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Abstract of Master’s Thesis of Academic Year 2023

Blind Diver: Prototyping an Underwater Haptic

Navigation Device for Public Safety Divers

Category: Science / Engineering

Summary

Professional divers such as public safety, rescue, cave, and police tech divers find

themselves often working in murky, high-turbidity aqueous environments. Those

challenging frontiers oftentimes are the scenes of rescue missions, key evidence

recovery, and new scientific discoveries. Working under those harsh conditions

requires specialized training and despite rigorous safety protocols it remains to be

a risky profession. Some of the main risks are disorientation, entanglement, injury

as a result of a collision with an unseen object, and running out of gas as a result

of a prolonged stay underwater in an attempt to orientate oneself. Therefore, the

main focus of this research thesis is to prototype an assistive device for under-

water navigation for specialized divers. The main contributions of the following

thesis are (1) a Systematic review of navigation technology for recreational and

commercial diving (2)a Proposal of a haptic-sonar navigation module that can be

integrated with a diving suit. (3) Conducting experiments aiming at assessing the

potential strengths and drawbacks of the proposed haptic technology in marine

environments.
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Chapter 1

Introduction

Technical scuba diving and public safety diving are two branches of underwater

activities that are indispensable for recovering evidence for criminal investigations,

repair of key underwater infrastructure, and removal of biohazards from aqueous

environments. However, underwater navigation in turbid environments, such as

murky lakes or rivers, can be a challenging task for professional divers. Low

visibility conditions can make it difficult to orient oneself, locate landmarks, and

follow established routes [1]. Current surface state of art navigation systems, such

as GPS and compass, can be unreliable in these conditions [2]. Furthermore, the

underwater navigation technology advances in recent years have been limited and

most research funding was granted for autonomous vehicle navigation projects

rather than for public safety diver navigation systems [3]. Therefore, there is a

need to explore new navigation technologies that can help divers navigate safely

in turbid environments.

1.1. Background and motivation

The motivation for the proposed research in diver navigation systems is twofold:

personal and scientific. Given the author’s academic background in software and

electronics engineering, as well as licensure as a PADI scuba diver, the primary

personal motivation is to explore new frontiers in electronic technology design in

extreme environments. The scientific motivation is to establish an understanding

of diver navigation system preference as well as investigate the usability of com-

peting assistive technologies (artificial muscle and haptic technology) in aquatic

environments.

1



1. Introduction 1.2. Problem Statement

Therefore the research goals of this project will be the following:

• Understand navigation challenges, practices, and preferences

• Identify a gap in diver navigation technology

• Develop and test competing navigation systems addressing the gap

The proposed study aims to answer the following research question:

“What is the utility of assistive technology for divers in terms of

improving navigation and enhancing safety in high turbidity marine

environments?”.

Underwater navigation plays a critical role in various diving activities, includ-

ing scientific research and public safety operations. Therefore by answering the

research question the proposed research aims to establish a better understanding

of diver preferences and outline guidelines for marine personal navigation tech-

nology inventors. To ensure familiarity with the subject studies the author of

this research has herself conducted 30 dives with various dive teams in Japan and

Korea and obtained the following PADI license training: Open Water, Advanced

Open Water, Deep diving, Dry suit diving, Nitrox diving, Peak Buoyancy, and

Rescue diving.

1.2. Problem Statement

This paper presents a comprehensive review of navigation technology for recre-

ational and public safety diving. By analyzing current navigation systems and

their limitations, the study provides new insights into the needs and challenges of

navigating in marine environments. Building on this review, the author surveys

professional divers regarding their navigation practices and a gap in navigation

technology. The proposed research aims at developing a prototype of an assistive

electronic technology aiming at increasing diver safety that does not exist on the

market and is constructed based on direct diver feedback and needs.

2



1. Introduction 1.3. Thesis Structure

1.3. Thesis Structure

This thesis has a structured layout that is divided into several sections. The

first two Chapters outline the Related Works, as well as the state of the art

of the relevant technologies. Chapter 3 focuses on describing iterations of the

prototype based on direct professional diver feedback. Chapter 4 and 5 outline the

observations from dry and marine environment tests and draw conclusions based

on the interactions with the study participants. It is important to understand the

chronology of individual steps of the proposed research, as the prototyping and

validation steps took place iteratively throughout the project. Furthermore, an

additional literature review was conducted based on diver preferences. Therefore,

although it cannot be seen in the structure of the Chapters of this written work,

each step was repeated multiple times when new insights were learned about the

preferences of the target audience.

• Chapter 1: Introduction outlines the research goals and presents the

research question

• Chapter 2: Literature Review, provides an overview of navigation tech-

nology and capabilities of electronic technology at high atmospheric pres-

sures

• Chapter 3: Prototype, presents the design and development of the haptic

suit prototype as well as the competing artificial muscle design, specifically

focusing on the perception and actuation mechanisms.

• Chapter 4: Validation, focuses on the validation of the developed navi-

gation systems by conducting testing in both dry and marine environments.

Although the Validation section appears after the Prototype in this written

work, those two steps took place iteratively throughout this research project.

• Chapter 5: Conclusion, outlines the research findings and limitations

and proposed the next steps for this research.

3



1. Introduction 1.4. Thesis chronology

1.4. Thesis chronology

The initial phase involved conducting a literature review, which spanned from

February 2022 to October 2022. During this time, multiple literature review activ-

ities took place, and ”Digital Underwater Acoustic Communications” by Lufen Xu

and Tianzeng Xu was selected as a primary source regarding underwater commu-

nication. Simultaneously, we published a paper on Augmented Humans in March

2022. In April 2022, a diver preference survey was conducted to gather valuable

insights. Following that, we focused on prototyping the haptic-sonar unit, which

took place from April 2022 to July 2022. In 2023, the project continued with

Workshop 1 in March and the publication of the CHI 2023 SRC paper in April.

Tank tests were performed in April, followed by Workshop 2 in May. Addition-

ally, PADI training sessions were conducted intermittently throughout the project

timeline, with sessions occurring in February, April, August, and April again in

2023 to ensure continuous contact with the target audience. The provided chart

visualizes these project activities and their corresponding durations.

Table 1.1: Research timeline

4



Chapter 2

Related Works

2.1. Diving navigation practices

Diving is a high-risk activity relying on constant life-support equipment. Divers

navigate underwater using a variety of techniques and assistive technologies, in-

cluding the use of underwater compasses, dive computers, visual cues, underwater

signaling lights, reels, and surface marker buoys [4]. One of the primary tools

for underwater navigation is the underwater compass, which uses magnetic fields

of the Earth and North reference to determine the heading which is not affected

by the higher atmospheric pressure [5]. Dive computers are another important

tool for underwater navigation and safety maintenance. Even most simple dive

computers provide information regarding depth, time spent underwater, and the

required safety stops, which are mandatory pauses a diver needs to make during

an ascent to allow the nitrogen absorbed by the body during the dive to dis-

solve [6]. More advanced dive computers also include a built-in compass and can

be programmed with dive plans, allowing divers to navigate to specific depths and

locations [7]. Another technique that divers use is visual cue navigation, which

involves using natural and man-made landmarks as well as at the shallower depths

of the shadow that the diver marks on the sea bed [8]. Under high turbidity con-

ditions divers tend to turn to strong Canister Lights, which use halogen and LED

light and can operate longer [9]. Reels in combination with reel markings are

an indispensable tool for cave diving. Despite a high risk of entanglement reels

are still an important navigation tool in complex cave systems to mark exit and

entrance way. Finally, in open water environment divers use a technique called

“kick cycles“ to navigate. This is a method of counting kick cycles (the number

of times a fin makes a full motion returning to the initial position) to estimate the

distance traveled and maintain a straight line. This method is not as accurate as

5



2. Related Works 2.1. Diving navigation practices

the others but can be used as a backup [10]. It’s important to note that under-

water navigation requires training and experience, and divers should always dive

with a buddy and follow proper dive planning and safety protocols [7].

