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= INTRODUCTION

Diving Technologies and Techniques
for the 21°° Century

Michael Lombardi
J. F. White Contracting Company

American Museum of Natural History
MTS Diving Committee Co-Chair

he art and science of placing people underwater to live, work, and play has been at work
for centuries. Those of us entrenched in the trade are humbled at that moment when our
[humans’] role here on the Blue Planet becomes distinctly evident—to take strides towards
an improved interaction with and within the ocean. It’s a hard thing, to bear the cold, the
darkness; but to see the light in that there is so much work to be done, keeps us evolving. Each
of us that ventures beneath the waves with a mission in mind finds solace in knowing that we
are one among a common brotherhood.

We are divers.

The 20™ century in particular gave rise to unprecedented accessibility. The advent of
SCUBA afforded any person with an inquisitive mind the opportunity to visit the underwater
world. This sole pursuit of setting foot in oceana incognita—an unknown ocean—has since
opened countless opportunities in industry and academia, for defense strategies and for rec-
reation and entertainment.

While short-duration diving has become a mainstream and popular activity, the pursuit of
human permanence on the seafloor rose and largely fell with various “life in the sea” programs
throughout the 1960s and 1970s. Numerous resulting technologies and techniques found a
home in the offshore industry and in the military; however, a focused human presence for
advancing the humanities—the arts, the sciences, and technology—has yet found a sustain-
able niche here on our Blue Planet.

Today, the start of the 21*" century is marred with a crippled global economy—a flawed
system not lending itself to the massive private and government investments needed to revisit
a human permanence on the seafloor. This, coupled with increased pressures to acquire mas-
sive bulk data sets and mitigate human risks, has shifted industry focus to robotics and un-
derwater vehicles. For the working diver, it is understood among our brotherhood that there
will always be a task requiring the human hand, and the inherent need to explore, to satisfy
our species’ curiosities, and to make progress.

This curiosity has led to vastly improved technology and techniques over the past 50 years

by individuals who seek to improve humans’ interpersonal relationship with the ocean. This

November/December 2013 Volume 47 Number 6 5



innovation has come from all industry sectors, is affording unsurpassed access to new ocean
frontiers, and is allowing humans to again consider taking bold steps in reconsidering a di-
rection for humanity at new frontier limits. Fifty years ago, a diver left the surface and was
forced to return within an hour. Today, a self-contained diver can remain submerged for 8 h
or more—totally changing the paradigm for living, working, and exploring underwater.

With a world view of taking humanity to a new frontier to foster a new beginning, a literal
mile-high perspective of our planet would lead us to rethink our relationship with the single
most overwhelming earthly environment—the ocean. Divers, the citizens of the sea, are those
getting their feet wet each and every day, taking bold strides for themselves and for all of us.

This special issue of MTS Journal brings just a glimpse of today’s very wet world into
view—from the perspective of divers. The issue examines topics from new survey methods
as a diving scientist to improvements of well-established, commodity-style technology; from
radical improvements of emerging rebreather technologies to forward-looking approaches to
colonize the ocean with semipermanence; and from new mathematical models for improved
human vehicles to charting a new course in cross-sector exploration with the absolute latest
generation diving systems. The journal concludes with a commentary that recognizes our very
real human limitations and a book review that fosters new curiosity in our next generation to
keep us pressing forward, as this Blue Planet, oxr Blue Planet, depends on our continued
evolution and improved symbiosis to continue to turn, arrive at a sustainable future, and
chart a course for “a new life in the sea.”

I welcome you to dive in, lurk around, and enjoy.

Marine Technology Society Journal
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Long-Term Methods for High-Definition
Image Maps of Benthic Surveys

AUTHORS

Laurie Penland
Scientific Diving Program,
Smithsonian Institution,
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National Museum of Natural
History, Smithsonian Institution,
Washington, DC
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Introduction

tudies at varying measurements
of both time and space are necessary
to understand the dynamic mecha-
nisms that influence coral reefs (Connell
etal., 1997). However, there are inher-
ent difficulties in maintaining long-
term research in marine environments.
Access time is limited in marine field-
work with both scuba and free diving
constraints. Fatigue, cold, dehydra-
tion, weather, water conditions, and
tides—all may limit survey time. If
scuba diving is required, gas supply,
depth, and allowable bottom time
may become limiting factors as well
(Jones et al., 1971; Ohlhorst et al.,
1988).

Photography and videography
monitoring techniques increase data
capture time (Lirman et al., 2007)
and allow scientists to gather more
field information in the same time nec-
essary to perform a reliable estimate.
Often these methods require consider-
ably higher analysis time and technical

ABSTRACT

Coral reef health assessment has relied on benthic photographic surveys as an
essential measurement tool for decades. The emergence of gigapixel image (1 billion
pixels) stitching technologies makes possible the creation of high-definition benthic
image map surveys (HDBIMS). These image maps provide the traditional overall
percentage coverage data. In addition, they allow zoom capabilities in such detail
that scientists can, for example, count the polyps on a coral head. While the image
maps are easily viewed over the Internet, they are challenging to produce. Numerous
previous studies have contributed to the advancement of high-definition benthic
survey methods. This ongoing HDBIMS study is focused on production methods
that (1) produce the best image quality for the lowest cost, (2) provide accurate and
repeatable results at any depth over time, and (3) utilize off-the-shelf (OTS) stitching
software that allows accurate results that can be reviewed in the field. This struc-
tured approach to image acquisition, integrated with the OTS grid-oriented stitching
software, produces highly accurate benthic image maps.

Keywords: benthic survey, image maps, photo mosaic, coral monitoring, high

definition

or computer expertise and equipment
in the field and laboratory (Weinberg,
1981; Uychiaoco et al., 1992). Even
so, photography and videography
data are so valuable that these
mediums have been used for decades
as a nondestructive sampling method
that can create a permanent record for
long-term analysis (Littler and Littler,
1985; Rodgers et al., 1994; Aronson
and Swanson, 1997; Roelfsema et al.,
2006).

The earliest scientific publications
referencing underwater image stitch-
ing for documentation of benthic re-
search sites date back to Dr. Dimitri
Rebikoff’s work on Mediterranean
shipwrecks (Rebikoff, 1952). Over
a decade later, Dr. Mendel Peterson
described a system for documenting
shipwrecks using piano wire and a
large camera stand (Peterson, 1965).

By June of 1966, Rebikoff presented
further findings of this technique
(Rebikoft, 19606), specifically referring
to “The Scanning Principle,” where he
described rules to follow; particularly
pertinent to this study is his first rule,
“First, it is not acceptable to snap
thousands of uncontrolled photos
along random curved tracks, the result
of using manned or unmanned under-
water vehicles or swimmers which have
no dynamic stability and travel along
random sinusoids.” Other publica-
tions described methods of underwater
archaeological excavations that include
techniques for creating photomosiacs
of sites as seen before and after excava-
tion (Bass, 1967). Clearly, these docu-
mentation methods were being utilized
in both archaeological and biological
studies around the globe by the 1970s
(Rebikoft, 1972).

November/December 2013 Volume 47 Number 6 7



Unitil the advent of the digital rev-
olution, photo acquisition was accom-
plished using underwater film cameras.
Photomosiacs were constructed by
hand, combining the resulting hard
prints through cut-and-paste methods.
With the invention of electronic im-
agery, digital manipulation of images
became possible. Adobe Photoshop
provided new ways to view and com-
bine images. Even so, the basic concept
of cut and paste had not changed
(Martin & Martin, 2002).

With the emergence of image
stitching technologies, when applied
to familiar underwater photomosaic
techniques, it is now possible to create
high-definition benthic image map
surveys (HDBIMS). HDBIMS are an
emerging high-resolution photographic
underwater documentation technique
that will broaden access, enrich data
collection, and enhance outreach for
benthic research. These image map
surveys provide traditional overall per-
centage coverage data while simul-
taneously allowing highly detailed
zoom capabilities. Once combined
with panorama viewing technologies,
such as Google Maps, Zoomify, and
GigaMacro, these extremely high-
resolution images become easily
viewed throughout the world.

