* less than 5 still being considered good. Figure 18 shows a
distribution of wall y* values along the surface of the shark.
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Figure 18: Histogram of wall y* values along the surface of the shark. Lower values are ideal for good
prediction of forces on the shark, with values < 1 targeted and values < 5 accepted. All cells on the
shark had wall y+ < 2.

In addition to the prism layers, a refinement zone is included around the shark to keep the mesh
size fine around it. There is additional refinement directly behind the shark where we expect the
wake to be. Figure 19 includes several views of the mesh.

Figure 19: The computational mesh
used for CFD, with cross-section
shown. Zoomed out view of most of
the domain (top). Closer view of the
shark, wake refinement, and
refinement box (middle). Boundary
layer cells on the nose of the shark
(bottom).

22



There are two driving factors for the accuracy for CFD: accuracy of the physics modeling and
computational accuracy. Physics modeling is discussed at the bottom of the page. One of the
sources of computational inaccuracy comes from the discretization of a continuous flow field that
exists in the real world to a computational mesh. To tackle this source of error, a mesh
dependency study was done. To complete this, different base sizes were used in the mesh,
including 2 mm, 4 mm, 8 mm, and 16 mm. The goal is to find a good balance between accuracy
and computational cost. While it is assumed that an increase in the number of cells will lead to a
more accurate solution, the computational cost will at some point be prohibitive. Figure 20 shows
the results of this study. As a result of this study, about 10 million cells, and a 4 mm base size
was used.
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14 [ d »
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Figure 20: Results of mesh dependency study. The third data point,
corresponding to about 10 million cells for a base size of

4 mm was selected to find a solution that is accurate, but does not
exceed the available computation resources.

Boundary and initial conditions must be set for the solver. The front wall of the domain (“inlet”) is
set as a “velocity inlet” at the velocity associated with each case, as noted in Table 2. The rear
wall (“outlet”) is set as a “pressure outlet” with 0 Pa gauge pressure. The top, bottom, and sides
are set as symmetry planes. The shark (and tag, if included) is set as a no-slip wall with no
velocity.

Physics conditions are set to tell STAR-CCM+ what equations to solve in the analysis. The
following settings were used, per the cited article for CFD best practices: steady-state RANS, k-
w SST turbulence, low y*, constant fluid density.

Many iterations of the computations are done on the grid to ensure that flow quantities converge.

It was seen from testing that 700 iterations were sufficient for this setup. Figure 21 shows several
quantities of interest as a function of the number of iterations.
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Figure 21: Convergence of the solution for our baseline simulation. Based on this result, it was decided that we
would run 700 iterations for future simulations.

Limitations

There are several limitations that will cause errors between the resulting flow field from CFD and
the real-world flow field around a dodfish:

(1) The kinematics of the dogfish are not modeled. That is, the shark is modeled as moving
perfectly straight as opposed to beating its tail from side-to-side or manipulating its fins to
maneuver.

(2) The flow is assumed to be steady-state, and as a result any unsteady effects in the flow
field are ignored.

(3) Turbulence is assumed throughout the flow, as opposed to some region on the dogfish
experiencing laminar flow as well.

(4) A turbulence model is used instead of a direct numerical simulation due to the prohibitive
cost of the latter.

(5) The surface of the dogfish and tags in CFD are assumed to be perfectly smooth. In reality,
both have a textured surface.

CFD Initial Drag Analysis

To inform our biotag design from the perspective of minimizing drag, we explored how drag would
change from attaching a biotag in different locations. We used the setup described above first on
the Base Shark Model (shark model without any tag), and then on the shark model with one biotag
in five different locations. The baseline shark test also provided insight to flow behavior around
(an idealized) dogdfish and highlighted several notable features.
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Base Shark Model

With the above setup, a drag of 1.25 N is predicted for the baseline (no biotag) smooth dogfish.
Several notable features can be seen in our baseline simulation. Forces that act on the surface
of a body come from both normal and shear stress. The normal stress, pressure, changes along
the surface. Pressure on faces with normals pointing forward push the body back. Pressure on
faces with normals pointing backwards push the body forwards. For any real flow, pressure will
not be fully “recovered”, and there will be drag because of this pressure distribution, called
pressure drag. Shear stress along the surface results from velocity gradients in the boundary
layer. Any real flow has a drag component from this, called skin friction.

The first notable feature is the high pressure that can be seen on leading edges, which in this
case is the nose of the shark and the front of fins. Figure 22 shows relative total pressure along
the body of the shark, as well as streamlines off the body. Relative total pressure includes both
dynamic and static pressure and is normalized to the pressure in the free stream.

Figure 22: Relative total pressure scaler along the body of the shark. High pressure regions can be seen on leading
edges. Streamlines are shown on a cross-section cutting through the middle of the shark. The color of the off-body
flow is not meaningful.

The second notable feature is the separation that exists on the back side of fins. Separation
occurs in regions where pressure is going from low to high and the geometry of the body is too
sharp for the boundary layer to have the necessary velocity to stay attached. In regions of
separation, pressure is lower than it otherwise would be. As a result, pressure drag exists. Figure
23 shows a region of separation behind the fin, which can be seen by the non-parallel streamlines.
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Figure 23: Separation occurring on the trailing edge of the first
dorsal fin. This leads to lower pressure than the leading edge,
which gives rise to pressure drag.

The third notable flow feature is the high skin friction that occurs near the front of fins, shown in
Figure 24. On airfoil-like shapes, velocity is high near the region of maximum thickness. This high
velocity gives rise to high shear stress, and as a result skin friction drag.

Skin Friction Coefficient
0.20000 40.160 80.120 120.08 160.04 200.00

Figure 24: Skin friction coefficient along the shark. High skin friction can be seen by the leading edges of fins.

Package Location Test Results

The simplified package shape used for location testing was the iTag design scaled down to 50%
size. This scaling was done to make the tag fit better on the shark, specifically on the first dorsal
fin. Figure 25 shows the different locations tested.
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Figure 25: Package locations tested to inform our tag design. In green are the 50% size iTags that were
used for this study. Different locations were tested in separate simulations but shown together here.

The results of the study are shown in Table 3. It was determined that tag locations on top of the
shark incur less drag than locations under the shark. While location 1 shows the lowest drag,
there are two limitations to this data point. First, the CFD setup does not include a transition model
as previously discussed. As a result, it is possible that the flow is laminar in this region without a
tag, and that the tag “trips” turbulent flow. If this is the case, the increase in drag will be higher
than predicted. Second, the gills of the shark are in this region, and would make attachment very
difficult to do while meeting our non-invasive requirement. As a result, we chose to focus on
locations 2 and 3.

Table 3: Results of tag location study.
Location  Total Drag [N] Drag Increase [%]

Baseline 1.250 n/a

1 1.329 6.30
2 1.338 7.01
3 1.356 8.46
4 1.369 9.51
5 1.361 8.90

Hydrodynamic Shape Optimization of Package

In addition to studying optimal tag location, we also completed several iterations of hydrodynamics
shape optimization for the tag. Once again, the purpose of this ties back into our requirement of
designing a solution that is minimally invasive. We started this process with an initial design that
was created from intuition. This design was run through our previously-discussed CFD setup and
the flow field was visualized. From these visualizations, we refined the shape of the package.
Each step of the optimization process is shown in Figure 26.
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Figure 26: Iterative process of hydrodynamic shape optimization. Between
iterations 3 and 4, we transitioned away from the “saddle” design, which helped to
decrease drag. At the same time, we had to increase the tag size to incorporate all
the necessary electronics, which increased drag.

Drag values for each of these iterations are listed in Table 4. Each iteration of the design improved
drag, with the exception of going from iteration 3 to 4. This increase occurred because the tag
size had to be corrected to fit in the necessary electronics.

Table 4: Results of hydrodynamics shape optimization.
Changes are calculated relative to the first iteration.

Iteration Total Drag [N] Drag Change [%]

1 1.655 n/a

2 1.586 -4.2
3 1.455 -12.1
4 1.550 -6.3

Between iterations 1 and 4, we were able to reduce the increase in drag experienced by the
dogdfish from tag addition by approximately 25%.