2.1.1 Safety Considerations when Diving

Safety considerations are of paramount importance in the field of diving, given

the inherent risks associated with exploring the underwater environment. Divers

must be cognizant of various factors to ensure their well-being and minimize po-

tential hazards. There main kinds of risks that divers face under water, some of

them being: health risk, equipment failure, barotrauma (such as ear and sinus

squeeze), marine life encounters (for instance stings or bites), and entanglement

in underwater structures or marine debris [11]. A very common risk associated

with diving is decompression sickness (DCS), often referred to as ”the bends.”

This occurs when dissolved gases, such as nitrogen, come out of solution and form

bubbles within the body’s tissues and bloodstream during ascent. To prevent

DCS, divers must follow established decompression tables or use dive computers

to calculate appropriate ascent rates and decompression stops [11]. Another sig-

nificant risk is arterial gas embolism (AGE), which can result from breath-holding

during ascent or rapid ascents without proper decompression. This occurs when

air enters the bloodstream and can lead to serious complications, including stroke

and organ damage. To mitigate this risk, divers must maintain proper breath-

ing techniques and ascend at a controlled rate while exhaling continuously. To

mitigate equipment failure risk, making regular inspections and maintenance of

dive gear essential. Lastly, proper buoyancy control and spatial awareness are

crucial to avoid entanglement and navigation hazards, such as strong currents or

overhead environments [12].

2.1.2 Public Safety and Rescue Diving Navigation

Public Safety and Rescue Diving are two highly specialized types of professional

divers who are trained with respect to life threatening situation handling, recov-

ering artifacts and navigating in zero visibility circumstances with often times

hazardous materials in the water. Public Safety divers work predominantly using

6



2. Related Works 2.2. Signal processing underwater

dry suits and re-breather tanks that eliminate completely body contact with wa-

ter, whereas the rescue divers work under various conditions including dry and wet

suit [13]. In Public safety diving non-visual navigation techniques play a crucial

role. In challenging underwater environments, where limited visibility often im-

pedes visual navigation, relying solely on sight can be impractical and potentially

dangerous. Therefore, divers must utilize alternative methods to navigate and

maneuver effectively in these situations. A commonly employed non-visual navi-

gation technique is the use of palm tactile sensing by touching the ocean bottom.

Additionally, underwater acoustic communication systems can transmit audio sig-

nals that are specifically designed for underwater environments, enabling divers

to receive instructions or relay information to surface support teams. Moreover,

military divers use inertial navigation systems (INS) to estimate their position

and movement underwater [14]. INS utilizes sensors to measure accelerations,

angular velocities, and magnetic fields, allowing divers to calculate their posi-

tion based on changes in these parameters. By integrating data from multiple

sensors, INS provides divers with real-time information about their spatial ori-

entation and movement, enhancing their ability to navigate and navigate safely

in complex underwater environments. The downside of this system is it’s lim-

ited availability and high cost. By utilizing these systems and techniques, divers

can navigate with more precision, maintain proximity to specific locations. It is

worth mentioning that often times in complex underwater missions a combination

of various technologies is preferred and redundancy in equipment is desired for

safety purposes [13].

2.2. Signal processing underwater

Water similarly to air is a medium through which various signals can pass and

be used for communication. Acoustic, electromagnetic, optical signals and cables

are most commonly used for underwater and surface-underwater communication.

The following sections introduce briefly the advantages and shortcomings of each

signal processing technology.

7



2. Related Works 2.2. Signal processing underwater

2.2.1 Acoustic signal processing

Acoustic signals, or sound waves, are commonly used in underwater communica-

tion and navigation. One method of underwater communication is sonar, which

stands for sound navigation and ranging. Sonar works by emitting sound waves

into the water and detecting the echoes that bounce back. The echoes are then

translated into electrical signals that can be analyzed to determine the distance

and location of objects. Sonar works by converting acoustic pressure to an electric

voltage [15]. Acoustic signals are effective in water due to the low attenuation,

or absorption, of sound waves compared to electromagnetic waves. This means

that sound waves can travel long distances in water and are effective in depths.

However, the propagation of sound waves in water can be affected by various

factors such as water temperature, salinity, and other environmental conditions.

Shallow water thermocline and surface ambient noise can also disturb the trans-

mission of sound waves. In addition, multi-path propagation can occur due to

the reflection and refraction of sound waves in the water. This can result in the

detection of multiple echoes and make it difficult to determine the true location

of an object. The speed of sound in water is also relatively low, at around 1,500

meters per second (m/s) in seawater and 1,480 m/s in freshwater [16]. This means

that the transmission of sound waves in water is slower compared to the transmis-

sion of electromagnetic waves in air or vacuum. Furthermore, the frequency band

of acoustic signals is limited due to the properties of water. Low-frequency sig-

nals can travel farther but are more susceptible to attenuation and environmental

interference. High-frequency signals can be more easily absorbed and scattered

by water molecules and other objects in the water. Therefore, the choice of the

frequency bands for underwater communication and navigation is a crucial fac-

tor. Underwater acoustic signals offer a viable method of communication and

navigation. However, the transmission of sound waves in water can be affected

by various factors, including environmental conditions, frequency band, and the

phenomenon of sound bending or refraction. Understanding these factors is im-

portant for designing effective underwater acoustic communication and navigation

systems.

8



2. Related Works 2.2. Signal processing underwater

Electromagnetic signal processing

Electromagnetic signals, such as radio waves, behave differently in water than they

do in air. Water is a much more conductive medium than air, which means that

it can absorb and scatter electromagnetic signals to a greater extent. In general,

electromagnetic signals have a much harder time penetrating and propagating

through water than they do through air. The conductivity of water causes the

electromagnetic signals to be absorbed, scattered, and refracted as they travel

through the water. This makes it difficult for the signals to travel far and can cause

them to lose a lot of their strength. The absorption of electromagnetic signals in

water is affected by the frequency of the signal. Low-frequency signals, such as

those used for long-range communications, are more easily absorbed by water than

high-frequency signals, such as those used for short-range communications. The

conductivity of water also affects the way electromagnetic signals are scattered.

Scattering occurs when the signal is reflected off of particles or other objects in the

water. This can cause the signal to travel in multiple directions, making it more

difficult to detect and receive. Despite the challenges, electromagnetic signals

offer some advantages over acoustic signals for underwater communication and

navigation. Electromagnetic signals travel at a faster velocity and can operate at

higher frequencies than acoustic signals. However, the high attenuation due to the

conductive nature of seawater is a major disadvantage. Finally, the research by

R.A. Zielinski has shown that electromagnetic signals can be used for underwater

communication and navigation by utilizing specific frequencies that are less likely

to be absorbed by water. By carefully selecting the frequency of the signal, the

attenuation can be reduced, and the signal can travel further distances. [17]

Optical signal processing

Water is a relatively clear medium, but it can scatter and absorb optical signals,

such as light, to a certain extent. This is due to the presence of dissolved particles,

such as suspended sediment and algae, as well as the water’s inherent properties

such as its high refractive index of 1.333. This means that light would travel 1.333

slower compared to vacuum. For comparison refractive index of air is around 1.