Contemporary studies have sup-
ported the effectiveness of data extrac-
tion from HDBIMS (aka photo/video
mosaics) for use in a variety of research.
Deep water surveys using underwater
vehicles (Woods Hole Oceanographic
Institution, 2012; Ludvigsen et al.,
2007) for underwater mapping is
highly successful for scientific surveys
of marine structures as well as archaeol-
ogy research. These images are scientif-
ically useful as well as visually stunning
and therefore used effectively in public
outreach (National Oceanic & Atmo-
spheric Administration, 2006).

8 Marine Technology Society Journal

Video mosaic survey data have
been compared to other methods
(Jokiel et al., 2005; Lirman et al.,
2007). Advances in camera technology
have improved image resolution over
time, incrementally improving results
(Gintert et al., 2008, 2012). A variety
of image capture methods have been
tested such as georeferencing (Siwiec
et al., 2008; Stetson et al., 2008), cre-
ating 3-D photo surface bathymetry
maps (Park et al., 2011), and various
image alignment methods (Elibol
etal., 2011; Lirman et al., 2010). Fur-
thermore, image map surveys are in-
creasingly a key element in scientific
studies (Ludvigsen et al., 2007; Lirman
et al., 2010).

The purpose of this ongoing study
is to create a standardized method for
generating high-definition benthic
image map surveys of permanent re-
search sites for long-term monitoring.
With the overarching concern of cost
and simplicity, the concept is to pro-
vide a specific image acquisition and
stitching protocol that will deliver
consistent results when immersed
in the inconsistent conditions of the
underwater environment across the
globe.

This specific study focuses on
methods that produce the best image
map quality with off-the-shelf (OTS)
stitching software. In this paper, we
describe a highly structured image ac-
quisition method and provide the re-
sults of tested localized image stitching
software options.

Materials and Methods
Photography Acquisition
Photographic acquisition and
image stitching tests previously com-
pleted in this study resulted in drift
issues, which hindered proper “side-
lap” (overlap of side-by-side columns;

Ludvigsen et al., 2007); therefore, a
more structured approach was devel-
oped and tested. Utilizing 1.25 inch
PVC pipes, two 1 x 2 m structures
were constructed (Figure 1A) to pro-
vide a strong and steady apparatus for
maintaining a track on which to guide
the camera in a consistent pattern
across the site of study. The structures
were designed to meet specific require-
ments so that they must be (1) easy
to break down for travel (Figure 1B),
(2) simple to reassemble onssite, (3) eas-
ily adaptable on multiple terrains
(Figure 1D), and (4) flexible enough
to work on a variety of transect for-
mats. Terrain flexibility was achieved
through structure design by mounting
the mid-bars to the vertical bars with
sliders that not only allow for a variety
of midbar heights but also allow the
vertical bars to adjust individually to
heights that will accommodate the var-
ious topography of the reef (Figures 1C
and 1D). A camera mount was created
with 1-inch PVC pipe to seat the cam-
era on the track (Figures 1E and 1F).
To prepare the study site for im-
age acquisition, four buoys attached
to cinderblocks marked each corner
of the 5 x 5 m site. A weighted rope
was placed around the area to create
an outline of the study site. Transect
tapes, running east to west, were placed
across the north end and south end of
the site. Labeled slates were placed at
the south end to mark the photographic
columns of the grid, and one slate,
labeled “N” for north, was placed
along the north end and relocated
with the movement of the camera
track across the site. The PVC struc-
tures described above were held at
the north and south ends of the site.
This test was photographed using a
Canon 7D SLR in a Subal housing.
For the final image map of this test, a
focal length of approximately 22 mm



FIGURE 1

Photographs of PVC structures at construction and during in-water use. Shown here is a fully
assembled 1 x 2 m PVC structure (A) with camera mount beneath; a PVC structure broken
down for travel (B); detail of slider, pin, and numbered pin holes (C); the structure adapted to
floor variance (D); the camera in mount while shooting* (E); and one PVC structure with camera
mounted on the track (F). *Photograph by Barrett Brooks, Smithsonian Institution.

was used to maximize overlap with the
lens distortion minimalized effectively
within Adobe Bridge and Photoshop.
The camera mode was set to time
value with the shutter speed at 200,
an aperture of f11, and ISO of 400.
Image capture resolution was set for
two images, RAW and jpeg small
fine. Camera focus mode was set to
Al servo with the center zone active.
Total elapsed time for photographing
one complete 5 x 5 m” was 62 min.
Two transect tapes were run across
from the south PVC structure to the
north PVC structure, which created a
track for guiding the camera along a
controlled grid (Figure 1F). The cam-
era mount, attached to this track, as-
sisted in keeping the camera level and
in a down-facing position (Figure 1E).
Transect tapes were used for this track
as a guide to control the camera firing
rate (one picture at every 10 cm) and to

obtain a minimum overlap of 75%
(Gintert et al., 2012).

This system of documentation
required a three-person team. One
person was on the north end of the
study site and one person was on the
south end. Each held and moved
the PVC structure along the site in
half-meter increments as the photo-
graphing of each column was com-
pleted. A third person guided the
camera across the track while shooting
photographs. The OTS image stitch-
ing software does not make use of the
double lawnmower pattern method
(Lirman et al., 2007); therefore, a
single lawnmower pattern was used.
The location for this test was a Living
Laboratory Community Assessment
Monitoring Program site at the Keys
Marine Lab on the bayside of Long
Key, Florida, and was at a depth of
approximately 1 m.

0TS Image Stitching

Precise stitching of images is essen-
tial for repeatable and accurate results
capable of providing direct compari-
sons over time. Coral reefs are complex,
three dimensional, and heterogeneous,
which proves challenging for the image
stitching process. Low-cost or no-cost
photo-stitching software options are
available. Through discussions with
professionals in the photographic in-
dustry, five stitching programs were
considered (Table 1). The image com-
posite used for this test consisted of
500 images. The images were photo-
graphed in a grid of 10 columns (50 im-
ages per column), creating 50 rows.
Each column consisted of a sidelap of
94%), and the images inside each of the
columns overlapped by 92%. While
in the field, the laptop used for this
project was a Dell Precision running
Windows 7 with 8-GB RAM and a
300-GB hard drive. All images were
downloaded off the camera, and onto
a 2-TB passport drive after each dive.
The 5-mg jpeg small fine images were
used for in-field stitching tests.

The image-stitching software com-
parison tests were run after field tests.
All tests were run with the same set of
RAW file images that were preadjusted
in a batch using Adobe Bridge, Adobe
Photoshop, and Adobe Camera Raw
image converter. Using the image pre-
set function, the same image sharpen,
lens profile, and exposure correction
adjustments were made to all 500 im-
ages (Table 2).

Further comparison tests were com-
pleted to determine if repeat stitching
within the OTS software produced
similar results. From the same image
set, three separate stitching sessions
were completed with the three grid-
import OTS software. Viewed in
Photoshop, with each stitched image
on a separate layer, the three stitching
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TABLE 2

Images were batch-adjusted with Adobe Camera Raw 7.0 Image Converter.

All images were first reviewed in Adobe Bridge to assure that exposures were similar.

1. Using Bridge, we opened one RAW file image.

2. Within Camera Raw, lens profile correction was enabled.

3. Sharpening was set to 40.

4. Adjusted exposure appropriately.

We then saved these settings into a preset to apply the adjustments to the rest of the images.

5. Clicked on the pull down menu just above the slider bar on the right and selected “SAVE SETTINGS”, then selected “SAVE.”

6. Named this file something memorable as it became the preset.

7. Clicked “CANGEL.”

8. Back in Bridge, we selected all 500 of the raw images.

9. Double-clicked to open the images.

One image was large, and the rest were viewed as thumbnails in a column on the left.

10. Clicked “SELECT ALL” in the upper left corner.

11. Back to the small pull down above the scroll on the right, we clicked “APPLY PRESET.”

12. Selected the preset we just created.

13. All of the thumbnails were modified to the preset adjustments.

14. Clicked the link directly below the large image to adjust the saved file size.

15. Clicked “SAVE IMAGES” below the thumbnails and save all of the adjusted images.

test images were compared to ascertain
repeat stitching capabilities. The re-
sulting layered images were viewed
at 100% with opacity reductions to
allow for direct alignment and artifact
comparisons.