28



Risk Assessment

Many hazards exist during development and deployment of marine biologging tags. An FMEA
was conducted to manage these hazards and begin the process of mitigating risk.

Table 5: FMEA Chart

Potential |Potential 2::::;7' Current
Item Function Failure Effect(s) |[Sev. . Occurr. (Design Det. RPN
. Mechanisms
Mode of Failure . Controls
of Failure
Hold Package |Lose , Poor Sewn
ackages separates | electronics/ |8 attachment attachment 16
P 9 from band |data
Flexible
Band . . Harms the Not attached band
Secure Is invasive shark 4 properly 3 attachment 63
around shark method
(non-invasive)
Broken Early 5 Me.\tenal 2 n/a 4 40
band release fatigue
Secure . ngse Lose 8 Poor W|rle 4 n/a 5 64
electronics wiring power connection
Too much
movement
) allowed
Housing between the na 1 16
solder and
package
Waterprgof Leak Lose . Egor epoxy 1 n/a 1 8
electronics electronics filling
Close band Breaking |Incomplete 5 Me,tenal 5 n/a 4 40
early data fatigue
Nichrome
Wire Release band | Not . Untimed Insufficient
(when burning 2 n/a 3 42
. release current
triggered) through
Dead battery,
failed
Share location . .
VHE with Unretrieva Lose tag 8 Yvaterproofmg, n/a 3 o4
Radio ble data incorrectly
researchers ,
oriented
antenna
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Testing and Evaluation of Final Prototype

The success and performance of our design is largely driven by the fluid dynamics around the
shark and tag. Pressure and shear forces acting on the surface induce forces and moments on
both the body of the shark and the tag. Our selection of engineering analysis tools has been driven
by this fact. We chose to pursue both computational fluid dynamics and tow tank testing to design
a package that meets our requirement of “is non-invasive” as well as possible. After CFD and tow
tank testing were completed, the tag design was tested on one of the live dogfish at WHOI which
allowed for qualitative observations to inform potential design changes.

Final Prototype Design

The prototype design used as the “full tag assembly” in tow tank testing and on the WHOI dogfish
included the TheraBand® vest with a Velcro® closure and two solid 3-D printed hydrofoils to
represent the improved electronics package shape, shown in Figure 27. The two hydrofoils were
secured to the TheraBand® strap with Loctite® super glue and the TheraBand® strap was cut
using scissors.
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Figure 27: Final prototype design on the model dogfish. Design includes
two solid package shapes and a Velcro® closure

Tow Tank

Background and Purpose

A tow tank is a laboratory tool analogous to a wind tunnel, but with the working fluid being water
instead of air. Rather than relying on computation, a tow tank is a form of experimental fluid
dynamics. A towing carriage pulls a model of the body being analyzed through the water. A load
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cell is attached to the model to measure forces and moments. Figure 28 shows a picture of the
tow tank at the University of Michigan Marine Hydrodynamics Lab that we used.

Figure 28: Marine Hydrodynamics Laboratory tow tank [18].
There are two purposes of using a tow tank for this project:

1) Validate CFD results. Finding agreement between computational and experimental results
is an important step in effectively using CFD. If these results align well, we can have high
confidence in our package optimization.

2) Complete low fidelity testing on the attachment of our design to smooth dogfish. While the
3-D printed model does not match the surface properties or compliance of a real shark, or
the lateral motion of the tail, this still will provide us with good insight. If the tag does not
stay attached during these short tests, we can infer that it will not stay attached during the
more complex movement that real dogfish exhibit.

Methods

Tow tank testing requires selecting a series of tests to run and designing an attachment setup.
For this sweep of tests, we ran the model at velocities of 1.4 m/s, 1.9 m/s, and 2.4 m/s. From our
research, we found 1.9 m/s to be a nominal velocity for smooth dogfish swimming. To see trends
in data as a function of velocity, we expanded this by 0.5 m/s each direction. We tested this
velocity sweep with only the dogfish, with the dogfish and package shapes, and with the full tag
system.

The MHL has fresh water and the tank is 6.7 m wide and 3.75 m deep. The bottom of the towing
foil was 62 cm below the surface of the water. In each test, the towing carriage was accelerated
for 10s at each end of the steady-state speed period. Between runs, a 10 minute waiting period
was observed to minimize any effects of turbulence remaining in the water from the previous run.
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As previously mentioned, the dogfish must be attached to a load cell to measure forces and
moments. The load cell has four M4 bolts that must screw into the shark. The load cell attaches
to a coupon that attaches to the carriage that actually moves through the tank. Additionally, a
fairing should be shrouded around the load cell to minimize the effects of the load cell on the flow
field. Figure 29 shows this setup. The shark will be upside-down in the water as a result of this
setup.

Attachment
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Load Cell Fairing
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Figure 29: Attachment setup for tow tank testing of the shark. The shark was mounted upside down to
minimize the impact of the fairing on the flow field around the tag. The visible gap in the bottom picture is
intentional and allows for our design to be attached without interfering with load cell measurements.

Force measurements were taken using a Kistler Type 9317C load cell. Two runs were conducted
in the tow tank for each velocity, and all data recording was done at 1000 Hz. For analysis, 25
seconds of measurements taken at steady speed were taken, yielding 25,000 data points for each
run. This data includes time, position, and force measurements.

Due to the mechanical nature of the towing carriage, noise is introduced to the data that can
artificially increase error. To negate this, a low pass filter is applied to the data. While a low cutoff
value will smooth out data more, some unsteadiness in the force data should be expected
because of the vortices being shed off of the shark. To estimate the value of this, the Strouhal
number, St, is used, which is defined as follows:
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fL (1)

where fis shedding frequency, L is characteristic length, and u is flow velocity. This equation can
be rearranged to calculate shedding frequency of a body with a known Strouhal number:

St-u (2)

For our setup, we estimate Strouhal based on a cylinder with a length twice the value of its
diameter. In our flow regime, Strouhal number is rather insensitive to small increases or
decreases in Reynolds number, and can be estimated to be 0.20 [19]. Flow velocity is 1.4, 1.9, or
2.4 m/s depending on the run. The characteristic length was chosen to be the length in the x-
direction of the anal fin, which is the smallest on the dogfish. This fin is 57.6 mm in length. To err
on the side of safety, the cutoff frequency was set to be double the calculated Strouhal number.
For the given numbers here, this comes out to 9.72, 13.2, and 16.7 Hz for the 1.4, 1.9, and 2.4
m/s runs respectively.

To calculate velocity of the fluid, the position and time data recorded were used. The slope of
the plot of position as a function of time was taken as the velocity for each run.

Limitations
There are several limitations that affect the results of the tow tank relative to our two stated
purposes.

The first set of limitations are related to our first purpose of using tow tank results to validate CFD
results. One potential limitation would be the difference in geometry due to the load cell and fairing
geometry, but CFD runs were completed that included these geometries with corresponding mesh
refinement around them. The following are outstanding limitations that can affect how well the tow
tank and CFD results compare:

(1) While the CFD models the dogfish and tag as perfectly smooth, the dogfish and tag used
in the tow tank have rather rough surfaces due to 3-D printing. Work is described later on
in an effort to alleviate this.

(2) Interactions between the wake of the shark and a free surface were not modeled in CFD,
but existed to some degree in the tow tank.

The second set of limitations are related to our second purpose of using the tow tank to test the
attachment of our tagging system:

(1) The kinematics of the dogfish are not modeled. That is, the shark is modeled as moving
perfectly straight as opposed to beating its tail from side-to-side or manipulating its fins to
maneuver.

33



(2) The texture of the dogdfish's skin is not matched.

(3) Any compliance of the surface of the dodfish is not taken into account. The surface of the
3-D printed model is rigid, while different parts of the dogfish have notable amounts of
flexibility, such as the dorsal fin.