However, even the clearest water has 1000 times the attenuation of clear air,

meaning that the signal traveling through the medium would lose its strength

9



2. Related Works 2.2. Signal processing underwater

1000 times faster [16]. In turbid conditions (high volume of suspended sediment)

light can slow down by up to 30 % in very turbid water. For example, in water

with a turbidity of 30 NTU (Nephelometric Turbidity Unit), the light slows down

by about 20-25 % compared to the clear water. However, in extremely turbid

water, such as water with a turbidity of 100 NTU or more, the light can slow

down by as much as 50 % (CITE). The absorption of light in water is affected

by the wavelength of the light. Shorter wavelengths of light, such as blue and

violet, are more easily absorbed by water than longer wavelengths, such as red

and orange. This is why the water appears blue or green, as the blue and green

wavelengths are not as readily absorbed. The scattering of light in water is also

affected by the wavelength of the light. Shorter wavelengths are scattered more

than longer wavelengths. This causes the light to be dispersed in all directions,

which can make it difficult to see objects underwater. The depth of the water

also affects the way light travels through it. In shallow water, the light can be

reflected off the surface and the bottom, causing it to travel in multiple directions.

In deeper water, the light is less likely to be reflected and will travel in a more

straight line. In addition to these factors, water temperature, salinity, turbidity,

and dissolved gases can also affect the way light travels through water. Finally,

water is a relatively conductive medium, and it absorbs and scatters signals to a

greater extent than air does. [16].

Cables

Cables have been widely used for underwater signal processing due to their reli-

ability and robustness. However, the attenuation and distortion of signals trans-

mitted through cables limit their effectiveness over short distances underwater.

According to the research by Grant and Price, the loss of signal strength in cables

can be attributed to both the electrical properties of the cable and the physical

properties of the surrounding water [18]. Furthermore, studies by Jacobson and

Lynch have shown that cables are prone to breaking and damage, which can result

in a complete loss of communication [19]. Therefore, alternative methods such as

acoustic and electromagnetic signals have been explored to overcome the limita-

tions of cable-based communication systems for short-distance underwater signal

processing.
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2.2.2 Haptic technology underwater

Not all haptic actuators were created equal. Haptic technology can be subdi-

vided into piezoelectric, eccentric rotating mass, and linear resonant actuators.

In section 3.1.1. we provide a detailed experimental breakdown of the advantages

and disadvantages of each technology in a water tank experiment of each type of

sensor. In the sections below a current state of art and literature review of each

technology is provided.

Piezoelectric haptics

In piezoelectric haptics, a piezoelectric actuator, typically made of a piezoelectric

ceramic, is used to generate vibrations or pressure changes in the water. When an

electrical voltage is applied to the actuator, it expands or contracts, causing the

surrounding water to vibrate or experience a pressure change. Piezoelectric hap-

tics have several advantages over other haptic technologies. They are relatively

small and lightweight, making them easy to integrate into underwater systems.

They are also relatively durable and can withstand the harsh underwater envi-

ronment. Furthermore, they can generate very high-frequency vibrations, which

can be useful for high-resolution imaging and sonar applications. The limitation

of piezoelectric haptics is their high power consumption and the need for a power

source.

Eccentric rotating mass haptics

Eccentric rotating mass (ERM) haptics are a type of haptic technology that uses

a small motor with an off-center weight (eccentric mass) to generate vibrations.

The motor spins the eccentric mass, which causes the device to vibrate. ERM

haptics are commonly used in mobile devices, such as smartphones and tablets,

to provide haptic feedback for touchscreen interactions and notifications. They

can also be used in other applications such as gaming controllers, automotive

systems, and medical devices. ERM haptics are relatively simple and inexpensive

to manufacture, making them a popular choice for consumer electronics. ERM

haptics are not suitable for underwater communication, as they require air to work

and cannot operate in water.
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Linear resonant actuator

A Linear resonant actuator (LRA) is a type of haptic technology that uses a small

motor to generate vibrations by rapidly moving a weight back and forth along a

linear axis [20]. The motor oscillates the weight at a specific resonant frequency,

which causes the device to vibrate. LRAs are commonly used in mobile devices,

such as smartphones and tablets, to provide haptic feedback for touchscreen in-

teractions and notifications. They can also be used in other applications such as

gaming controllers, automotive systems, and medical devices. LRAs are relatively

small and lightweight, making them easy to integrate into devices. They also con-

sume less power than ERM haptics and generate less heat. They also have a lower

profile and can be more durable than ERM haptics, which can make them suitable

for a wide range of devices. However, LRAs are relatively expensive to manufac-

ture and can be sensitive to temperature changes. They also require careful tuning

and calibration to ensure that the generated vibrations match the intended signal.

Like ERM haptics, LRAs are not suitable for underwater communication, as they

require air to work and cannot operate in water.

2.3. Electronics in extreme environments

Wearable devices designed for underwater use offer numerous advantages. They

provide divers with real-time access to critical information, such as depth, dive

duration, and decompression data, which aids in ensuring diver safety and pre-

venting accidents like decompression sickness. These devices often feature robust

construction, with waterproof and pressure-resistant materials that can withstand

the harsh conditions of the underwater environment. Despite the numerous bene-

fits, challenges remain in the development and use of wearable devices underwater.

Ensuring reliable connectivity and data transmission in underwater environments

is a significant hurdle. Signal attenuation and interference pose obstacles to es-

tablishing seamless communication between devices. Additionally, power manage-

ment is crucial, as wearable devices must operate for extended periods underwater

without requiring frequent battery replacements or recharges. This section takes

a closer look into electronic technology and wearable device design practices under

high atmospheric pressure.
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2.3.1 Waterproofing electronic technology

Based on past research involving electronic circuit waterproofing such as (Preci-

sion Microdrives, [21]) and ( [22]) we have identified the following waterproofing

techniques as relevant to the proposed research: sealing, potting, coating, o-rings,

and waterproof connector use. The sealing technique involves sealing the elec-

tronics in waterproof case or enclosure. The case should be made of a waterproof

material, such as rubber or plastic, and should have a tight-fitting lid or cover

to prevent water from entering. Potting, on the other hand, involves filling the

electronic device with a waterproof material, such as silicone or epoxy, to pro-

tect it from water damage. The material is poured into the device and allowed

to harden, creating a waterproof seal around the electronics. Coating means ap-

plying a waterproof coating or spray to the electronics. This can be done by

using a waterproof paint or spray, such as a silicone-based coating. O-Rings are

a mechanical waterproofing technique that uses rubber O-shaped rings to create

a waterproof seal around electronics. These O-rings are placed around the edges

of the device and compress against the case or enclosure to prevent water from

entering. Finally, waterproof connectors such as waterproof USB cables can be

used, to protect the electronic devices from water damage. These connectors are

designed to be waterproof and will prevent water from entering the electronic de-

vice through the connector ports. The experiments in marine environments will

utilize a mix of three techniques. Firstly the over-molding technique studied in

the source “Over-molding Technique for Vibration Motor Proofing” [21] will be

used to improve the vibration motor’s reliability and protect it from environmen-

tal factors. The ERM actuators will be encased in epoxy resin to provide a barrier

against moisture, dust, and other contaminants. By applying this technique, the

motor’s lifespan can be extended underwater, and it can be made more resistant

to small leakages. Secondly, where it was possible waterproof parts were ordered

such as a waterproof battery case and sonar sensor. Finally, given the budget

constraints, two plastic air-tight bags will be used as a final layer of isolation.