Results
Photography Acquisition

The camera track method for
documenting benthic research sites
created a reliable and highly structured
method of shooting, which was re-
flected in the results. The final images
directly aligned in a 10 x 50 square
grid. Providing a measured structure
for image capture aided in the comple-
tion of these highly predictable results.
While there will be minor changes of
the PVC structures and camera track

system for the next round of tests,
overall the system produced usable
results.

Once broken down, the struc-
tures traveled easily through airport
checked-in luggage inside a golf travel
bag. On-site reassembly and use were
straightforward. The system adapted
well to our unexpectedly shallow
study site, even though it was designed
to work at deeper depths. Transect
tapes worked for a measured camera
firing rate, although they tended to
drag in a current. Having these tapes
fully tended seemed to overcome this
difficulty. In the future, an incremen-
tally marked dive line would be stron-
ger and more precise. This most recent
site was accomplished while snorkel-
ing; no scuba was used at any time dur-
ing the production of these images.

0TS Stitching Software

The images captured by the camera
track easily fit into the grid import
method of panorama stitching (Kolor,
2012; GigaPan Systems, 2012) or
the “structured panorama” mode in
Microsoft Image Composite Editor
(Uyttendaele et al., 2010). This import
method requires the user to enter the
number of columns or rows and the
percentage of overlap. Using the images
selected to import the software then
builds a grid, which if photographed
correctly will resemble the study site,
which is used as a guide for the stitching
process. This predetermination of indi-
vidual image location within the com-
posite image assisted the software
application’s outcome by providing it
with a starting point. Stitching software
that did not utilize a structured method
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were tested and resulted in image
maps that had high occurrences of
artifacts and deemed unsuccessful.
This failure is possibly due to the ex-
ceedingly monotonous nature of the
study site. Various applications pro-
vide useful statistics, such as the notes
in GigaPan Stitch, where the actual hor-
izontal and vertical percentage overlap
of the completed composite image is
provided.

Photographing in the RAW/jpeg
small fine setting allowed for simulta-
neous capture of both resolutions.
The low-resolution jpeg files provided
a means for a quick in-field alignment,
overlap, and exposure check on our
field laptop, which is less powerful
than our office desktop computers.
The RAW images were useful for pre-
production in a multitude of ways.
Using Adobe Bridge and Photoshop,
these images were adjusted for sharp-
ness and contrast consistently as a
group (Table 2), then resaved at vari-
ous resolutions and formats, while re-
taining the RAW data of the original
images.

The OTS stitching software con-
sidered in this study produced varied
results. Success was determined by
considering (1) ability to stitch the
500 images into a single image, (2) to
maintain a high level of accuracy, and
(3) ease of use.

Five software applications were
evaluated, Photoshop, Stitch, Auto-
pano Giga, Image Composite Editor,
and Hugin. Two of the five, Photo-
shop and Hugin, were unable to
find enough control points, which
identify overlapping features for
alignment, to stitch the images into
a proper square. To measure the ac-
curacy of alignment, a quantifying
method that takes into consideration
the size of an artifact and integrates
it into the total number of artifacts

was used. This method was calcu-
lated by searching for visible artifacts
while viewing the complete compos-
ite at 100%. Each artifact was noted
with a red square. A yellow grid was
placed over the composite image.
Each square within the yellow grid
was counted as one “error” if it con-
tained any part of a red square (Fig-
ure 2). Therefore, the larger artifacts

FIGURE 2

are weighted more than the smaller
artifacts in the final “error count”
(Table 1). Of the repeat stitching
tests of the same images within the
same software, Stitch and Image Com-
posite Editor yielded precise repeat
stitching results. Autopano Giga pro-
duced results that differed slightly in
alignment and viewpoints, although
overall content was the same.

Three benthic image maps of Keys Marine Lab Living Laboratory site, bayside off Long Key,
Florida. Autopano Giga (A), Microsoft ICE (B), and GigaPan (C) stitched the image maps. Red
shapes outline the known artifacts. Shown above (D) is a detail from the image map of a lobster
with an artifact distorting the shape of the lobster hole.
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Discussion
Photography Acquisition

The camera track method created a
controlled photographic setting, which
produced images that were easily im-
ported into a grid format. We found
this acquisition method to be manage-
able. Utilizing a camera track provided
a thorough documentation of the site
and was therefore worthwhile.

Future changes will include a short-
ening of the PVC structure width. It
had not yet been determined that
half-meter columns were necessary;
therefore, the structure was constructed
atawidth of 1 m. After one field session
using this structure it was quickly deter-
mined that the 1-m width was cumber-
some in the boat and not necessary in
the water. A PVC structure of a half
meter could still be used to shoot col-
umns at a width of 1 m by using the
transect tapes along the perimeter to
measure distance.

Due to permit issues, our study site
was shallower than anticipated. The
flexibility of the PVC structure proved
valuable in this unexpected situation.
The midbars were lowered to their
lowest point (Figure 1F), which placed
the guidelines close to the surface. We
concluded that shallow research sites
are an option with this method of
image acquisition. In a water depth
of 1 m, a fully stitched image map of
a5 x 5 m site was created.

0TS Stitching Software

Certain OTS stitching programs
are a viable option for stitching of
HDBIMS. Multiple OTS software op-
tions exist for in-field testing of image
acquisition. These applications can be
run on robust laptops in combination
with imaging software such as Adobe
Photoshop and Bridge. A lack of detail
within the study site can prove chal-

lenging for OTS software. The flat,

sandy bottom of our study site was
covered in algae with an occasional
small sponge, which provided minimal
relief. While there was adequate con-
trast between the algae and the sand,
the algae were so similar throughout
the site that the OTS software could
not determine which tiles should go
where without the additional help of
the grid import method. The only ac-
ceptable results were produced by the
stitching software that uses the grid
method of image selection. Therefore,
we conclude that the grid import
method of OTS stitching software pro-
vides more control over mosaic results
and may be necessary for some loca-
tions where highly identifiable organ-
isms are lacking. Of the five OTS
stitching software that were tested in
this situation, Autopano Giga allowed
for more control than the others and
was consistently more accurate. How-
ever, Autopano Giga requires more
computing power and would not run
the entire image set on the laptop.
All Autopano Giga tests were run on
a Power Mac v. 10.7.5 3.33-GHz
6 core Intel processor and 20-GB ram.

Further Research

Our main intention for this study is
to determine if a clearly defined and
specific image acquisition and stitching
protocol will return consistent and
comparable results for every participat-
ing research site across the globe over
time. To meet this goal, more trials
are necessary. This study covered an
area of 25 m?, which is minimal if com-
pared to other studies (Gintert et al.,
2012); however, for the purpose of
the research sites that will utilize these
methods, linear and square areas of
25 m are desirable. Equally important
will be the ability to document the
exact location and orientation of each

site, year after year. Therefore perma-
nent markers will become an essential
part of the protocol. Potential studies
may include merging bathymetric
maps (Stetson et al., 2008; Park et al.,
2011) with image maps to monitor
structural changes in the reef. We will
need answers to additional questions:
What are the exact distances for photo-
graphing with the underwater track
that will provide the necessary overlap
while minimizing the photographic ac-
quisition time? What are the best meth-
ods that will provide the most effective
use of strobe lighting? We will then de-
velop a best practices manual (Abdo
et al., 2004) to assist in implementing
these methods into reef monitoring
programs. Over time, we will defini-
tively learn the answer to our larger
question: Will the consistent use of
best practices across the globe under
varying conditions and situations pro-
duce consistent results?
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Introduction

uoyancy control device (BCD;
Figure 1) is an accessory used by divers
for buoyancy control, thus resulting in
depth control. BCD is equipped with
pneumatic valves for inflating and de-
flating. Added released air to or from
the BCD increases/decreases a diver’s
buoyancy. Consequently, the diver will
rise or sink.

The BCD’s main components are
jacket, activation buttons, inflate (in-
side the actuating button’s housing),
deflate, and overpressure valves.