Results

Using the described methods, we were able to gather highly accurate data of drag as a function
of velocity for the three different configurations (shark only, packages only, and full assembly).
This data is shown in Figure 30.
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Figure 30: Drag as a function of velocity A plot of velocity vs the drag
experienced by the shark and package both in the tow tank and in the CFD
simulation.

While a comparison of these results to our CFD is discussed in the next section, there is one
important observation related to how well the tag stayed attached to the shark. While at the two
slower velocities, the tag stayed well-attached with no visible issues, the tag became visibly
decoupled from the dogfish body at 2.4 m/s. Figure 31 shows this phenomenon, which we call
“ballooning”. A possible cause of this is discussed in a later section.
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Figure 31: Ballooning effect that the tag exhibited at high velocities. Shown
on the left is the tag in stagnant water, while the right shows the tag in flow of
2.4 mfs.

This ballooning effect is indicative that even at lower speeds, water is likely getting between the
TheraBand® and the surface of the shark. This increase in wetted area would intuitively lead to
an increase in viscous drag.

Comparison of CFD to Tow Tank Results

To make clear the differences that simply result from velocity increases as opposed to design
variables, CdA is introduced. This is defined by the following equation:

caa = (3)
pu?

where CdA is the drag coefficient multiplied by frontal area (design variables), Fp is drag, p is fluid
density, and u is fluid velocity. Figure 32 shows CdA as a function of velocity from both the tow
tank and CFD results. Runs of both the shark only and packages only are included, as the entire
attachment system was not modeled in CFD. Several data points to compare are noted.
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Figure 32: CdA as a function of velocity from both the tow
tank and CFD results. No correction factors are applied.

The prediction of CdA increase from adding the tag shows good agreement with the tow tank
results. To this we can compare differences denoted with the same letter (e.g., compare AL1 to
AL2). This comparison shows that the predicted increase in CdA is higher than the measured
increase by 26.4, 17.6, and 13.4% of the measured increase for 1.4, 1.9, and 2.4 m/s,
respectively.

Conversely, there are notable discrepancies between the tow tank and CFD results with respect
to absolute values of CdA. One of the limitations discussed for the tow tank related to the surface
qualities of the 3-D printed model. In the following subsection, we attempt to control for this
limitation.

Surface Roughness Correlation

It is known that the roughness of a surface has an effect on the viscous drag of a body moving
through a fluid. Studies have been done to predict the effect of surface roughness of varying
heights. From linearly interpolating between known viscous drag increases from a smooth surface
to one of fine grit sandpaper, we can conclude that viscous drag increases 0.32% for each micron
of roughness height [20].

Our 3-D printed model used a layer thickness of 0.15 mm. Using existing research and a similar
linear interpolation, we can estimate the height of our roughness to be 66 pym [21]. This results in

a viscous drag increase of 20.1%. Total drag including this correction factor is applied with the
following equation:

FD,total = FD,pressure +C- FD,viscous (4)
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where Fp, w1 is total drag, Fp, pressure IS pressure drag, C is the above correction factor of 0.201,
and Fp, viscous iS Viscous drag. A comparison of CdA after applying this correction factor can be
seen is Figure 33.
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Figure 33: CdA as a function of velocity from both the tow tank
and CFD results. The noted correction factor for viscous drag
increase due to surface roughness is applied.

While this correction factor did bring the data points closer together, there is still a large difference.
Differences marked with a “T” are for the tagged shark (with packages only), while “N” denotes a
non-tagged dogfish. The values for the non-tagged dogfish show increases of 32.6, 33.6, and
36.0% from CFD results to tow tank results for 1.4, 1.9, and 2.4 m/s, respectively. The values for
the dogfish with the packages attached show increases of 27.1, 29.1, and 32.5% from CFD results
to tow tank results for 1.4, 1.9, and 2.4 m/s, respectively.

Testing on Live Dogfish

After the in-house testing of our solution discussed above, the final step was to test our solution
on live dogfish. To do this, we shipped a final prototype to our stakeholders at WHOI where they
have two live dodfish in captivity. The shark belt, along with two plastic packages attached to its
sides, was then attached to a dogfish and it was observed for changes in natural behaviors, as
well as for the performance of the belt.

From this testing, we gained valuable insight into the successes and failures of our prototyped
design. One of the major successes was that the installation process of the package onto the
animal was incredibly smooth, taking the researchers at WHOI much less than a minute in total
as well as there being no need to remove the dogfish from the water. This was one of the aspects
that our stakeholder who was responsible for the tagging was most excited about as he was able
to limit animal distress upon installation as much as possible.
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The second significant success of the testing was that, after a short period, the tagged animal fed
in the tank. Feeding after being tagged is often an indication of the animal’s comfort with the
attachment as it is extremely common that the animal will not feed for weeks after attachment.
Again, the fact that the animal did feed was another indication of success to the stakeholders at
WHOI, one that they were very pleased with [22].

However, the animal seemed to exhibit some abnormal movements in the water after attaching
the tag. One of these movements was one in which the animal turned and appeared to try and
examine the attachment while stopping swimming, yielding a version of a barrel roll [22].
According to the stakeholder, this was not a behavior they had observed before. This change in
behavior was an indication that the attachment was not going unnoticed by the animal and was
in fact inhibiting normal behavior.

The second and most significant issue we saw, as seen below in Figure 34, was that after a short
time, the entire attachment slid back on the shark. This caused the front of the band to collide with
and put tension against the front of the dorsal fin.

Figure 34: Final Prototype on the dogfish at WHOI. (Top) The whole tag slid back on
the body and put stress on the front of the first dorsal fin. (Bottom) The tag also
decoupled from the dogfish body, multiple causes are possible [22].

It is evident in Figure 34 that the attachment has slid back and, in the bottom picture, there is
significant ballooning of the back of the band. This ballooning, similar to the ballooning seen in
the tow tank, is likely causing a significant increase in drag. Furthermore, the fact that the tag slid
back against the fin will likely cause significant irritation to the soft, fleshy, dorsal fin of the animal.
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Detailed Design Solution

The final design solution, shown in Figure 35, includes the TheraBand® Shark Belt concept with
the clasp closure mechanism and two hydrodynamically favorable syntactic foam electronics
packages.

Figure 35: Side view of modeled final design on the virtual shark. Attachment is centered around the dorsal fin
and attaches using an elastic band and a small clasp with a Nichrome wire threaded through the clasp.

The tag design is centered on the first dorsal fin with a package on either side of the body which
provides symmetry and a near-even weight distribution on the animal. The final design is different
from the final prototype in four key areas:

(1) The TheraBand® strap is closed with the clasp and a Nichrome wire instead of Velcro®

(2) The electronics packages are made of CNC machined syntactic foam

(3) The electronics packages include flanges which can be used to sew the parts into the belt
material instead of gluing them

(4) The electronics packages have unique cavities to adequately fit each set of hardware

These changes were made based on observations from testing the final prototype and are
intended to continue making progress toward achieving all requirements and specifications.

Syntactic
Foam

Housing
VHF/Antenna Rod

Clasp

TheraBand® Strap

Figure 36: Side view of modeled final design on the virtual shark with key components
labeled. The package housing the battery is located on the opposite side of the shark
in a similar location.
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TheraBand® Strap

The final design uses a similar strap concept as the final prototype. The TheraBand® material,
an elastic material designed for physical therapy and exercise, is flexible and can easily form to
the curvature of the dogfish body while minimizing unnecessary friction with the skin surface. The
wider strap also provides a large area to secure the packages. Secured packages will reduce the
noise in the data by ensuring that the tag only moves with the animal. The strap is currently sized
for the dogfish at WHOI, but it would be simple to develop multiple strap sizes to accommodate a
wider range of dodfish.

Figure 37: Template of TheraBand®
strap for final design. Template is made
to fit 64 cm dogfish when the image is
scaled to dimensions 8.5” x 11”.