Given that the studies do not take place at depth and only at a surface level of

the seawater we will not design custom waterproof casing. However, at greater

depths, such solutions will be needed.
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2.3.2 Electronic technology at high atmospheric pressures

Electronic technology and components used in high atmospheric pressure envi-

ronments present unique challenges, as the pressure and temperature conditions

can cause damage to electronic systems. However, advancements in technology

have allowed for the development of electronic components that can withstand

such conditions. One such development is the use of specialized coatings on elec-

tronic components to protect them from the effects of high pressure and tem-

perature. According to Zhang et al. [23], polymer coatings have been found to

provide effective protection for electronic components in high-pressure environ-

ments. Another approach is the use of specialized electronic components, such

as pressure-resistant capacitors and resistors. Morita et al. [24] investigated the

performance of pressure-resistant capacitors and found that they were able to

maintain their functionality at pressures up to 20 kbar. Additionally, the use of

specialized materials such as diamond has been investigated for use in electronic

components in high-pressure environments. Tsuruta et al. [25] explored the use of

diamond as a substrate material for electronic devices, finding that it was able to

withstand pressures up to 14 GPa. The development of wireless sensor networks

has also been explored for use in high-pressure environments, allowing for remote

monitoring and control of systems. Chen et al. [26] investigated the use of wireless

sensor networks for underwater monitoring in high-pressure environments, finding

that they were able to provide reliable data transmission in such conditions. Fi-

nally, the use of microelectromechanical systems (MEMS) has been explored for

use in high-pressure environments. Yang et al. [27] investigated the use of MEMS

pressure sensors in deep-sea environments, finding that they were able to operate

at depths of up to 5,000 meters.
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2.4. Summary

From the conducted literature review we identify the following research gaps with

regards to wearable devices for public safety and rescue diver navigation:

1. Novel interactions : Traditional communication and navigation devices

used in diving are hand-held devices. Therefore, we see a potential for more

research in suit integrated interactions and other novel ways of providing

information to the divers.

2. Connectivity and Data Transmission: Signal attenuation and interfer-

ence pose obstacles to communication in water. Therefore, we identify the

need for more robust communication protocols specific to high atmospheric

pressure environments with high signal scattering.

3. Power Management: Battery lifetime poses significant limitation towards

the duration of the dive. It is also unknown whether the lifetime of a bat-

tery is impacted by the atmospheric pressure, therefore developing efficient

power management techniques and exploring alternative power sources for

underwater wearable devices would be a valuable research area.
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Chapter 3

Prototype design

3.1. Pilot Survey

Before the development of the prototype a survey titled “Diver navigation device

development survey“ that can be seen in Appendix A was conducted, during

which 18 professional divers from 10 different countries were asked about their

navigation practices. Furthermore we conducted 30 dives during the duration

of this thesis across various dive locations such as Okinawa (Japan), Shizuoka

(Japan), Yang Yang (South Korea), Jeju (South Korea) which allowed getting a

first-hand experience, as well as the opportunity to observe the divers directly

under a variety of diving conditions.

Figure 3.1: Artificial Muscle concept

sketch Figure 3.2: Haptic-Sonar unit

concept sketch
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3. Prototype design 3.2. Survey Design and Participants

Figure 3.1 and 3.2 represents the concept sketches of the two competing designs

that the divers were inquired about in the survey. The reason why we decided

to choose two competing designs (the artificial muscle and sonar-haptic design)

for the initial survey in the study was to test prior assumptions regarding divers

preferences by giving the surveyed divers a greater range of potential assistive

technology designs. It is important to mention that the prototypes that were

presented to the participants at this initial stage were more conceptual rather

than fully functioning systems. For example, for the artificial muscle prototype

we cut a bicycle tyre and using cable ties at the ends blocked the escaping air.

The structure was placed on the participant’s underarm using Velcro straps and

inflated to demonstrate the core concept of an assistive muscle that would inflate

and deflate when a danger is detected by a sonar sensor. Section 4.2.1 Workshop

1: Professional diver design workshop was a follow-up study to the initial online

survey, during which a group of divers were presented the competing prototypes

and were asked for further feedback.

3.2. Survey Design and Participants

The main goal of this initial survey was to develop an understanding for diver

navigation practices and preferences before choosing to develop any technology

further. Thus, the main goal of the survey can be summarized as:

• Determine state of the art navigation techniques used by the target group

• Establish understanding of device placement preferences

• Determine whether there is a design preference

This survey was conducted online in order to ensure that the divers across

various dive sites and countries can be reached. The survey was made from 2 main

thematic section. The first gave the divers a navigation scenarios and asked them

how they would respond, whereas the second one asked for device placement and

design preferences. The participants were nationals of 10 countries, with 8 divers

being female and 10 divers male. The participants were also carefully selected

to be primarily advanced divers such as cave divers and course instructors. Out
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of 18 participants 15 can be classified as career divers and 3 as hobby divers.

Nevertheless, even the non-professional divers surveyed has a significant number

of dives logged (above 50).

3.3. Results and Discussion

The main finding from the initial survey was that high water turbidity along-

side strong currents are the biggest navigational challenges that the divers face

( survey results can be seen in the Figure 3.3). Other options that divers se-

lected in the survey such as silt and lack of sufficient sunlight were also connected

with impaired visibility. This gives an important insight into developing further

prototypes with a focus on visibility challenges, rather than on inter-diver com-

munication or equipment malfunctions.

Figure 3.3: Main challenges to underwater navigation

Furthermore, as determined in the initial survey compass, surface buoy and

dive lights are most commonly used for orientation in marine environment (Figure

3.4). What this insight provides is information about common practices, which

can be integrated in synergy with the proposed prototype. For example use of

diving lights indicates that divers are familiar with usage of electronic technology

underwater and often have their hands occupied with hand held torches. This

insight is further supported by technical diving literature describing common use

of Goodman mount torches, which are type of canister torches mounted with an

additional strap to top of diver’s palm restricting slightly the dexterity in the

palms. [12]
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3. Prototype design 3.3. Results and Discussion

Figure 3.4: Navigation technology preference

Perhaps, one of the most significant finding from this survey was that the divers

did not like the idea of inflatable aids underwater because of it’s impact on buoy-

ancy. Quoting one of the participants response directly:

“As I dive in cave and wrecks, I need precision and control of my

body. Having a pony bottle inject gas into a tube as a protective layer

would not only be annoying but extremely dangerous since it would

mess with my buoyancy. Having something inflate on our body, unless

we control the inflation ourselves, will be highly dangerous!”

This diver’s response is also consistent with other surveyed divers preferences,

as when asked for design choice majority 88.9% chose haptic-sonar design, 5.6%

artificial muscle and 5.6% neither.