Since the BCD was invented, sev-
eral people have tried to upgrade it so
that it could automatically change or
maintain a diver’s depth. The first
automated BCD was patented in the
early 1970s, filed by Brecht (1970).
Research has continued, and several
subsequent patents have been submit-
ted. The more important patents are
as follows: Bohmrich et al. (1978),
Harrah (1982), Courtney (1988),
Tolksdorf and Tolksdorf (1996), Egan
(1996), Leonard (1998), Kromp
(1998), Leonard and Engel (2004),
Donahue (2005), Roseborough
(2006), and Adams (2008).

Divers, submarines, and submarine-
like vessels (hereinafter referred to

ABSTRACT

Maintaining depth is a diver’s essential task, and that is why he/she uses a buoy-
ancy vest for maintaining and changing depth [the so-called buoyancy control
device (BCD)]. Changing depth is controlled by manually actuating pneumatic
valves, which causes the BCD volume to expand or shrink and consequently change
its buoyancy.

Divers’ desires for devices that automatically change or maintain depth have been
present since the first arrival of modern diving using a buoyancy vest. This need has
arisen, particularly when diving, in regard to the following: where poor visibility is pres-
ent; when both hands are needed for the job in amateur diving; where decompression
procedures are needed; during safety stop procedures; during automatic ascending
when a diver’s life functions are critical; and also when using the same technology
for changing depth in small modern submarines and submarine-like vessels.

The presented prototype device has been developed for automatic buoyancy
control using flexible BCD. This device can limit ascending and descending veloc-
ities, allow a diving diver to request a depth at a requested velocity and hold that
requested depth, ensure a diver’s requested depth and velocity are controlled, min-
imize any depth and velocity errors in relation to disturbances from the environment,
and record all captured data for dive analyses. Controlling velocity is important for
proper decompression.

This paper presents a mathematical model of a diver’s buoyancy, the prototype
development of an automatic BCD, and simulation and actual diving results. The
prototype device has been fully tested by one of the leading manufacturers of diving

equipment.

Keywords: buoyancy vest, control, mathematical model, dive simulation

submarines) use the same principle of
depth control when changing buoy-
ancy. However, there is a major dif-
ference; submarines use tanks for
buoyancy control, which are not com-
pressible. Divers mostly use a BCD,
which is flexible and thus compress-
ible according to depth. Controlling
a diver’s depth is more complex
than a submarine’s. Within scientific
literature, many contributions can be
found within the field of developing,
modeling, and controlling submarines.
A few more interesting articles within
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this area are as follows: Akkizidis et al.
(2003), Bagheri and Moghaddam
(2009), Bambang et al. (2008),
Bessa et al. (2008), Lea et al. (1999),
Min and Smith (1994), Petrich and
Stilwell (2010, 2011), and Tangirala
and Dzielski (2007). A submersible
drogue was presented by Han et al.
(2010). There are two major differ-
ences. The first is that the pressure
source is generated by compressed
CO, gas with constant output pressure,
and the second is that it has variable
volume under an elastic membrane.



FIGURE 1

Modern BCD with pneumatic valves.
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The elastic membrane is stiff, and
pressure builds up with volume.

Despite many patents, there are
still presently no devices within the
scuba diving market field that are
able to automatically change or main-
tain a diver’s depth and velocity. There
have also been no contributions in sci-
entific literature regarding the field of
mathematically modeling diver’s
buoyancy with BCD and pneumatic
valves. Very few prototype devices
can be found on the Internet for divers’
automatic buoyancy control. One is
from author Robert J. Dyer (2001),
another is called SUBA: Cruise Control
for Your Dive (Pandora Underwater
Equipment SA, Switzerland), and the
third is Aquapilot GFT (Gesellschaft
fiir Tauchtechnik mbH & Co.,
Bochum, Germany). None of these de-
vices is on the market, and there is no
contribution in the scientific literature
regarding any of these devices.

Air source pressure is higher than
its surrounding water pressure. Water
pressure changes with depth, and abso-
lute air source pressure also changes

with water depth. Therefore, inflate
and deflate valves’ volume flows also
change with depth. Knowing how the
inflation and deflation valves’ volumes’
flow and the BCD’s volume changes
with depth is essential for optimal div-
er’s depth and velocity control.

Firstly, this paper describes the
pneumatic valves’ volume flows’ de-
pendencies and their consequences.
Secondly, it presents the physical back-
ground and mathematical modeling
of a diver’s buoyancy, BCD’s volume,
and the pneumatic valves’ volume
flows. Next, it describes a prototype
device’s development using electron-
ics, software, and mechanical design.
The dive measurements and simula-
tions are then presented, and finally,
our future work on an automatic BCD
is presented.

Pneumatic Valves’ Volume

Flows’ Dependencies

Divers use an air source from
a compressed air tank through a
mounted first-stage pressure regulator.
There is also a second-stage pressure
regulator for breathing. It is used for
inflating BCD air from the first-stage
pressure regulator and is approximately
10 bar higher than the surrounding
ambient pressure. The ambient pres-
sure increases with depth, and vice
versa. This means that the inlet abso-
lute air pressure of the inflate valve var-
ies according to the ambient pressure.
The inflate valve’s outlet air pressure
equals the BCD’s pressure. The BCD’s
pressure depends on its volume and
ambient pressure. It is because of this
that the inflate valve’s air volume
flow changes with water depth. The
deflate valve’s inlet air pressure equals
the BCD’s pressure, and its outlet pres-
sure equals the surrounding ambient
pressure. In view of this, the deflate

valve’s volume flow depends on the
surrounding ambient pressure and
the BCD’s volume. When a diver’s
depth is increased/decreased, the
surrounding ambient pressure also
increases/decreases; consequently, the
air volume inside the BCD decreases/
increases.

These are the main factors as to
why maintaining a constant diver’s
depth and/or velocity is difficult.
When considering that a diver’s
breathing constantly changes the div-
er’s buoyancy, controlling the depth
becomes even more complex. This
task is additionally more difficult
when there is low visibility in the
water. In this case, the diver does not
have any visible surrounding area,
which is important for guessing the
current velocity and depth.

Buoyancy control, in practice, is a
skill that divers have to learn and mas-
ter when diving. Most problems with
buoyancy control are by occasional
divers and beginners. Until a diver
masters buoyancy control, he/she is
consuming lots of air, which he/she
also needs for breathing, and therefore,
diving time is shortened. What is more
important, he/she cannot perform de-
compression propetly.

Physical Background and
Mathematical Modeling

A prerequisite for successful control
of the system is fundamental knowl-
edge that can be derived from mathe-
matical modeling. This article only
presents the derived mathematical
model equations of a diver’s buoyancy,
derived from physical laws, as shown
in Figure 2.

The arrows represent the direc-
tions of the acting forces, velocity 2(2)
and acceleration Z(#). The mass force F,
always acts in a descending direction,
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FIGURE 2

Acting forces on a submerged diver in the water.

Pressure regulator

Compressed air tank

Pressure gauge
Snorkel

while the buoyancy force F,,(#) acts in an ascending direction. When the diver is moving at velocity #(#), then the drag force
F4(2) occurs and is always pointing in the opposite direction to the diver’s movement. The sum of all forces is force F(z), and
itis

F(r) = Fy — (Fp(2) + Fu(2)),sum of all forces [NJ, (1)
Where the corresponding forces are
Fy(t) = p,, - (Vaep(2) + Vi) - g, buoyancy force [N], (2)

where p,, is water density, Vacp(#) is air volume inside of the buoyancy device, Vj is diver’s volume, and g is the acceleration

of gravity.
Fy(z) :% Py (Seep + Sa) - ea - |2(2)] - 2(2), drag force at a low Reynolds number [N], (3)

where Spcp is buoyancy device frontal aerial surface, Sy is diver’s frontal aerial surface, and ¢4 drag coefficient.
Fy = my - g, mass or gravitational force [N], (4)

where my is diver’s mass with equipment.
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When the diver is stationary, acceleration Z(7) and velocity 2(2) are equal to zero. In this case, the drag force Fy(#) and the
summing force /(#) are also equal to zero. The remaining forces are the mass force F, and the buoyancy force F,(2), which are
equal by size and opposite in directions.

F, = Fy(s). (5)

As soon as the buoyancy force £, () is higher/lower than the mass force F,, the diver will start to rise/sink without stopping.
This mean the diver’s depth z(#) has become unstable as a result of compressible BCD and changing water pressure p.(#) with
water depth z(z).