Electronics Packages

The electronics packages, shown in red in Figures 35 and 36 and grey in Figure 38, are designed
to fit the iTag sensor board, a 750 mAh battery, and the VHF radio and antenna. The packages
are intended to be machined out of syntactic foam, a low-density material that helps the entire
system float to the surface of the water after detachment. The final design includes flanges on the
sides of the two packages so they can be sewn directly into the strap. The flanges were added
after observing how easily the packages could fall off the strap on the final prototype when they
were just glued on. Sewing the packages into the strap offers added security and ensures that
the package will remain attached to the harness throughout the 72-hour deployment.

Sensor
Board

80 mm

VHF/Antenna

(under board)

Sensor Battery
Board ‘ W

Electrical £ |
Connection =
Access

VHF/Antenna

Figure 38: Syntactic foam packages with electronics in place. (Left) Top View of packages with electronics labeled.
(Right) Front view of packages with electronics and holes for electrical wire to connect the packages labeled.
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As shown in Figure 38, the electronics are split across the two packages to evenly distribute
weight across the animal and ensure the antenna points out of the water upon release. The holes
in the packages are designed to fit each hardware configuration so, even though the exterior
shapes of the packages are identical, the interior cutouts are different. The electronics will be
protected from water by filling the holes with epoxy after the hardware is installed, a technique
which was also used in the iTag design.

The right image of Figure 38 highlights the two small holes in the front of each package which
allow for a wired connection between the battery and the sensor board. This technique is
uncommon and remains untested. While we believe this may work quite well, it could also be a
point of failure if the wire breaks under the motion of the shark. This potential failure was discussed
in the Risk Assessment on page 29.

One of the more significant differences between this design and the iTag design is the two-
package approach. The iTag has one piece that rests along the top of the squid, but this design
does not work as well for dogfish anatomy. The dogfish tag design enables the package to have
a lower profile and ensures that there is not an uneven distribution of drag on the animal. If there
was a single package on one side of the animal, it could inhibit the animal from swimming
normally.

Clasp

The strap closure method proposed here is loosely based on the attachment method used for the
iTag. The iTag included a small clip between the base and the package that was secured together
with a Nichrome wire. The wire breaks under strong electrical currents which allows the package
to stay attached to the base for 72 hours and release when a current passes through the wire.
The success of this approach in the iTag encouraged us to explore similar attachment and release
mechanisms.

The clasp design, shown in Figure 39, serves as the point of closure between the two sides of the
TheraBand® strap. The two pieces of the clasp will be sewn into the TheraBand® through the
holes labeled C and B in Figure 39. The two sides of this device interlock with each other, allowing
for a Nichrome wire to run through hole A. This wire will originate in the tag itself, connected to
the battery, and run from the underside of the clasp up through hole A and then ultimately wrap
around the strut, labeled as D.
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Figure 39: The detachment method is built around a clasp system where two
halves are connected using a Nichrome wire through hole A. The two halves
are sewn to either side of the attachment strap using the sets of holes B and C.

When a current is run through the wire, the section exposed to the salt water will burn and break.
The time to break is directly related to the length of exposed wire; the more wire exposed, the
more time it will take for that section to break. Thus, only a small length of wire is exposed to the
water; most of the wire will be insulated from the sea water with petroleum grease, a method used
with the squid attachment [5]. This small length will be the length of wire in hole A, a length of
approximately 4.5 mm.

The primary goal of this method was to be as small and unobtrusive as possible because drag
increases with every addition of material. To minimize clasp size, the height of the combined
attachment (both sides connected as shown in Figure 39) is 8.5 mm to the top of the strut. The
width of the plates, not including the strut, is only 4.5 mm.

This closure mechanism was designed based on observations of the final prototype Velcro®
closure method. The Velcro® was convenient for easy attachment, removal, and adjustment of
the tag and functioned quite well during testing. However, Velcro® would not work for autonomous
detachment of a tag deployed in the wild. This clasp design builds off of the success of the Velcro®
closure and the implementation of Nichrome wire from the iTag.
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Buoyancy Analysis

The need for buoyancy analysis for the proposed design stems from the requirement related to
package retrieval. The portion of the tag that will be retrieved must float to the surface of the ocean
water with the antenna protruding from the surface so it can be located by the researchers.
Throughout the optimization process, the water weight and density of the overall design were
calculated to ensure the design meets this requirement. The density of the retrieved part of the
tag must be less than 1.02 g/cm? and the region surrounding the antenna rod must be the least
dense of the package to ensure that the antenna points out of the surface of the water at an angle
of at least 20 degrees above the horizon.

The mass and volume of the electronics components were measured to calculate their density,
and measurement tools within CAD were used to determine the volume and mass of the package
designs using known density of the shallow foam material. The water weight of each component
was calculated using Equation 5,

Mpy,0 = V-p—mgy (5)

where myzo is the water weight (g), V is the volume (g/cm?), p is the density of ocean water
(1.02 g/lcm?), and m.;- is the component weight in air (g). A positive water weight indicates a
positively buoyant component while a negative water weight indicates negative buoyancy. The
water weights of the electronics components are shown in Table 6.

Table 6: Electronics components all negatively buoyant

Air Weight  Volume Density

Component @) (cubic cm) ([S(’;/;L::,::::;]) Water Weight (g)
I750 mah Battery | 7.63 I 3.876 | 1.967 I -3.672
VHF and Antenna 2.89 0.950 3.041 -1.921
Pressure Chimney 0.14 0.082 1.709 -0.056
Sensor Board 3.67 1.148 3.197 -2.499
ITotaI | I | 9.914I -8.148

As indicated in Table 6, all electronics components, which are the main components not under
our internal design control, are negatively buoyant. Thus, the proposed design solution must
provide sufficient buoyant force to overcome the weight of the electronics. We intended to use
the same foam and epoxy already in use for the iTag to maintain consistency across tags so the
density of the package materials were known. The water weight of our designed components
were calculated using the same procedure, and the results are listed in Table 7.
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Table 7: Designed components positively buoyant and account for electronics weight

Component Air \:\Sight (c\llji’)lilcj:rzﬁm) (g/?:jgisc:tz,m) Water(;l\)leight
[Known]

Housing (board + VHF/ant pack) 1.709 9.965 0.171 8.455
Epoxy (board + VHF/ant pack) 9.035 9.220 0.980 0.369
Housing (battery pack) 2.386 13.958 0.171 11.851
Epoxy (battery pack) 7.374 7.524 0.980 0.301
Strap 4.720 4.995 0.945 0.375
Clasp 0.760 0.655 1.160 -0.092
Total 21.259

Since the total positive buoyant force of the designed components exceeds the negative buoyant
force of the electronics components, the entire package will float in ocean water. Furthermore,
the package which includes the antenna is more buoyant than the other package, so the antenna
will protrude from the surface of the water. The entire tag, as it is currently designed, is very
positively buoyant which may disrupt the typical behavior of the dogfish. The recommended
design change would be to replace some of the package housing material with a denser plastic
instead of using foam for the entire housing part. This will allow the tag to be closer to neutrally
buoyant and limit the effects of the tag on dogfish behavior.

Final buoyancy determinations will likely be an empirical task since the weight of solder, thread,

and epoxy may vary across iterations of the tag. However, replicating this analysis for verification
is simple and can be completed quickly for each tag.
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Verification

Multiple methods were used to verify our design solution with the proposed requirements and
specifications. Some requirements were unable to be tested due to the time constraints of the
project, but others were studied through written observations from our sponsor during testing on
the WHOI dodfish, engineering calculations, and the success of previous, similar projects. The
verification status and limitations of each of the requirements are shown in Table 8, another

representation of Table 1.

Key
Design meets requirement
Design partially meets requirement

Design does not meet requirement

Requirement cannot be verified in current design state

Table 8: Verification status of requirements and specifications. Status colors correspond to the key above.