Figure 3.5: Navigation technology preference

Based on the survey results, as well as, numerous informal conversations re-
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3. Prototype design 3.4. Prototype iterations

garding diving practices and preferences that were conducted with divers during

the 30 research dives we have decided to pursue further the development of the

sonar-haptic unit. Arguably, there is a possibility that technical solutions beyond

the two proposed designs can be feasible, however this exceeds the scope of this

investigation. From the results we conclude that development of a device placed

on the exterior of the diving suit, regardless of suit type (dry or wet), which is

placed on the exterior parts of the limbs would be most suitable and consistent

with the target community preferences. Furthermore, some of the divers raised

an important concern regarding not being able to interpret the feedback from

the haptic-sonar unit correctly, therefore we focus along the development of such

unit on establishing haptic communication guidelines that could be included in a

manual of such device.

3.4. Prototype iterations

During the course of development of the sonar-haptic units there were three major

iterations. First the initial prototype that can be sen in the Figure 3.6a. This

early stage prototype was used in Validation Workshop 1 with the divers, where

the main features were demonstrated to the divers using a breadboard prototype

of the navigation unit. This initial unit includeed a JSN DR-40T sonar sensor

for distance detection from the obstacle and one eccentric rotating mass (ERM)

haptic unit. Second major iteration of the prototype is can be seen in the Figure

3.6b, where Blue Robotics depth bar30 sensor and two ERM haptic actuators were

added with additional transistor protective circuitry around the ERM actuator.

The final prototype that was tested in underwater included additional features

such as a rechargable 9V battery, SD card unit, step down converter for controlling

the voltage and depth sensor bar60 from Blue Robotics. Figure 3.7 shows the final

prototype front and back side. The summary of the main differences between

prototypes can be seen in Table 3.1. The same information is represented visually

on the schematic 3.6.
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Table 3.1: Prototype feature overview

Prototype Component

JSN
D
R
-40T

sonar

E
ccentric

rotating
m
ass

actuator

B
ar

30
sensor
E
SP

32

pull-dow
n
resistors

diode-transistor
safety

9V
rechargeable

battery

step
dow

n
converter

SD
card

unit

U
SB

cable
charging

Initial prototype  G# -  - - - - - - --

Second prototype  G#G#  G# - G# - - --

Final prototype           --

 = provides property G# = partially provides property

- = does not provide property

In the second iteration additional safety feature was added. This was achieved

by including a 1N4001 diode and a 0.1 µF capacitor, as well as a 10 Ω pull-

down resistor to the base of the NPN transistor. The accompanyingsudo-code 3.8

shows that the prototype combines distance sensing and environmental sensing

to provide a comprehensive understanding of the underwater environment. The

JSN DR-40T sonar sensor is connected to the ESP32 TRIG and ECHO pins to

trigger the ultrasonic pulse and measure the time taken for the echo to return,

respectively.The JSN DR-40T is an ultrasonic sonar sensor designed for distance

measurement and object detection. It emits an acoustic signal at a frequency

range of around 40 kHz, well-suited for underwater applications. In an ideal situ-

ation, the sensor can achieve a range of up to 4 meters, though actual performance

may vary due to acoustic noise and environmental conditions. The sensor’s power

consumption is relatively low. It utilizes short pulse durations in the microsecond

range to generate and receive echoes accurately. This allows for precise distance

calculations based on the time taken for the signal to travel and return. When

conducting diver experiments, the sensor’s performance would be evaluated both
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in a dry scenario, where it might have a shorter range and different acoustic char-

acteristics, and in an underwater scenario, where it could potentially achieve its

maximum range and accuracy, contributing to tasks such as underwater navigation

and obstacle avoidance for divers. The program written for the device calculates

the distance to the object based on the speed of sound and the time taken for the

echo to return. The two ERM actuators are connected to the ESP32’s BUZZ1

and BUZZ2 pins and are used to provide haptic feedback based on the distance

measurement. The program sets the actuators to vibrate with different patterns

based on the distance measured. Specific haptic feedback communication design

choices were also made which are discussed in the section Developing a haptic

communication language. The MS5837 pressure sensor is connected to the ESP32

over the I2C bus, and the program uses the MS5837 library to communicate with

the sensor and read the pressure, temperature, depth, and altitude readings. The

program initializes the sensor in the setup function and then reads and outputs

the sensor readings in the loop function. The sketch uses the pulseIn function to

calculate the distance from the sensor and triggers the ERM actuators based on

the calculated distance. Additionally, the sketch utilizes the MS5837 library to

read pressure, temperature, depth, and altitude readings.

The provided sudo code snippet in the Appendix demonstrates the logic for con-

trolling an ultrasonic distance sensor and interacting with an underwater pressure

and temperature sensor. The final build prototype with a rechargeable battery

can be seen in the Figure 3.7a and 4.13b. In the setup phase, the necessary pins for

the sensors and actuators are defined. The Wire library, used for I2C communica-

tion, and the MS5837 library, required for working with the pressure sensor, are

included. An object of the MS5837 class named ’sensor’ is instantiated. During

the setup, the serial communication is initialized, and the pins are configured as

either INPUT or OUTPUT. The Wire communication is started, and the sensor

initialization is attempted. If the initialization fails, an error message is printed,

guiding the user to check the correct connections. The model of the sensor is set,

specifying the type of pressure sensor being used, and the fluid density is set to

the appropriate value. In the loop, the distance measurement process begins.

The TRIG PIN is set to LOW, then HIGH for a brief period, and then back to

LOW, generating an ultrasonic pulse. The duration of the pulse on the ECHO PIN
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(a) Initial prototype (b) Final prototype

Figure 3.6: Schematic of sonar-haptic unit
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3. Prototype design 3.5. Haptic communication language

(a) Front side of the haptic-sonar unit (b) Back side of the haptic-sonar unit

Figure 3.7: Final prototype

is measured while it is HIGH, and the distance is calculated based on the dura-

tion. The distance is then checked against different thresholds to determine the

appropriate action. If the distance is less than 21 centimeters, both BUZZ1 PIN

and BUZZ2 PIN are set to HIGH, activating the actuators. If the distance is

between 21 and 25 centimeters, the actuators are activated with a specific pat-

tern of delays. If the distance is between 25 and 30 centimeters, the actuators

are activated with a different pattern of delays. If the distance does not meet

any of the previous conditions, the actuators are set to LOW, deactivating them.

After the distance-related operations, various sensor readings are obtained. The

pressure and temperature readings are read from the sensor, and then the depth

and altitude above mean sea level are calculated based on the pressure readings.

These readings are then printed to the serial monitor.

3.5. Haptic communication language

Given that depending on the proximity of an obstacle diver will have a very differ-

ent window of time to make a decision about how to avoid it the author identified
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Figure 3.8: Sudo code
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the need for developing a communication language for the haptic actuators used

in the haptic-sonar unit. Using a modern car parking system, which gives visual

and sonar queues as an analogous system the author came up with the following

design choices. When the distance is less than 21 cm, both actuators vibrate

continuously, while if the distance is between 21 and 25 cm, they vibrate for short

duration with a delay of 50 milliseconds. At a greater distance between 25 to 30

cm from the obstacle delay of 500 milliseconds was used between the vibrations.

Once the obstacle is at a distance greater than 30cm no vibration is being acti-

vated. It is important to note that haptic signals can be absorbed at depth due to

the increased pressure underwater. According to a study published in the Journal

of Marine Science and Engineering, haptic signals can be effectively transmitted

up to a depth of 10 meters, beyond which the signals start to get absorbed and

lose their strength [28]. This means that the intensity of the haptic signal needs

to be increased at greater depths to ensure effective communication.