When combining equations (1) to (4), Newton’s first law and the written variables for the diver provide the diver’s
motion.

ma - #(t) =ma- g —py g [Veeo(s) + Vil *% Py ea |3(2)] - 2(2) - [Seep + Sl (6)

The diver’s neutral buoyancy, at all depths, can be derived from (6) under the initial conditions that velocity #(#) and
acceleration z(#) are equal to zero. The initial BCD’s volume V3cp(0) is

Vo ((2(2), 2(2)) = 0) = = — V. (7)

w

A diver’s mass 74 and diver’s volume V should be appropriate so as to provide a wide range of BCD’s volume Vpcp(2) > 0
for buoyancy control.

BCD’s volume Vpcp(#) is controlled using two pneumatic valves. These pneumatic valves are controlled by an electric
signal # using the on/off mode and have three states: add, none, or deduct. According to the control signal #, the inflated/

deflated volume (%) is

1t
T TiquI(T) -dt =1 add
U(t) = 0 u=20 none (8)
1 ¢
— T () Tioq\/n('r) +dt u#=—1 deduct

The surrounding’s ambient pressure p,(#) changes from the pressure at the water’s surface po, up to the pressure of the
water at depth z(2),

p:(t) = py g 2(1) + po- )
The initial pressure p,(0) is
2:(0) = py g 2(0) + po. (10)

BCD’s volume Vcp(?) with an inflated/deflated volume Ui(2) is (Hicks, 2003; U.S. Environmental Protection Agency
et al. 1989)

1 (py g 2(0)+ po) - Vacp(0)

e =L 70 e e

+ (1) (11)
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where the added valve volume air flow gv(2) is

o Ar-(py g 2(2) +po+pi) - \/Ra Ta(e) -1 [2/ (4 1)) D
v & 2(E) + po

qvi(t) =

(12)

where variables are as follows: a; = add valve discharge coefficient, A; = add valve
orifice surface, p, = regulator pressure, R, = gas constant for air, 7;;(2) = absolute
inflated air temperature, and & = ratio of specific heat constants for dry air.

And the deducted valve air volume flow gyp(2) is

M)

Py - g 2(2) + po

gvp(t) =oap - Ap - (13)

where variables are as follows: ap = deduct valve discharge coefficient, Ap = deduct
valve orifice surface, and 7,p(#) = absolute deflated air temperature.

Simplifications and Assumptions

For the sake of simplicity, the diver’s mass, water density, water temperature,
the cross section of BCD and the diver, the diver’s volume, and the air temperature
are considered to be constant. It is assumed that all other variables are measurable.
Only the diver’s vertical motion is modeled and simulated.

Prototype’s Development

Experimental measurements were needed for mathematical model verification.
It was necessary to develop an embedded electronic device for data acquisition and
pneumatic valve control. The development of the electronic device was divided
into three correlated stages, which were electronic (HW), software (SW), and
mechanical design.

Electronic Device

Figure 3 shows a block diagram of the electronic device.

The electronic device has an internal battery power supply. The deflation valve
is a small pneumatic pilot valve used for triggering the BCD’s deflate valve, while
the inflation pneumatic valve is a directly acting valve with 1.2 mm orifice size.
CPUs’ main tasks are data acquisition regarding the pressure sensors and the 3D
accelerometer, controlling the pneumatic valves according to the control algo-
rithm, and data recording and sending the data to the computer. The used micro-
processor is from the STMF32 F4 series. The RS232 interface is implemented for
communication using a personal computer (PC) for software update and recorded
data downloading. The Data flash and EEPROM are used for data recording and
configuring the parameters. The 3D accelerometer is used for capturing accel-
erations along all three axes: x, y, and z. One pressure sensor is used for capturing
the first stage pressure and one for capturing the water pressure. The more crit-
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ical components within the circuit are
the water pressure sensor and the ex-
ternal analog-digital (A/D) converter.
The water pressure has to be measured
very precisely and during low noise. It
is used for depth measuring and veloc-
ity estimation, and so for these reasons,
low noise is essential. In regard to the
external A/D converter and analog
water pressure sensor, the depth can be
measured at a resolution of 1.068 mm.
The depth measuring range covers up
to 70 m. The main electronics is con-
nected to a graphical user interface
(GUI) by a cable. This cable provides
the power supply and communication.
Four function buttons are integrated
within the GUI for entering the de-
sired depths, thus optionally triggering
the manual pneumatic valves and mode
selection. The LED diodes display the
actuated pneumatic valve and mode
status. LCD (liquid crystal display) is
used for displaying the parameters,
which are the battery voltage, current
depth, desired depth, current velocity,
and the log’s status.

Software Architecture

Embedded electronic software was
developed and the software architec-
ture is explained in Figure 4.

The diver enters toward the desired
depth via the user interface. The device
descends/ascends the diver to the de-
sired depth using predefined (limited)
and controlled velocity. At the entered
depth the diver can choose between
three modes: Off; Hold, and Swim.
The Hold mode holds the diver at
an entered depth within a range of
+0.5 m, while the Swim mode has an
adaptive limit and increases with depth.
The Off mode device does not control
the pneumatic valves, and so they can
be manually actuated via the keyboard.
The minimum Swim limit is +0.5 m or

a depth of £10%.



FIGURE 3

Electronic device block diagram.
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Mechanical Assembly

Main mechanical requirements are
pressure withstanding 8 bar, water-
proofing, a small device, simple design,
and easy to produce. The mechanical
design was developed in the 3D CAD
software SolidWorks. All the mechan-
ical components were drawn and then
assembled within a custom-designed
housing (Figure 5).

The housing was designed to be
milled from an aluminum block with
a PMMA (poly-methyl methacrylate,
shorter acrylic glass) cover. There is
an O-type rubber gasket within the
joint. The aluminum block and cover
are screwed together for disassembling,
if necessary.

The Prototype

Figure 6 shows the actual prototype
device with GUI attached to BCD.

When diving, safety comes first. It
is for this reason that the prototype de-
vice was designed to operate in parallel
with manual pneumatic valves. The
device has its own air pressure source
fitted, which can be disconnected at
any time if necessary. The pressure
source can be realized with separate
small (for example, 4 L) air tanks. So
there is no consumption/waste of air
for breathing. The power switch is
crafted with a reed switch and magnet.
The magnet has locks at the Oz and
Off positions. The diving depth is lim-

ited to 40 m for safety reasons.

Measurements and

Simulations
Measurements

Before the prototype device was
developed, measurements were per-
formed using a Matlab XPC target
within a water tower. The water tower’s
depth was 10 m. The pressure sensor
measurement accuracy and the adequa-
cies of the pneumatic valves were tested.
The pressure sensor and pneumatic
valves were properly selected.

When the prototype device had been
produced, functional tests were carried
out in the laboratory. Finally, functional
tests were done within the water tower
at up to 10 m of water depth. Water-
proof testing was done within a pres-
sure chamber at 8 bar pressure.

The primary measurements and
regulator testing were done within the
water tower, and the secondary ones
were done in the sea at up to 30 m
water depth. Figure 7 shows the re-
corded data from the sea diving.

The first graph shows the desired
and actual depths, and the control
mode is illustrated in the second graph.
The diving preparation time took 84 s
after the device was turned on. The
actual depth had an offset of 0.6 m.
This was because the atmospheric air
pressure changed during the day and
the diver had not set zero depth on
the boat. After 84 s, a small snag oc-
curred at the actual depth, this being
when the diver had jumped into the
water. After 140 s the diver had started
to enter the requested depth and had
activated the device control after 143 s,
which can be seen from the control
graph, and the device had started trans-
porting the diver toward the requested
depth. It was because the diving ve-
locity was limited that the controlled
diver had not reached the first re-
quested depth. While descending, the
diver had reached a newly requested
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FIGURE 4

Software block diagram.

TASK A:
Control
100ms

TASK B:
Valve control

=
(sen )

Initialization:
DSP core and
external interfaces

Initialization:
timer modules

Initialization SW modules:
-AD
- EEPROM & FLASH
-SCI & SPI & 12C
- GPIO
- keyboard & LCD
- parameters

Start timers &
tasks & ISR

TASKE

25ms

TASK C
GUI control

KEYBOARD

ISR

SCITX & RX ISR Pressure

!