Status Requirement

Specification

Attaches existing sensor board,
battery, and radio antenna to
dogfish

Secure 4.70 x 2.21 x 1.60 cm box, with 0.127 cm
diameter rod of length 34.01 cm attached to smallest
face, centered along 2.21 cm dimension, located at a
height of 0.08 cm [4] to dogfish of length < 1.5 m [8]

Is non-invasive

No significant change (< 5%) in behavior quantified by:
- Tailbeat frequency [10]

- Roll of animal [11]

Ensure that animals interacting with the tagged dogfish
have no behavior change, i.e. do not perceive tagged
dogfish as weakened or injured [11]

Is durable

Withstand depth > 200 meters; Withstand pressure
> 2120 kPa [8] [12]; Withstand > 10 deployments
Secures to shark = 72 hours at speeds < 1.9 m/s &
accelerations < 31 m/s2 [13]

Allows for sensor package retrieval;
Antenna must protrude out of
package and point out of the surface
of the water [10]

Has density of combined sensor and package upon
release < 1.020 g/cm3 [14]

Antenna oriented at least 20 degrees above the horizon
when tag is on the surface

Does not disrupt sensor
measurements

Has total error < 5% [11]

Does not add to ocean pollution

Releases < 4.5 g of long-term material per use [4]

Has affordable cost

Costs < $100 / tag [11]
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Attaches to Dogfish and Is Non-Invasive

Based on the success of our prototype securing to the WHOI dogfish during testing, and the
designed dimensions of the package housing, we are confident that the proposed design solution
meets the attachment requirement. The design was well-secured to the dogfish while swimming,
but shortly after the tag was put on, it interfered with the dorsal fin, and prompted some unusual
swimming behavior [22]. The influence on behavioral change was not quantified, but we do not
believe that this design meets the tagged individual behavior change specification of non-invasive
requirement. The specification related to other animal’s interactions with the tagged individual is
difficult to verify due to the current lack of information about fine-scale dogfish behavior. It should
be studied further and investigated in future work.

Is Durable

The durability specifications can be verified through long duration testing of a design on live
animals in a controlled environment. We anticipate that our design will meet the depth and
pressure specifications because this solution uses the same electronics components as the iTag
and the iTag has proven success in similar conditions. We were also unable to verify the
deployment specification because the proposed solution did not meet the non-invasive
requirements and testing for a longer duration could be harmful to the animal subjects. This
specification could be verified in the future by deploying a non-invasive solution in a controlled
environment for up to 72 hours ten times and examining the damage to the hardware.

Allows for Sensor Package Retrieval

The retrieval specifications are largely dependent on the detachment method and the density of
each component. The detachment method has been designed, but not prototyped with the full
design so we cannot verify that it works as expected, simply due to the time constraints of the
project. Verification of the combined density and ensuring the antenna would protrude out of the
surface of the water upon release was determined through the buoyancy analysis discussed on
page 43. The calculated density of the entire package is 0.56 g/cm?® which is less than the
specification to float of a density of 1.02 g/cm?.

Does Not Disrupt Sensor Measurements

Evaluation of the impact of the tag design on sensor measurements is possible but designing and
executing the experiment to verify the specification was not realistic in the time frame of this
project. Thus, this specification is not verified.

Limits Ocean Pollution

The iTag deposited approximately 4.5 g of plastic into the ocean for each tag that was deployed,
and proposed solution meets the specification that less material is left in the dogfish environment.
The design solution would not leave any material behind, and the entire tag could hypothetically
be deployed multiple times to reduce material demands. Based on the design intent, we believe
that the design solution meets this requirement.
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Has Affordable Cost

The total design cost of this project is well below $100 and multiple prototypes were developed
so each individual tag will be significantly below the cost requirement set here. The design also
uses materials readily available to our sponsors to reduce additional costs of future development.
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Discussion and Recommendations

The final design proposed in this report is the culmination of approximately three months of work.
Throughout this effort, we have explored novel marine tagging methods, established an effective
process to run CFD on dogfish models, and verified the CFD with tow tank experiments. These
achievements can be used throughout the remainder of the design process for the dogdfish tag
and future tag designs. The dogfish tag does not currently meet all of the requirements, but it can
be deployed in controlled environments, and with a few changes, could be deployed in the wild.

Strengths of Proposed Design

The Shark Belt design makes very good progress toward achieving a novel non-invasive dogdfish
tag and provides a strong starting point for future development. One of the strengths of the design
is the quick and easy attachment to the animal. In live testing, attachment took less than one
minute and was simple and straightforward for the researchers deploying the tag. The researchers
were able to attach the band while the dogfish was still mostly submerged, which induced less
stress than fully removing the animal from the water.

Another strength of the dodfish tag is the redesigned packages. The new packages cause a small
amount of drag increase, verified both in CFD and in the tow tank testing. The transition away
from a single larger package to two smaller packages reduces tag-induced impacts on the roll of
the animal. Having two smaller packages also makes a wider variety of attachment regions
available which could be useful in tag applications for other small marine animals.

Limitations of Proposed Design

Though the design could be useful in controlled environment experiments, it does have some
significant drawbacks. During testing on live dogfish at WHOI, the Shark Belt design caused some
visible discomfort to the animal. The tagged individual expressed some unusual behavior that the
researchers observed, including the barrel roll described previously.

The attachment mechanism also slid back against the individual’s dorsal fin a short time after
deployment. This additional stress on the dorsal fin may cause the animal distress and thus will
impact normal behavior and may injure the animal. Furthermore, the elastic band was under high
tension when it slid back on the dorsal fin which may fatigue the material and cause it to break
during deployment. Strap failure would significantly impact the integrity of the data and potentially
the well-being of the animal.

Finally, the current design does not include a fully tested or validated detachment mechanism so
it could not be implemented in an uncontrolled environment.

Comparison of CFD to Tow Tank Conclusions

At the nominal dogfish speed of 1.9 m/s, the predicted increase in drag from adding the tag was
within 18% between CFD predictions and tow tank measurements. For steady-state RANS CFD,
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this difference is comparable to values seen in industry [23]. Therefore, we have a reasonable
level of confidence in the reported results of both the location testing and shape optimization.

Recommended Design Changes

Based on the limitations of the design and the results from experimental tests, we have
conceptually explored alternative design choices which would improve the performance of the
dogfish tag. These recommendations have not been verified but could be used in future work.

Band Material

The TheraBand® material used in prototyping was rated to reach 100% elongation under 25.8 N
of force. Due to the ballooning of the design prototype in testing at high speeds, and the slippage
on the live dodfish in testing, we recommend using a stiffer resistance band material. We believe
that a band rated to reach 100% elongation at 45.4 N, which comes in Silver from the TheraBand®
brand, may be better suited for this design. We recommend this over a completely different
material because we found its thin profile to be advantageous in minimizing invasiveness while
still allowing for tag placement near the first dorsal fin. The rubbery texture of the material also
increases static friction with the shark skin which helps to prevent slippage. Due to the lack of
existing knowledge on this species we do not know how this material could affect their skin over
a long period of time, so it may be best to use a thermoplastic elastomer version of the resistance
band that is latex-free, due to skin irritations caused by latex in other species.

Electronics Packages

The positive buoyant force of the package housing greatly exceeded the negative buoyant force
of the electronics hardware, resulting in a total water weight of approximately positive 13 g. The
ideal tag would be neutrally buoyant while it is attached to the animal and deposit material, so it
is positively buoyant upon release. To approach neutral buoyancy for the dogfish tag, we
recommend manufacturing housing that is partially constructed out of a denser 3-D printed plastic
and partially foam. The proportion of plastic to foam should be determined once the attachment
design is finalized, but we believe the overall shape of the electronics packages will be simple to
maintain. Additionally, for plans to continue reducing the drag of the entire tag, we recommend
focusing on hydrodynamic optimization of the attachment mechanism rather than the electronics
packages, because the former was the cause of the majority of measured drag in the tow tank,
while the latter was the focus of the present work.

Band Closure

The first key step in working with the closure design is to test the mechanics of the clasp with the
Nichrome wire for secure closure and smooth release. We also believe that implementing a small
counterweight that is held between the clasp plates during attachment and released with the tag
could benefit the overall buoyancy of the tag. Including the counterweight would help the tag reach
neutral buoyancy during attachment and it would separate from the tag during release so that the
tag alone would be positively buoyant and float to the surface for retrieval.
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Ethics Statement

It is important to consider the ethics behind the need for a non-invasive design. The humane care
and use of animals for scientific purposes is guided by the ethical framework of the three R’s:
replacement, reduction, and refinement, as shown and briefly defined in Figure 40 [24].