In the haptic language, the author incorporated changes in the intensity of the

haptic signal as a function of depth to account for this absorption phenomenon.

In the final version of the prototype, a BlueRobotics Bar30 depth sensor was

integrated. Bar30 pressure sensor has a sensitivity of 1mV/psi or 0.145psi/mV.

This means that for every psi of pressure change, the output voltage of the sensor

will change by 1mV. It has a pressure measurement range of 0 to 30 bar and an

accuracy of +/- 0.1%. Assuming a specific gravity of 1.025 for seawater and 1.00

for sweet water, the depth at which the maximum operating pressure of the sensor

is 30 bars can be calculated as:

depth =
pressure

specific gravity× acceleration due to gravity

depthsalty =
30 bar

1.025× 9.81 m/s2
= 3, 089 meters

depthfresh =
30 bar

1.000× 9.81 m/s2
= 3, 048 meters

For the final prototype developed as part of this research included at a depth of

2.5 meters the haptic strength of the feedback generated by the actuators doubles.

This depth was chosen based on the calculations above.
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3.6. Waterproofing

To protect a haptic-sonar system from water damage, a multi-step waterproofing

process was implemented. First, the haptic actuators were coated with epoxy

to create a barrier against water ingress and silicone grease was added to joints.

Epoxy, being a strong and durable material, effectively sealed the actuators and

protected them from water damage. Second, during experiments or operations

in saltwater environments, the entire system was isolated using layered plastic

bags. The plastic bags acted as an additional barrier against water ingress and

prevented any saltwater from reaching the internal components of the system.

Additionally, many parts such as the sonar sensor were already waterproofed in

the manufacturing process. Finally, for ease of mounting and dismounting of the

system on top of the diving suit of the sonar-haptic unit, deflated swimming aid

sleeves were used, which provided an additional layer of protection against sea

water. The waterproofed with epoxy and layered plastic bag system was put

inside a cut and re-sealed swimming aid. The author acknowledges the limitation

of the waterproofing and in future iterations ideally, a custom flexible 3D printed

enclosure sealed with O rings could be developed. For the next steps of the

prototype, the author also envisions a full integration of this system into the

fabric of the diving suit. The non-waterproofed unit, the waterproofing tools used

to seal the system, and the waterproofed system can be seen in the figures below.
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Figure 3.9: Waterproofing tools and waterproofing the sonar-haptic unit
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Chapter 4

Evaluation

4.1. Evaluation Part A: Dry environment testing

Although we recognize there are limitations to conducting experiments in a dry

environment, we see this step as an important milestone in determining potential

system failures before final in-water tests. The dry environment experiment was

also essential for the application of Keio Universities ethics committee approval

of the haptic-sonar unit which was later tested underwater as described in section

4.2.3. Workshop 2: Diver navigation task.

4.1.1 Test Setup

During this experiment, 5 participants were wearing an eye-covering mask which

obstructed the visibility to simulate the turbid underwater conditions. In an

enclosed area which can be seen on the Figure 4.2: Birds perspective view of

the experiment location the participants were given a navigation task to go from

point A to B through a narrow pass. To further simulate low visibility the ex-

periment was conducted at night. In the image, the narrow pass is shown by a

thin red line. During the experiment, each of the participants was wearing a GPS

location-tracking sensor to monitor their location constructed with a NEO-7M

GPS Arduino GPS module. The geographical coordinates of the obstacles were

not changed and were created by lining up participants who stood still holding

cardboard walls facing towards the subject who was navigating the obstacle.

The locations of the haptic-sonar units which are visualized in Figure4.3 were

the result of the survey and Diver Workshop which is described in further detail in

section 4.2.1. Workshop 1: Professional diver design workshop. Based on the diver

preferences those three locations were tested in a dry environment. The results
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Figure 4.1: Blindfolded participant with two sonar-haptic units attached to the

upper body on the obstacle course.

Figure 4.2: Birds perspective view of the experiment location 10m x 10m area
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Figure 4.3: Three haptic-sonar unit locations from the left: (a) none, (b) four

locations, and (c) two locations.

of the navigation task using three competing placements can be seen in Figure

4.4, where each route of the participant was plotted on a graph with geographical

coordinates indicated on the x and y-axis.

4.1.2 Observations and amendments

At the beginning of the experiment, each participant was shown the size of the area

through which they will be navigating. Next, when the participants forming the

obstacle were arranged in place the tested subject was removed from the area. The

same navigation task was repeated one by one with each participant changing the

amount of sonar-haptic sensors between 3 attempts to cross the area. Each of the

participants taking the navigation course started from the same point each time.

First, the participant was supposed to cross the narrow passing with no sensors

attached, apart from a GPS unit tracking the coordinates which were later on

mapped to the 16 x 16 coordinates in Figure 4.5. In the second take, two haptic-

sonar units were attached and finally 4 haptic-sonar units were used. Although

the general number of collisions with the obstacles of the participants decreased

as the study progressed we acknowledge that there could have been potential
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biases at play in this experiment, as the obstacle course did not change and the

participants could have begun to learn the navigation pattern. However, seeing in

this first studied cohort decreasing results in a number of collisions constituted a

promising milestone for the study. Appendix C: Photographic documentation of

the experiments shows in more detail the pictures taken during the experiment.

Figure 4.4: (a) No haptic-sonar unit
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Figure 4.5: (b) 2 haptic-sonar units

Figure 4.6: (c) 4 haptic-sonar units
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4.2. Evaluation Part B: Marine environment test

In order to ensure the safety of the participants we applied for an ethics committee

approval of the Keio University for the studies conducted in aqueous environments.

The sonar-haptic units were approved for further testing in marine environments.

Furthermore, the haptic-sonar navigation units were individually tested in 50-liter

water tanks for any leaks and equipment failure. The Marine environment testing

therefore can be subdivided into three fazes. The first phase was a Workshop

conducted with professional divers at a Yang Yang diving site, were 8 divers where

presented the navigation tool design between the artificial muscle and haptic-sonar

feedback unit from the initial survey. The second phase was prototyping and water

tank testing of the design based on the results of the initial workshop. Finally, the

last prototype iteration was tested in a separate workshop, where 5 divers were

given a navigation task that they were supposed to complete while wearing the

navigation device. This study was conducted at the Izu IOP dive site with the

help of EastDive Tokyo.

Table 4.1: Evaluation steps

Workshop 1 Water tank

test

Workshop 2

Research goal validate the

outcomes of

the initial

survey

Ensure safety

of each sonar-

haptic unit

Test haptic-

sonar unit on

10m depth

Number of participants 8 no external

participants

5

4.2.1 Workshop 1: Professional diver design workshop

The goal of the first workshop was to establish an understanding of diving pro-

fessional preferences regarding underwater navigation and device placement. 8

experienced divers among which 4 were PADI diving instructors, 2 were PADI

dive masters and 2 has logged over 100 dives were demonstrated two possible
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designs of the navigation tool and surveyed their current navigation practices.

Furthermore, on prior to the in-person workshop, at the Yang Yang Aqua Gallery

site workshop an additional group of experienced divers was surveyed online in

the initial survey described previously in Chapter 3. Appendix A: Design of a

navigation tool survey contains the original questionnaire alongside its Korean

and Japanese translations. Figure 4.7 and 4.8 illustrates the in-person workshop

and the demonstration of (a) a haptic-sonar unit and (b) an artificial muscle

prototype.