Read
variables

¢

Diver depth
control loop

v

Logging,
analyze

I

Control
inflate &
deflate

depth. He then reached all the other
requested depths. The diver had dis-
abled the control mode between 844
and 1,598 s, and took control at

FIGURE 5
Electronic device’s mechanical design.
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FIGURE 6
Finished prototype device attached to BCD.
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FIGURE 7

Recorded sea diving.

1.068 mm, and the diver’s breathing
and movement thus resulted in these
fluctuations. Another reason for the
fluctuations was the regulator. This
was the first developed regulator for
measurement and verification pur-
poses and was not optimally tuned.

Matlab-Simulink Model
The Matlab-Simulink model
(Figure 8) consists of diver’s buoy-

FIGURE 8

Matlab-Simulink model.

Tissaini

ancy mathematical model and control
part.

This model is assembled with in-
flate and deflate valves, BCD’s volume
and mass buoyancy drag and a sum-
ming force. The depths and velocities
are calculated from the sum of all
forces. The reference signal “Depth
trajectory” is generated by a signal
generator. The regulator consists of
P depth and PD velocity regulators.
Figure 9 shows simulated results for a

similar dive reference signal to those
for actual sea dives (Figure 7).

Figure 9 shows the depth set value,
simulated depth, and simulated veloc-
ity. The simulated results are very close
to those of the actual dive. The main
difference is that the fluctuations for
the simulated results are minimal.
This is because the diver’s breathing
and movements were not simulated.
The diver’s maximum velocity was
limited to +0.2 m/s. A maximum ve-
locity of +0.23 m/s was reached during
simulation, which was the conse-
quence of a nonoptimal regulator.
The regulator’s oscillations were a con-
sequence of an unstable system, as the
diver’s buoyancy and regulator were
not optimal.

Future Work

First, we would publish detailed de-
rivations of the mathematical model
regarding the diver’s buoyancy using
pneumatic valves. Next a linear model
of the diver’s buoyancy would be de-
rived at when using pneumatic valves.
The linear model would then be
used for system stability analysis and

optimal regulator design. The optimal
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FIGURE 9

Matlab-Simulink simulation.
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regulator would be a regulator that
would consume the least air using sat-
isfactory depth and velocity control.
Algorithms would be developed for
estimating the BCD’s and divers’ in-
haled volumes for air consumption im-
provement. A 3D accelerometer and
first-stage air pressure algorithms for a
diver’s state would be developed from
the captured data. This device would
identify whether a diver was breathing
or not and would automatically ascend
him/her to the surface.

Conclusion

Maintaining a diver’s depth and
also controlling the velocity is quite a
difficult task in reality. Major obstacles
are the nonlinearities of the BCD’s vol-
ume and the pneumatic valves’ volume
flows that change with the depth.
Nonlinearities are probably one of
the main reasons why within the div-

800
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ing market field there is still no device
for automatic buoyancy control.

This paper described those nonlin-
earities and their influences on divers’
depth controls. This paper also pre-
sented a mathematical model for a
diver’s buoyancy using BCD and
pneumatic valves. It then explained
the prototype device development
used for data acquisition and the first
testing of the regulator. The initial cor-
relations between the real dives’ and
the simulated dive’ results were satis-
factory. In the future, a derived math-
ematical model of diver’s buoyancy
will be used for developing depth con-
trol algorithms and air consumption
optimization.
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Appendix

Summary of symbolic parameters and simulation values.

Symbol Meaning Simulation values
Z(9) diver’s depth
Z(0) initial diver’s depth Om
V()] velocity
Z(t) acceleration
Fo(D) buoyancy force
Fa(®) drag force
Fy gravitational force
A1) resulting force
Cq drag coefficient 1.2
g gravitational constant 9.81 m/s?
My diver’'s mass with equipment 85 kg
Ow water density 1025 kg/m®
Vaco(f) air volume inside of buoyancy device
Vaco(0) initial air volume inside of buoyancy device 0.005 m®
Vy diver's volume 0.08 m®
Seep buoyancy device frontal aerial surface 0.0283 m?
Sy diver’s frontal aerial surface 0.2 m?
pAD surrounding ambient pressure
Do atmospheric pressure at water level 97.574 kPa
TA1) absolute surrounding water temperature 304.5 K
T,0) initial absolute water temperature 304.5 K
Ta(f) absolute inflated air temperature 304.5 K
Tao () absolute deflated air temperature 304.5 K
avi(f) added valve volume flow
avo(1) deducted valve volume flow
Dy regulator pressure 857.426 kPa
Ra gas constant for air 287
u control signal
K ratio of specific heat constants for dry air 1.4
A add valve orifice surface 1.31 mm?
a add valve discharge coefficient 0.744
Ap deduct valve orifice surface 11.34 mm?
ap deduct valve discharge coefficient 0.68
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Introduction

n recreational diving, autono-
mous open circuit (OC) breathing sys-
tems are dominant. Breathing gas is
most often carried in a single high-
pressure cylinder on the back of the
diver. The diver inhales through an
on-demand regulator, which delivers
gas at ambient pressure. The exhaled
gas is expelled into the surrounding
water. Breathing gases in recreational
diving are mainly compressed air but
also oxygen (O,)-enriched air, usually

ABSTRACT

Recreational rebreathers are increasingly popular, and recreational diver training
organizations now routinely offer training for rebreather diving. Few rebreathers on
the market, however, fulfill the criteria of a dedicated recreational rebreather. These
remain based on traditional sensor technology, which may be linked to rebreather
use having an estimated 10 times the risk of mortality while diving compared with
open circuit breathing systems. In the present work, a new recreational rebreather
based on two innovative approaches is described. Firstly, the rebreather uses a
novel sensor system including voltammetric and spectroscopic validation of gal-
vanic p0, sensor cells, a redundant optical pO, sensor, and a two-wavelength in-
frared pCO, sensor. Secondly, a new breathing loop design is introduced, which
reduces failure points, improves work of breathing, and can be mass fabricated
at a comparatively low cost. Two prototypes were assembled and tested in the lab-
oratory at a notified body for personal protective equipment before both pool and
sea water diving trials. Work of breathing was well below the maximum allowed by
the European Normative. These trials also demonstrated that optical pO, sensors
can be successfully employed in rebreathers. The pCO, sensor detected pCO, from
0.0004 to 0.0024 bar. These new approaches, which include a new concept for sim-
plified mechanical design as well as improved electronic control, may prove useful

in future recreational diving apparatus.

Keywords: rebreather, pO, control system, O, sensor, CO, sensor, counterlung

referred to as NITROX. For deeper
diving, a proportion of the nitrogen
(N,) in the breathing gas is substituted
with helium (He) and the resultant
blend known as TRIMIX.

Compared with alternative breath-
ing systems, OC diving faces several
disadvantages. The breathing gas is
dry and cold and produces expelled
bubbles that disturb the environment.
The main disadvantage though is the
relatively poor gas efficiency, which
only worsens with increasing depth.
Just a fraction of O, from the breath-
ing gas is used in any system before it is
exhaled by the diver, and in the case of

OC, it is then expelled into the envi-
ronment. Therefore, a typical recrea-
tional dive with one 12-L cylinder
filled with air compressed to 200 bar
and thus containing 500 L of oxygen
may not last more than 40-45 min at
20-m depth; although with, for exam-
ple, an O, metabolism of 0.8 L/min,
the O, content in the cylinder should
suffice for more than 10 h of diving,
In contrast to OC diving apparatus,
diving with a closed circuit rebreather
(CCR) more efficiently uses the avail-
able breathing gas and is less disrup-
tive to the environment (Shreeves &
Richardson, 2006). The exhaled gas
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is not expelled into the surround-
ing water but is returned back into a
breathing bag—the so-called counter-
lung. Carbon dioxide (CO,) is chemi-
cally turned into insoluble carbonate
and removed from the gas while pass-
ing through a scrubber. Metabolized
O, is replaced by oxygen from a small
high-pressure supply cylinder. The
simplest form of a CCR uses pure
oxygen as the breathing gas. However,
oxygen becomes increasingly toxic at
partial pressures exceeding approx-
imately 1.6 bar, so the operational
depth limit of such devices at sea level
is 6 msw.