R

Figure 40: The ethical framework of the three R’s:
Replacement, Reduction, and Refinement. [25]

Initially, we believed that our project would primarily focus on the third R, refinement. However,
as we continued moving forward it became clear that we must focus on all three, replacement,
reduction, and refinement, to protect the animals we are working with. To replace the dogfish with
other testing methods, we 3-D printed an entire model of a dogfish. Using the dogfish model
avoided causing unnecessary stress to the live dogfish while still enabling preliminary testing for
prototypes. This also allowed us to delay testing prototypes on live animals until we have high
confidence in the success of the tag.

Finally, focusing on refinement, emphasis is placed on the design to be non-invasive to ensure
that the stress experienced by the dogfish is minimized. In addition, evidence suggests that pain
and suffering can alter an animal's typical habits and behaviors [26]. For that reason, it is important
for the design to be non-invasive to ensure that the data collected is accurate and representative
of the normal habits and behaviors of dodfish in their natural habitat.
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Conclusion

The smooth dodfish is currently classified as a “near-threatened” species due to vulnerabilities
that lead to overfishing. There is currently minimal research on the fine-scale behavior of the
species, which poses challenges when looking for ways to protect them. Researchers at the
Woods Hole Oceanographic Institution hope to learn more about the species by attaching a
biologging tag while the dogfish are in local coastal waters. To conduct this study, they have
tasked us with developing a non-invasive attachment method to secure a biologging tag for up to
72 hours. Our final design was successfully attached to the model dogfish and tested on live
dogfish at WHOI. From this testing we were able to verify drag measurements from CFD analysis
and the concept’s functionality. The final prototype includes an attachment belt, a belt closure
mechanism, and a pair of redesigned electronics packages. While our design is not currently
ready for deployment, we believe that with limited redesign it can be ready for deployment by the
researchers this summer.
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Appendix 1: Concept Development

We used a variety of idea generation tools to build off of these initial ideas and iterate through
new designs. Through this process, we arrived at two concepts to prototype and evaluate for
further development.

Hoop Around Body

The “hoop around body” concept was initially just a generic method to secure the tag using the
streamlined nature of the dogfish body. The first continuation of that idea consisted of two bands
around the middle of the shark body. These bands would both be between the first and second
dorsal fins with the biologging tag secured between the two bands. A counterweight was initially
envisioned to detach from the hoop design when the package is ready to be collected. This would
allow for collection of the sensor package and straps, as they could float to the surface. The
researchers would then be able to reuse the harness, only needing to replace the counterweight.

Figure A1.1: Hoop Around Body concept sketch consisting of two bands
around the dogfish with the sensor package secured on either end by the
bands.

We used idea generation tools to develop this design and investigate the feasibility of attaching a
tag around the body of the dogfish. We used Design Heuristics to help iterate the concept and
develop it further. After considering these Design Heuristics, we chose to add a natural feature
as the counterweight. Doing so prevents the deposition of any unnatural material into the ocean
when the tag is released from the dogfish. This tool also prompted us to consider changing the
design of the geometry of the biologging tag so that it would wrap around the body of the dogfish.
This would reduce the resistance to the dogfish when they flex their body to swim and provide
more accurate data regarding the movements of the dogfish. The modified tag design also
reduces material, because only one band around the body is needed to mount this tag as opposed
to two.
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Body Clip

When developing the body clip for the shark, morphological analysis was used to break down the
device into numerous types of functionality, and then individually designing for each functionality,
as shown in Figure A1.2.
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Figure A1.2: Morphological chart based on functions relating to the Fin Clip.

When attempting to refine our design, we had a couple of major functional groups to develop. We
first considered the detachment mechanism. One option for the separation mechanism of a solid
body included using a set of coincident hollow cylinders which a Nichrome wire would run through.
When this wire dissolved, the two pieces would fall apart from each other. The second was a tab
and slot mechanism, similar to the first, but the moment on the cross section was held partly by
the solid body itself as opposed to just the wire. And the last option was a flat mating surface with
a wire run through, similar to the first but with a larger contact area. While the third was seemingly
better than the first, it still relied heavily on the wire for structural support whereas we preferred
the wire to be a more passive mechanism. For this reason, a tab and slot mechanism was chosen

for initial prototyping.

We then addressed attaching the sensor package to the attachment device. The first option was
to keep the package the same as it was for the squid tag and recreate the clipping mechanism
from that base to attach the package to this device. The second was to use an adhesive to
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permanently attach the package to the device, and lastly there was a broad ‘idea’ to redesign the
package. This would allow us to create the package to be more suited to our concept as needed.
Our design could incorporate the old package, either glued on or could be altered to include a
clipping mechanism, or it could facilitate a new package design.

The third major category was the clamping mechanism. For this, we drew from past experience
and benchmarking. The first idea was using a concept similar to that of a clothes pin. The second
concept was to use zip ties, or a similar securing method, to attach two sheets of plastic over the
fin as we had seen implemented for another small shark species in prior research. This
complicated the detachment mechanism as zip ties do not dissolve, but it was still included for
completeness. For the first prototype, we decided to move forward with the clothes pin method
as it seemed like the other was going to be much harder to find a detachment mechanism for and
single use plastics (zip-ties) would be a large component of the design.

Lastly, we discussed methods to ensure good contact and gripping strength between the device
and the fin so that it would stay mounted for at least 72 hours. We talked about using a sandpaper-
like surface as the connection interface, as well as a hooked end to the device that latched on to
the front of the fin. The last was designing a system that meshed with the barbed structure of
shark skin to hold the device in place. The last design, through conversations with our stakeholder
as well as research, seemed to create issues for the non-invasive requirement as digging into
scales could cause serious issues after 72 hours of swimming with the device. Currently, we
intend on using some sort of combination of the first and second ideas, with a hook method to
hold it in place, and perhaps an interface made of rubber infused with sand to create a malleable,
yet grippy, surface to mesh with the shark skin. This option will be tested once a prototype is
created and we can run simulations in and out of the water.

Concept Development Tool: Model Fins

We used the virtual shark model to isolate the shape of the dorsal fin and replicate a flexible fin
to test the prototype’s efficacy on flexible surfaces. We printed five shark fin prototypes using
three different flexible materials to try to best replicate the dodfish fin texture. As seen in Figure
A1.3, we printed using thermoplastic polyurethane (TPU) in black, thermoplastic elastomer (TPE)
in red and polypropylene in white. We printed the TPE fin in two additional printing patterns to
improve the flexibility of the part and ultimately selected a version of TPE as our representative
fin. This model will allow us to perform proof of concept evaluations for designs that attach to the
first dorsal fin.
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Polypropylene

Figure A1.3: Three prototype fins have been printed to be used to test our tag designs.
They are 3-D printed using TPU (Black), TPE (Red) and Polypropylene (White).
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Appendix 2: Fin Clip

The second concept we developed is a Fin Clip. This consists of a design similar to that of a
clothes pin, with two jaws that compress on the dorsal fin

Version 1

After the concept generation stage for the Fin Clip, we started to design an initial concept for the
clip based on the desired qualities outlined in Figure A1.2 above. Our initial prototype had a couple
of main goals; the clip needed to be able to attach to a fin using a clamping mechanism, allow for
the fin to move uninhibited by the device, and finally have a method for autonomous detachment.
Our first attempt at achieving these goals is shown in Figure A2.1 which shows two views of the
initial CAD design.

Figure A2.1: Two images of the CAD model for the Fin Clip, isometric view (left), and side view (right).

The first design challenge was creating the clamping surface that would interact with the fin. The
initial interface, the curved surface on the left side of Figure A2.1, was designed in this manner to
accommodate the curve of the fin and maintain even pressure across the whole surface. The
shape of this curve was designed based on initial measurements of a dogfish so that it would
mirror the curvature of the fin to better fit on it.