Figure 4.7: Haptic-sonar unit

Figure 4.8: Artificial muscle
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During the in-person workshop, we conducted 7 joint dives with the surveyed

group in the limited visibility of 3 meters requiring the use of diving lights for

communication. During the final 10-meter decompression dive conducted as part

of the workshop, we also inserted a sonar-haptic unit inside a dry suit and success-

fully tested that haptic feedback can be felt at a 10-meter depth. The results of

the survey showed that among the most challenging diving navigation tasks 85.7%

of the surveyed divers identified high turbidity water and strong currents. 57.1%

chose silt and lack of sufficient sunlight. Respectively 28.6% chose comprehension

of other divers communication and lack of knowledge of the dive site. The most

important insight from the conducted workshop was that the majority of divers

expressed a preference for non-air inflatable solutions and were keener on having

external devices attached to the outer side of arms. Figures 4.9 and 4.10 show the

diver’s preference for device placement on the body.

Figure 4.9: Device placement

Figure 4.10: Diver preference for the

device placement

4.2.2 Water tank studies

To test the safety and accuracy of each haptic-sonar unit, an experimental setup

was created using a 50-liter water tank. The tank was first filled with fresh water

to the level of 20cm. Each unit was tested for the following variables: correct
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feedback at various distances, micro SD card functionality, and the presence of

leakages in each unit. On the bottom of the tank, a measuring tape was set up to

ensure that the distance readings of the sensor are compatible with the actual dis-

tance. The haptic-sonar unit was then submerged in water while still being easily

accessible for monitoring and adjustment. To simulate underwater environments,

a variety of objects were placed at different depths and distances within the tank,

including small blocks and spheres of different sizes and shapes. The haptic-sonar

unit was then activated, and the system began emitting sonar signals that would

bounce off the objects in the tank and return to the unit. To ensure the safety of

the participants in the final tests two units that showed leakages were eliminated

from the study. Only haptic-sonar units that demonstrated correct data reading

and had no leakages were used in the final field study.

Table 4.2: Results of Haptic-Sonar Tank Testing

Unit Leakages distance <21 distance ≥ 21 and distance ≤ 25 distance ≥ 25 and distance ≤ 30

1 Yes continuous signal, error(1cm) correct delay(50) correct delay(500)

2 Yes no signal no signal no signal

3 No continuous signal, error(1cm) correct delay(50) correct delay(500)

4 Yes incorrect, error(1cm) correct delay(50) incorrect

5 No continuous signal, error(1cm) correct delay(50) correct delay(500)

6 No continuous signal, error(1cm) correct delay(50) correct delay(500)

7 No continuous signal, error(1cm) correct delay(50) correct delay(500)

8 No continuous signal, error(1cm) correct delay(50) correct delay(500)

During testing, various parameters were adjusted, such as the frequency and

intensity of the sonar signals, the size and shape of the objects, and the positioning

of the haptic-sonar unit within the tank. Data was collected on the accuracy

and effectiveness of the haptic-sonar unit in detecting and locating the objects

within the tank. This data is summarized in Table 4.2. This experimental setup

provided a controlled environment for testing the haptic-sonar unit and allowed

for adjustments to be made to optimize its performance before it will be tested in

a user study.
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Figure 4.11: Haptic-sonar unit tank

test setup Figure 4.12: Sample results

4.2.3 Workshop 2: Diver navigation task

Together with divers at East Dive Tokyo, I have conducted the final prototype

experiments in the IOP dive center in Shizuoka. Overall there were 5 participants

taking part in the study, and each was a licensed PADI diver. Although the final

number of participants was small those underwater tests were the opportunity to

test the developed technology underwater and gain more insights that can be used

to improve the device further.

4.2.4 Study design

First, the participants were informed about their rights while participating in the

research. Each participant signed a form stating that even though the experiment

will be conducted at shallow depths they understand the risks. The original form

in English and Japanese can be seen in Appendix D which was handled by each

participant. On the day of the experiment, each participant was given a step-by-

step description of the experiment and first interacted in a dry environment with

the sonar-haptic feedback systems. The posed research question was:

“What is the utility of assistive technology for divers in terms of

improving navigation and enhancing safety in high turbidity marine

environments?”
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(a) Device placement (b) Sonar-haptic unit and an obstacle

Figure 4.13: Device underwater

Given harsh weather conditions and heavy rain on the day of the experiment

the initial navigation task on the surface of the water was impossible to conduct.

The two designs of the water surface and the underwater navigation task can

be seen in Figure 4.14. The image above represents a buoy slalom task, where

obstacles are marked in red and the travelled path is marked by an arrow. The

large black X marks indicate the contact point when the buzzer in the sonar-haptic

unit responded. The image below represents an underwater scenario, where the

participants need to navigate along an uneven vertical wall. During the second

workshop, only the second scenario was tested and we acknowledge that further

tests on the surface with a larger group of participants would be beneficial in

understanding the extent to which haptic-sonar feedback technology could be

integrated to aid navigation. For the safety of the participants, the experiments

were conducted at a depth of 7 meters. Each participant declared that they can

feel the haptic feedback underwater at that depth.
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Figure 4.14: Navigation task

(red) - obstacle, (x) - collision detected, (black line) - ideal path

4.2.5 Summary of the findings

The findings from the underwater navigation experiment along a wall using a

haptic-sonar unit attached to the arms and legs with four participants revealed

several key observations:

1. Enhanced Navigation: The haptic-sonar unit provided participants with

tactile feedback and sonar information, improving their ability to navigate

underwater along the wall. Participants reported increased spatial awareness

and a better sense of their surroundings.

2. Improved Orientation: The haptic feedback from the unit aided partici-

pants in maintaining a consistent orientation along the wall. They were able

to detect changes in distance and adjust their position accordingly, resulting

in more accurate navigation.
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3. Individual Differences: The study identified variations in participants’

adaptation to the haptic-sonar unit. Some individuals quickly adapted and

utilized the feedback effectively, while others required more time to optimize

their navigation skills. These individual differences highlight the importance

of personalized training and familiarization with the device.

4. User Experience Feedback: Participants provided positive feedback re-

garding the usability and comfort of the haptic-sonar unit. They found the

device easy to operate and noted minimal discomfort during the experiment,

indicating its potential for practical underwater applications. Furthermore,

two participants suggested integrating the device inside the diving suit in

future versions of the project.

Overall, the experiment demonstrated the potential of haptic-sonar units as

effective tools for underwater navigation. The combination of tactile feedback and

sonar information enabled participants to navigate more accurately, efficiently,

and confidently along the wall. During the experiment, multiple units were used

and exchanged, as the waterproofing broke on 6 out of 8 units prepared. This

gives an important insight that silicon grease, hot glue, epoxy as well as two layers

of plastic were not enough to withstand the salty water. However, a promising

finding is such that the haptic feedback can be felt well underwater, and at a depth

7 meters the water did not substantially absorb the vibrations. Furthermore,

the sonar unit was able to see through the plastic cover and detect the signal

correctly when it was fixed with hot glue to the plastic cover, meaning that the

sonar distance can be correctly read even with a thin plastic bag placed over the

sensor. The study’s findings support the further exploration and development of

haptic-sonar technology for underwater exploration and other related fields and

indicate that the divers indicate the need for such tools.
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Chapter 5

Conclusion

Coming back to the posed research question: “What is the utility of haptic

technology for divers in terms of improving navigation and enhancing

safety in high turbidity marine environments?” haptic technology has the

potential to greatly improve the safety and navigation of divers in high-turbidity

marine environments. As learned from the conducted experiment tactile cues pro-

vided helped the divers to visualize the size of the obstacle based on the haptic

feedback even with limited visibility. Furthermore, the divers who participated in

the navigation task experiment, were less likely to collide with an obstacle when

wearing the haptic-sonar devices, making marine applications of haptic technolo-

gies an exciting area of innovation in the field of underwater technology.