For deeper diving with CCR, the
partial pressure of oxygen (pO,) must
be maintained at less than 1.6 bar to
minimize the risk of oxygen toxicity
and yet also as high as can be safely tol-
erated to reduce both the uptake of
inert gas into the diver’s tissues and
the concomitant risk of decompression
sickness. This is achieved by diluting
the gas in the breathing bag with a mix-
ture containing inert gas such as air,
NITORX, TRIMIX, or HELIOX (a
blend of O, and He). This mixture is
known as the diluent. While O, CCRs
are relatively uncomplicated mechani-
cal devices, CCRs using blends of gas
containing only a proportion of oxy-
gen use oxygen sensors for monitoring
pO, in the breathing gas and an elec-
tronic system for maintenance of the
pO, within acceptable limits.

The earliest recreational rebreathers
date back to 1996 when Driger launched
the Atlantis and later the Ray and
Dolphin. The Driger Ray came with
a price tag that offered a realistic alter-
native to OC equipment. However,
those units were semiclosed rebreather
(SCR) systems where gas was still ex-
pelled into the environment and the
systems were not as silent as CCRs.
Their gas efficiency was much greater

compared with OC systems, even
though a significant portion of the
breathing gas was still wasted.

More advanced CCRs for deep
“technical” divers have been available
since approximately 1995. A common
attribute among currently available
models is that they are relatively more
complex to operate than either OC or
SCR, they require practice and regular
training, and they take longer to pre-
pare (including manual checklists) be-
fore any dive and longer maintenance
after diving. Such systems are not well
suited to recreational divers who per-
form a relatively low number of dives
per year—for example, during holi-
days only—since only a high level of
training and more regular diving as-
sures an acceptably low level of risk.

The first electronically controlled
CCR specifically intended for sport di-
vers was introduced in 2009 (Shreeves,
2009). For the first time, predive tests
and operation under water were auto-
mated. For rebreather novices with an
OC diving certification, this reduced
the initial learning demand. When
CCRs became available specifically
for recreational divers, then large recre-
ational diver training agencies launched
rebreather training programs, also spe-
cifically for recreational divers.

Meanwhile, the mere availability of
rebreathers and training is not enough
for a market success, as Mark Caney,
Head of the Professional Association
of Diving Instructors TecRec Divi-
sion, explained in his 3T (Training/
Technology/Travel) concept (Caney,
2010). Many recreational divers de-
vote themselves to diving on vacation
only, and many also do this at a place
far from home. To become a market
success, the rebreather not only has
to be transportable but also usable at
the diving site. Therefore, diving loca-
tions that accept rebreather divers are
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required to provide O, filling equip-
ment and should be able to supply
CO, filters used to “scrub” the exhaled
gas of CO,.

We believe that there are other
important factors conditioning the
commercial success of recreational
rebreathers:

- Safety: The risk of mortality while
diving a CCR is estimated to be
approximately 4—10 times greater
than OC diving (Fock, 2013). Re-
breather features that may help re-
duce rebreather accidents include
the following:
® full automation to avoid user

errors,
= reliable O, sensor system to

avoid a hypoxic or hyperoxic
breathing gas composition,
= O, sensor system that can de-

tect sensor failures: current O,

sensor technology is known to

be failure prone and O, sensor
failures happen frequently,

®  CO, sensor to detect a scrub-
ber failure, and

= low work of breathing

Price: To be successful in the rec-

reational rebreather market, the
price of a recreational rebreather
should be comparable to a price
of an upper-end OC technical
diving configuration. The CCRs
currently available on the market
are complex systems with more
relatively expensive parts and
higher production costs than OC
system components. Thus, it is
unlikely that the current systems
will become available at prices
comparable to OC systems. There-
fore, new approaches in mechani-
cal design as well as electronic and
sensor technology are required.

1

Shorter pre- and postdive prepara-
tion of the rebreather: While OC

diving systems can be assembled



in short order and require only a
minimum of maintenance (rins-
ing in fresh water after a dive is
usually enough), CCRs require
that the breathing loop is disas-
sembled, cleaned, disinfected,
and dried.
The current paper addresses these
three factors with two fresh ap-
proaches. Firstly, a novel gas control
system is introduced that uses, for
the first time in CCR technology,
voltammetric galvanic pO, sensor val-
idation and optical pO, sensors as
backup systems in combination with
a highly automated user interface.
Secondly, lower manufacturing costs,
short pre- and postdive preparation/
maintenance of the unit as well as low
work of breathing are addressed with
a simplified breathing loop concept.

State of the Art of
Rebreather Design:
Breathing Loop

There are two dominant counter-
lung positions found in today’s recre-
ational and technical rebreathers
(Kellon, 1998). Over-the-shoulder
counterlungs provide acceptably low
work of breathing, are accessible by
the diver during the dive, and can be
easily equipped with manual O, and
diluent injection buttons. However,
a proportion of divers report that they
prefer a free chest and avoid such
front-mounted counterlungs. In con-
trast, back-mounted counterlungs
have a greater work of breathing
and/or a hydrostatic imbalance that
may even fall outside of limits set by
the European standard for rebreathers
(EN14143:2003), and yet they pro-
vide a higher degree of convenience
for certain types of sport diving (e.g.,
cave exploration).

The breathing loop mouthpiece,
counterlungs, and scrubber are usually
connected with corrugated hoses and
appropriate connectors. For example,
in rebreathers detailed by Shreeves in
2009, a total of four corrugated hoses
were used to connect the components.
Breathing hoses typically have a con-
nector at each end with one o-ring
in each connector. Every additional
part increases the risk of system failure,
especially when they are connected in
series (Fock, 2013). Additionally, the
overall work of breathing also depends
on the amount of connectors, gas resis-
tance in the loop, length of hoses, etc.
Therefore, many rebreathers hardly
meet the limits for the work of breath-
ing defined in the European Normative
EN14143:2003, especially at high res-
piratory minute volumes.

State-of-the-art mouthpieces for
recreational rebreather diving can be
switched between two modes: In the
closed circuit mode, the diver breathes
from the breathing loop of the re-
breather. If the rebreather fails, then
the diver can switch the mouthpiece
to OC mode using gas from either
the diluent cylinder or a separate cyl-
inder carried specifically for such an
emergency. Such mouthpieces are
known as “bail out valve mouthpieces.”

Some manufacturers also integrate
an automatic loop diluent valve into
the mouthpiece by using the valve of
the OC mode. To function correctly,
this requires that the cracking pressure
(to initiate gas injection) is adjusted ac-
cordingly to the mode. While in OC
mode, the cracking pressure should
be adjusted to a value between 1 and
3 mbar; in closed circuit mode, the
cracking pressure should be set to
25-35 mbar, otherwise the hydrostatic
pressure equivalent to the difference in
depth between the mouthpiece and
the counterlung may lead to a free

flow of diluent into the counterlung.
This is a particular problem when a
diver uses a CCR with back-mounted
counterlungs, as in the horizontal div-
ing position there is a constant nega-
tive inspiratory pressure, primarily
caused by the rebreather’s hydrostatic
imbalance (Kellon, 1998).

O, Sensor System

CCR systems that use a gas other
than 100% O, cannot be purely me-
chanical since they require pO, mon-
itoring and control. Galvanic pO,
sensors are uniformly used in CCRs to
measure pO,. The pO, in the breathing
loop is held within a tolerable range by
replacing metabolized O, either man-
ually or automatically with fresh O,
from a supply cylinder. In an electronic
CCR, a solenoid gas injector for add-
ing O, is incorporated (Shreeves &
Richardson, 2006).

It is imperative that oxygen sensors
measure pO, correctly because the safe
range for breathing is fairly narrow.
Incorrect pO, readings from faulty
pO, sensors can lead to too little O,
(hypoxia) or too much O, (hyperoxia
or “oxygen toxicity”). Either condition
is life threatening. Indeed, unsustain-
able breathing gas composition in the
rebreather loop is believed to be the
primary cause of many fatalities (Vann
et al., 2007; Buzzacott et al., 2009).