One of the problems with this attachment method was the fleshy texture of the fin. The fin of these
animals is very fluid and non-rigid. This presented an issue when designing an attachment that
relied on a rigid clamping surface. We believed our design would work as it was intended to only
clamp on to a few centimeters at the front of the fin, which was much more rigid than the middle
or back.

The fin, as mentioned above, is very mobile and bends and moves when swimming and
performing fast direction changes. To accommodate for this movement and ensure the shark is
impacted as little as possible, we left a large open space towards the middle of the clip, as seen
in both Figure A2.1 above and Figure A2.2 below, that would allow free motion of the fin.

Figure A2.2 also shows a close up view of the detachment method that was implemented in this

version of the fin clip. This part of the clip must allow the clip to detach after 72 hours from the
shark and ultimately float to the surface.
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Figure A2.2: Detachment mechanism for Fin Clip concept. A wire will be threaded through the two small holes
seen circled in the image to the right which, when burned, will break apart the two pieces. Furthermore, seen
circled in the image to the left, the three holes on the bottom of the part create water pressure pushing these
two pieces apart.

In this design, we created a tab and slot mechanism that connects the two halves of the bottom
clip. This intersection is held together by a piece of Nichrome wire that runs through the two small
holes seen in the right image in Figure A2.2. When a charge is run through this wire, it will dissolve
and the two parts will separate. To encourage this separation, we included three holes in the
bottom of the part, exposed to water, where we believe the water flow will help facilitate
separation. This method of separation arose from ideation and remains untested, but we intended
to test and develop on the idea.

To see the clip attached to the dogfish, we combined our CAD model of the shark with that of the
clip. This allowed us to get perspective on the relative size of these two objects to better
understand their interaction before printing. This relationship and relative size can be seen in
Figure A2.3.

Figure A2.3: Top view of the dogfish with the Fin Clip in its intended location to scale.

In this figure, we can see the clip attached to the shark, the gap in the clip to make room for the
fin movement, as well as the iTag attached to the clip. While we do not know if a package redesign
will occur, we used this picture to gain perspective about the relative size of these objects.

After the initial design stage, we 3-D-printed the Fin Clip both as a proof of concept and to gain

physical insight into the changes necessary to have a functional Fin Clip. The 3-D print of Version
1 of the Fin Clip can be seen in Figure A2.4.
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Figure A2.4: Side view of the 3-D printed model for Version 1 of
the Fin Clip.

It became apparent after printing Version 1 that there were several issues with the design that
needed to be addressed. One such issue was that once the spring was installed, the clip began
to twist itself out of the proper positioning as can be seen in Figure A2.4 above. A second issue
was that the clearances for many of the features of the clip were too small. These included the
clearances for the slot and tab interface, which can be seen in Figure A2.5, and the clearance
for the spring. Both of these surfaces would need significant sanding to work properly.

Figure A2.5: (Left) the Fin Clip tab surface that was sanded down. (Right) The parts fit together cleanly
after sanding.

In Figure A2.5, the sanding that was required to allow the two parts to fit together is shown to
have tarnished the surface of the interface and unevenly changed the width of the tab. While
these two pieces still fit together, as can be seen on the right of Figure A2.5, they did not fit as
well as intended or as well as we believe is necessary for functionality.

We also learned that we had incorrectly placed the center of rotation at the center right of the
spring, instead of at the center of the spring. As opposed to the spring remaining in contact with
both the upper and lower parts of the clip upon opening, it separated from both of these sides as
it rotated around the back of its mating surface, as seen in Figure A2.6.
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Figure A2.6: The clip with the spring installed,
highlighting the incorrect placement of the center
of rotation.

Another issue with Version 1 of the clip was that the holes for the detachment method were too
small to be resolved by the 3-D printed part. The holes either did not get printed, or they were far
too small to fit a wire through.

Finally, the most glaring issue with the first version of the clip was the overall size of the clip in
comparison to the shark. The size would need to be drastically reduced for the clip to be feasible
in its current state, it was well above % the size of the fin.

Version 2

Based on the problems that arose from the first prototype, we developed the second iteration of
the Fin Clip, shown in Figure A2.7. The main issues that were addressed included clearances in
the spring location as well as the tab and slot joint, the kinematics of rotation for the clip when
opening and closing, the twisting of the clip with respect to itself, and the overall size of the clip.

Figure A2.7: The newly designed clip, with the sensor package integrated.

For clearances, the solutions were quite simple; for the tab and slot joint (Point A), we merely
increased the clearance for that intersection, and for the spring, we again widened the diameter
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to have a larger clearance at Point B. For the rotation point, we got rid of the intersection point
behind the clip (Point C) so that the clip would rotate about the center of the spring.

The next problem that we were attempting to solve was the need to attach the iTag, or a similar
package, to the clip. The proposed solution is shown in Figure A2.8.

Battery Sensor Board Radio/Antenna

Figure A2.8: A top view of the clip with the electronics integrated into the top half of the clip.

This aspect of the redesign attempted to address the bulkiness of the clip. To attach the hardware
to the Version 1 clip, we planned on attaching the iTag to the clip body. This made the part as a
whole much larger which would create issues both with attachment and drag. To try and combat
this, we instead integrated the electronics into the body of the clip as shown in Figure A2.8. This
integration both lowered the profile and reduced the complexity of the part.

The next problem that needed to be addressed was the twisting of the clip discussed in the
prototyping section of Version 1. In Version 1, the clip did not stay as one part when the spring
was installed. To solve this, we worked on designing a bracket to hold the clip in place. As the
spring holds the back of the clip together, we decided to locate the bracket on the front. The
design we settled on can be seen in Figure A2.9.

Figure A2.9: The redesigned front end is shown which
helps to restrict twisting of the two halves of the clip as
well as the sliding back of the clip on the fin.
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The bracket above extrudes from the left half of the clip and intersects with the right half. This
holds the two pieces from twisting with respect to each other. The spring itself is holding the back
end from rotating. This design, we believed, would give us a stable clip.

During this redesign, we also sought to reduce the size of the clip as the first version of this clip
was too large with respect to the shark. To do this, we reduced the size of the entire clip by 80%.
The reduced size of the clip placed on the shark can be seen in Figure A2.10.

Figure A2.10: The new clip on the shark. As seen, this clip remains quite large with
respect to the size of the shark.

Once we had solved the issues that became apparent from the first physical prototyping, we
printed a new version of the clip to gain physical insight into the new design. The 3-D print of the
Version 2 clip can be seen, attached to a model fin, in Figure A2.11.

Figure A2.11: The front view of the
clip attached to a model dorsal fin.

In Figure A2.11 and Figure A2.12, the clip is attached to the model dorsal fin, and the spring is
installed. This highlights the improvements from Version 1 because previously the clip could not
stay together, and as seen in this image the clip now clamps, to some degree, to a model fin.
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Figure A2.12: Top view of the clip attached to a model fin.

While the clip does attach to the fin, it is still quite large relative to the dogfish body. Figure A2.12
shows that, while this clip is 80% of the size of Version 1, it still appears to be too large. With this
version, we were not convinced that, given the need to both attach to the fin and hold the
electronics to it, the clip could get much smaller.

As mentioned in Version 1, there was not enough clearance for some parts to fit together. To
solve this, we changed the clearances to double their previous values. Figure 30 shows the new
tab and slot mechanism that was redesigned in Version 2.

Figure A2.13: New intersection of the
tab and slot joint. In this iteration, the
printed holes came through but the
clearance remained slightly too tight.

In this iteration, we kept the holes to allow for water to help separate the bottom of the clip and
made the holes for the wire larger, which as can be seen in Figure A2.13 did get printed in Version
2. However, the clearance of the tab and slot remained too tight and significant sanding would be
required for the two parts to actually separate autonomously. While again there was not enough
clearance, from this print it became clear that this mechanism could work with a bit more of an
adjustment to the clearance.