5.1. Limitations

During this research project on haptic technology for underwater communication,

we encountered several limitations. Firstly, the budget for the research was lim-

ited which restricted the scope of the testing and diving tests. Additionally, the

current waterproofing technology available was limited, which meant that the de-

vices could only be tested up to a depth of 10 meters. Further testing of the

same technology at greater depths would be required to evaluate its feasibility

for deeper underwater communication. We also identified the need for integrating

such technology within the dry suits as a potential next step. During our dry

environment tests, we found that the body position of divers on land is different

from when they are underwater, which can affect the performance of the haptic

technology. Furthermore, during the final experiments, the haptic communication

language feature of changing intensity at different depths was not fully tested, as
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because of the safety of the tested divers the developed system was tested only at

a surface level. We acknowledge that this is a limitation of the proposed design

and in the next iterations there will be a need of testing this feature.

The JSN DR-40T sonar sensor operates at a high frequency of 40KHz, which

can interfere with the communication ranges of dolphins and whales. This can

lead to a disruption in their ability to communicate effectively, which is vital for

their survival in the marine ecosystem. As a result, this type of sonar can only be

used at small distances to avoid interference with marine animals’ communication

ranges. Additionally, the use of sonar technology in general has been linked to

negative impacts on marine life, including stress, behavioral changes, and even

physical harm to some species. Therefore, it is important to carefully consider

the use of sonar technology in areas that are habitats of the marine animals that

communicate at similar wave ranges to the used sonars. Figure 5.1 illustrates the

frequency ranges for the sensor JSN SR-40T used in this project with respect to

common marine animal communication frequencies.

Figure 5.1: Frequencies used by Marine Animals and JSN SR-40T sensor

Another limitation was the limited access to a variety of high-turbidity environ-
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ments, as we were only able to test the devices in clear water. Moreover, we did not

conduct any tests in cave diving or river environments for safety reasons, as divers

trained in cave diving and technical divers are scarce and in high demand. Tests

at high-altitude dives such as mountain lakes might also be needed to evaluate the

performance of the haptic technology in such conditions. In conclusion, while our

project has yielded promising results, working with a larger team of researchers

could be beneficial to overcome these limitations and take this technology to the

next level.

5.2. Future Work

Future work in the field of haptic technology and underwater navigation will in-

volve several important steps. Although the research conducted to date has tested

haptic technology and to a lesser extent the artificial muscle, which showed to be

a less preferred design because of changes in buoyancy it would be beneficial to

consider alternative solutions such as pneumatic actuators, which would provide

divers with a wider range of options to choose from. In addition, the next steps

will involve collaboration with industry dry suit producers to test if the technol-

ogy can be embedded within dry and wet suits rather than being attached on

the outside. Testing the limits and maximum depth at which haptic feedback

can be used will also be an important next step in research. Furthermore, the

addition of environment mapping to the haptic-sonar device would enable divers

to map the 3D image of the environment, providing a 3D map of high-turbidity

environments that could be visualized and used for navigation. These future steps

represent exciting opportunities for further development and research in the field

of underwater technology and hold the potential for significant improvements in

the safety and efficiency of underwater navigation. Based on numerous interac-

tions with professional divers during the course of this research, we also identify

the need for the development of a proper tracking system for the haptic feedback

similar to what can be seen in Figure 5.2a and Figure 5.2b. Those two images

show initial visualizations that we plan to present to the dry suit manufacturers.

Image 5.2 is a top view of the topology of the area and image 5.2a is a 3D visu-

alization of the diver’s course during the dive, which can be achieved using sonar
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and acoustic tracking systems [29]. Such a visualization system would allow the

diver to map the terrain during the dive, as well as, have a visual representation

of the haptic-sonar units activation for an unknown terrain. Finally, we see im-

proved waterproofing as an important next step for the project. Given no access

to manufacturing facilities the ability to ensure safe and reliable waterproofing

was impaired. For future iterations of this project, we would recommend creat-

ing custom molds using injection molding, where the haptic-sonar units could be

placed and safely sewn to the diving suit.
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(a) Haptic feedback and terrain mapping

(b) Top perspective of diver tracking

Figure 5.2: Future steps: haptic-sonar unit and real-time terrain mapping

(yellow) - deep areas (blue) - lighter areas
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C. Appendix C: Documentation

(a) (b) (c)

(d) (e) (f)

Figure C.1: Photographic documentation: Dry experiment

(a) (b) (c)

(d) (e) (f)

Figure C.2: Photographic documentation: Ocean experiment
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E. Appendix E: Haptic-Sonar unit code

Define TRIG_PIN as 32 // GPIO pin - Trig pin of HC-SR04

Define ECHO_PIN as 33 // GPIO pin - the Echo pin of HC-SR04

Define BUZZ1_PIN as 26 // GPIO pin - first ERM actuator

Define BUZZ2_PIN as 27 // GPIO pin - second ERM actuator

Include the Wire library

Include the MS5837 library

Instantiate an object of the MS5837 class named ’sensor’

Setup:

Initialize the serial communication with a baud rate of 9600

Set TRIG_PIN as an OUTPUT

Set ECHO_PIN as an INPUT

Set BUZZ1_PIN as an OUTPUT

Set BUZZ2_PIN as an OUTPUT

Start the Wire communication

While the sensor initialization fails:

Print "Init failed!"

Print "Are SDA/SCL connected correctly?"

Print "Blue Robotics Bar30: White=SDA, Green=SCL"

Delay for 5 seconds

Set the model of the sensor to MS5837_30BA

Set the fluid density to 997 kg/m^3 (freshwater, 1029 for seawater)

Loop:

Set TRIG_PIN to LOW

Delay for 2 microseconds

Set TRIG_PIN to HIGH

Delay for 10 microseconds

Set TRIG_PIN to LOW
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Read the duration of the pulse on ECHO_PIN while it is HIGH

Calculate the distance based on the duration

If distance is less than 21:

Set BUZZ1_PIN to HIGH

Set BUZZ2_PIN to HIGH

Else if distance is between 21 and 25:

Set BUZZ1_PIN to HIGH

Set BUZZ2_PIN to HIGH

Delay for 50 milliseconds

Set BUZZ1_PIN to LOW

Set BUZZ2_PIN to LOW

Delay for 50 milliseconds

Else if distance is between 25 and 30:

Set BUZZ1_PIN to HIGH

Set BUZZ2_PIN to HIGH

Delay for 500 milliseconds

Set BUZZ1_PIN to LOW

Set BUZZ2_PIN to LOW

Delay for 500 milliseconds

Else:

Set BUZZ1_PIN to LOW

Set BUZZ2_PIN to LOW

Print "Distance: " in centimeters

Read the pressure and temperature readings from the sensor

Print "Pressure: " in millibars

Print "Temperature: "in degrees Celsius

Print "Depth: " in meters

Print "Altitude: " in meters
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