Finally, Figure A2.14 shows the side of the clip which includes cutouts to secure the electronics.
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Gl s s RS
igure A2.14: The hardware fit inside these cutouts, but actually installing them, presented many challenges.

This area, designed to have a significant amount of clearance, fit the battery and sensor board
well. The antenna and radio, however, were blocked by the small barrier between the two
recessions. To solve this, that barrier could be simply removed, and the two separate extrusions
could be combined into one, which would likely make the assembly of the part, as well as the
electronics connections between the two sets of components, much simpler.

Many of the issues that we had in Version 1 were solved quite well in Version 2 of the Fin Clip.
For example, the new housing for the package was much more feasible and hydrodynamic than
reusing the old package and merely attaching that to the clip. Additionally, the Version 2 clip
successfully attached to the fin whereas Version 1 did not. Even though some of our changes
were successful, we found some hindrances that we deemed quite significant.

The biggest hindrance is that the tag feels bulky and unstable. The clip is a static device that
attaches to a very dynamic object, the dogfish. We had significant concern about how well the
clip would stay on over the course of 72 hours when compared to a more fluid design, for example
the shark belt or shark saddle, discussed below. When looking at the size of the tag, we see that
it is roughly half the height of the fin, and almost double its length. While the fish could likely swim,
to some degree, with this clip attached, our goal of minimal invasiveness and affect on behaviour
is very unlikely to be met with this tag. For this reason, it was after this Version 2 prototyping that
the focus on this design was shifted away into more promising design spaces, like the shark belt
and shark saddle, and how to further improve on those concepts.
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Appendix 3: Shark Belt Initial Iterations

The Shark Belt prototypes currently in progress are proof of concepts to investigate the feasibility
of this design before moving forward with more intricate features of the design. Two prototypes
will initially be evaluated for this purpose. The first prototype consists of a one-inch elastic band
fitted to the circumference of the dodgfish just in front of the first dorsal fin. The band has Velcro®
on each end to secure it around the dogfish, shown in Figure A3.1. Since this design is only one
band, it will require a package redesign to wrap around the circumference of the body. We have
begun this redesign, which will be prototyped if the single band satisfies our requirements in
testing.

to be placed in front

Figure A3.1: Images of the first Shark Belt proof of concept, consisting of one elastic band
of the first dorsal fin.

The second prototype includes two one-inch-wide elastic bands around the circumference of the
body. A nylon strap is sewn in to connect the two bands, on which the biologging tag will be
mounted, shown in Figure A3.2. This concept aims to fit the existing tag design. Doing so would
reduce cost and avoid potential issues in the field that a new tag design may bring.

Figure A3.2: Images of the second Shark Belt proof of concept. Two elastic bands are connected by a nylon
strap and oultfitted with Velcro® to attach and detach from a shark body.
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We chose to further develop the two strap elastic design from one of the initial concepts. This
was the most secure of initial designs. In the updated design we used % inch elastic to reduce
the interference of the first strap with the dorsal and pectoral fins, shown in Figure A3.3. The
nylon strap was also lengthened to 11 cm to maximize the available space on the back of the
dogfish. This design still does not fit the existing tag from WHOI, which is 12.3 cm long. We
may, however, be able to use this design with the original tag if we choose to tag larger dogfish
than the one we chose to test our designs on. The 3-D printed dogfish is 64 cm in length, but
the species can reach 100 to 150 cm when fully grown. Using proportions, we anticipate that
dodfish over 72 cm in length would be able to fit the original tag with this design. Due to the lack
of research on the species we do not know if they keep the same proportions as they grow, so
we anticipate the lower length limit to be closer to 80 cm to ensure adequate room for the tag
with this design.

N

Figure A3.3: Images of modified two strap elastic belt design.
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Appendix 4: Required Supplemental Appendices

Engineering Standards

Formal engineering standards were not used in this project, largely because the project is
supporting academic research. Since we are contributing to research and advancements in the
marine biologging field, we largely adhered to research best practices rather than codified
standards. Through consistent communication with our sponsor, we ensured that the ethics of
The Sensory Ecology and Bioacoustics Lab were upheld throughout this project.

Engineering Inclusivity

We recognized the inherent power that we, as the design team, held over the intended users of
the product. To return power to our sponsors (and users) we met regularly with our sponsor and
asked open-ended questions about their vision for the project and how our design choices may
affect their work. We sought feedback from our sponsor about associated risks for the design and
incorporated their feedback into our work. Furthermore, we were aware of the potential harm we
could cause on the live dogfish users and decided to delay testing on live dogfish from the original
date until we had more thoroughly tested the design on our virtual and model dogfish. This
ensured that we were more confident in the potential success of our solution and did not cause
unnecessary harm on the animal subjects. We also incorporated aspects of the design that could
be altered to accommodate dogfish of varying size so that our design is not exclusive to dogfish
of a certain size and data can be collected from a range of individuals.

Environmental Context Assessment

Evaluating the environmental impacts of a design can be challenging and complex. To gain a
high-level understanding of the environmental sustainability of the design, we considered the
two questions listed and answered below.

Does the system make significant progress toward an unmet and important environmental or
social challenge?

This question seeks to justify the use of resources and cost associated with product
development, manufacture, use, and disposal. A successful shark belt tag design would make
significant progress to support research of dogfish behavior in the wild. This research can be
used to understand the anthropogenic impacts on marine habitats and how human processes
(e.g., commercial fishing) may affect the life cycle and ecosystem of comparable shark species.
Understanding the survival rate of bycatch species can also provide motivation for changes in
policy to protect marine species and support species diversity in marine ecosystems.

Is there potential for the system to lead to undesirable consequences in its lifecycle that
overshadow the environmental or social benefits?

This question checks that the proposed solution does not generate new environmental or social
problems while attempting to solve others. The potential for the shark belt tag design to lead to
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undesirable consequences in its lifecycle is low. The current design plan does not deposit any
unnatural material to the marine environment and, though we were unable to verify the
requirement, the durability requirement is intended to be met by the design solution. Both
factors reduce environmental damage of the design by maintaining the species’ environment
and limiting the material demands by a larger scale project. Also, the design could be fully
functional using manufacturing processes and materials that are readily available to our
sponsors, so there would be no additional environmental damage caused by purchasing and
integrating new machines or supplies.

Social Context Assessment

Similar to the environmental context assessment, comprehensive evaluation of the social
impacts of a design is incredibly demanding. However, a broad understanding of the social
impacts is important to consider throughout the design process. The following three questions
were considered in our social context assessment:

Is the system likely to be adopted and self-sustaining in the market?

This question checks if the solution is economically viable. The proposed final design for the
shark belt has a relatively affordable price, especially for the research labs that would likely
implement the design. Since the tag has a low manufacturing price and details of future
iterations of the design will likely be published in future papers, we believe that other interested
researchers may adopt the same or similar designs to study small marine animals.

Is the system so likely to succeed economically that planetary/social systems will be worse off?
This question ensures that there are realistic limits to reduce the likelihood of overconsumption
due to the success of the proposed design. Due to the limited target audience for this design,

the likelihood of harming planetary or social systems after implementing this design is very low.

Is the sustainable technology resilient to disruptions in business as usual?

This question ensures that a design will stay relevant for many years and can support
stakeholder needs despite changing circumstances. The shark belt tag can easily be modified
for deployment on other marine animals, so even if dogfish research is widely conducted, the
design will still be relevant to marine researchers.

Ethical Decision Making

Since this project was centered around designing a product to be used on live animal research
subjects, ethical considerations were very important throughout the whole process. As discussed
in the Ethics Statement above, we followed the ethical framework of the three R’s: replacement,
reduction, and refinement. Following this framework helped the team decide to delay initial
deployment on the dogfish subjects until after further testing was conducted on the model dogdfish
in the Marine Hydrodynamics Laboratory tow tank and qualitatively by the team. This ensured
that we did not induce unnecessary stress on the dogfish subjects and that we had relatively high
confidence in the prototype before testing it on live animals. We also focused heavily on
developing a non-invasive product to limit the harm to the dogfish and maintain their wellbeing.
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