Galvanic oxygen sensors in re-
breathers essentially operate in similar
fashion to a metal/air battery (Chang
et al., 1993; Sieber, 2012). Oxygen is
dissociated and reduced at the cathode
to hydroxyl ions. These pass through
the electrolyte and oxidize the metal
anode (Pb).When the cathode and
anode are electrically loaded with a
resistor (typically between 50 and
300 €), a current proportional to the
rate of oxygen consumption is generated.
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A diffusion barrier (sensor membrane)
is mounted in front of the cathode.
This limits the volume of molecules
able to reach the cathode during any
particular period. All O, molecules at
the cathode get reduced. The amount
of molecules reaching the cathode fol-
lows Fick’s First Law of Diffusion and
is proportional to the pO, in front of
the sensor membrane. Thus, the cur-
rent of the (ideal) sensor is dependent
only on the pO, in front of the sensor
membrane.

Each sensor changes its output over
time due to consumption of the cath-
ode. While new sensors may typi-
cally achieve an output of up to 14 or
15 mV in air, after 1 year of usage the
output may have decreased to below
8 mV. Therefore, sensors in rebreathers
are usually calibrated before each dive
by exposing them to air or 100% O,.

The current produced by a sensor
increases with temperature (about 2—
3% per 1 K) as the diffusion is temper-
ature dependent. Galvanic cells used in
rebreathers are typically equipped with
a small electronic board on their un-
derside. These include a load resistor;
thus, on the terminals of the sensor,
one terminal does not relate to current
but voltage. Additionally, a small resistor
network with a negative temperature
coefficient is used for temperature
compensation.

Failure modes of galvanic sensors
include the following;

- Nonlinearity: Functional pO,

sensors usually have a linear output
and a constant slope of about 40—
60 mV/ bar. In a nonlinear sensor,
this slope is not constant but de-
pendent on environmental factors
such as, for example, ambient pres-
sure, temperature (defective tem-
perature compensation) or pO,.

- Current limitation is a special case

of nonlinearity, where the sensor

fails to provide a linear output
above a certain pO,.

- Slow sensor signal response:
While a typical sensor response
time is about 6-10 s, water con-
densation on the sensor mem-
brane or low temperature can
result in response times of 30 s
to several minutes.

- Other mechanical failures (elec-
trical connections broken, cell
housing damaged, etc.).

In all failure modes, the sensor no
longer produces an electronic signal
corresponding to the pO; in front of
the sensor membrane. As a conse-
quence, the control loop may inject
too little or too much O,, and either
case may quickly lead to an unsustain-
able breathing gas mixture.

Whereas electronic O, injectors are
robust and failures are unlikely during
adive, sensor failures happen relatively
more frequently. Rebreather manufac-
turers commonly address this problem
by using three pO, sensors instead of
merely one, together with a voting al-
gorithm. Here the sensor signals are
continuously compared with each other.
If one sensor signal differs from the
others, then that sensor signal is “voted
out.” Such voting algorithms will fail,
however, if two or more sensors concur-
rently malfunction.

The basis for such an approach is
the assumption that sensors fail inde-
pendently. This is, however, not always
the case. O, sensors in a CCR are sub-
jected to a common environment. If
sensors are installed together in a re-
breather, then they will also have the
same “diving history.” Therefore, hav-
ing three or possibly even more O, sen-
sors may not provide triple or higher
redundancy in the event of every type
of sensor failure (Jones, 2012).

An alternative to the voting algo-
rithm is true sensor signal validation
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(Sieber et al., 2008), commonly used
in medical analyzers. In the case of a
CCR galvanic sensor cell readings are
validated by flushing them with gas
ofaknown O, fraction at regular inter-
vals, for example, every 2 min. This
differs to the voting algorithm because
true sensor validation gives real-time
feedback on sensor operation as the
sensor is checked for linearity, current
limitation, and response time.

A current, limiting disadvantage of
true sensor validation is the additional
hardware effort, which includes two
additional solenoid gas injectors. This
results in both additional manufactur-
ing costs and also additional failure
points. A slightly leaking solenoid gas
injector may continuously flush the
sensors with gas. In such an eventuality,
the sensor signal may not only cor-
respond to the pO, in the loop but
mightalso be influenced by the leaking
gas stream.

An alternate approach to galvanic
pO, sensor validation has been de-
scribed (Sieber et al., 2012), where
the analog electronic board of pO,
sensors was substituted with low-cost
microprocessor-based multifunctional
sensor electronics. This allowed on-
board signal processing including dig-
ital temperature compensation. In
addition, by using the internal digital-
to-analog converter of the micro-
controller, it was possible to perform
voltammetry and impedance spectros-
copy of the sensor. These measure-
ments indicated the electrochemical
constitution of a sensor (including the
cathode, anode and the electrolyte). If
the characteristics of any sensor differ
significantly from its baseline values,
then this indicates sensor malfunction
and/or changed electrochemistry,
which may soon lead to a sensor fail-
ure. An advantage of this technology
is that additional hardware costs were



very low in comparison with the true
sensor validation approach.

One alternative to galvanic pO,
sensors are solid state ceramic sensors.
Solid state pO, sensors are based
mainly on the ionic conductivity of
ceramic materials (Park et al., 2009).
For many years, this technology has
been deployed in cars for combustion
control (i.e., lambda probes). At present,
only yttria-doped zirconium dioxide
(Zirconia, YDZ) is applied in commer-
cial transducers as a conducting solid
state electrolyte. Conductivity in YDZ
requires high temperatures. Therefore,
the transducer is heated by an electrical
resistance to reach an operating temper-
ature of about 650°C, which demands
considerable energy. Micromanufactur-
ing allows miniaturization of such sen-
sors, which results in reduced power
consumption for heating. An overview
of micro-solid state gas sensors can be
found elsewhere (Dubbe, 2003; Bogha
etal., 2007). Solid state electrolyte sen-
sors can also be designed for other gases,
for example, NASICON is a suitable
ionic conductor for a solid state CO,
transducer. A rebreather sensor module
has been developed consisting of one
solid state sensor for pO, and one for
pCO, (Sieber et al., 2011a, 2011b).
Preliminary results are promising, but
no serial production process has com-
menced; therefore, existing results are
purely academic. It may be expected
to take several years before such sensors
could be used in commercially available
CCRs.

Another possible alternative for gal-
vanic pO, sensors are optodes, which
are optical pO; sensors. To our knowl-
edge, such sensors have not previously
been tested in CCRs. These optical
pO, sensors consist of a chemical
layer with illuminated color pigments.
The color pigments start to fluoresce at
a corresponding wavelength. Optical

filters are used to separate the illumina-
tion light and the fluorescence signal.
In the presence of O,, the fluorescence
is quenched; thus, the output signal
is reduced. Such sensors are most sen-
sitive when no or only traces of O, are
present. The sensitivity decreases with
increasing pO,. Recently, new fluores-
cence pigments have been developed
(Borisov et al., 2008), which may
also allow reliable measurements of
pO, above 1 bar. Alternatively to mea-
suring the absolute sensor signal, one
can also measure the decay time. As
the time constant is only a few micro-
seconds for measurements at 0.21 bar
pO; and even shorter at higher pO,,
time measurement is difficult. However,
decay time offers a unique advantage in
that factory calibration becomes possi-
ble, as decay time does not change over
the lifetime of the sensor.

CO, Sensors and

Scrubber Monitoring

A malfunction of the scrubber or
even the absence of a scrubber leads
to a rapid increase of pCO, in the
breathing loop. This is known to ac-
count for numerous CCR fatalities.
Today, two methods of scrubber func-
tion monitoring are available. The first
approach examines the heat generated
in the scrubber to give a prognosis
on the remaining scrubber lifetime
(Warkander, 2003). Secondly, direct
gaseous pCO, measurement can be
done with optical absorption spectros-
copy, as CO, absorbs infrared light at
4.3 pm. One sensor used in rebreathers
is the OEM CO, sensor module from
Gas Sensing solution (Glasgow, UK).
It is a one wavelength optical sensor
measuring the absorption of infrared
light at 4.3 pm. The advantages
include a relatively small size, low
power consumption, and commercial

availability. However, as this sensor is
based on a single wavelength measure-
ment, contamination of the sensor or
condensation of water on the internal
components may lead to a falsely in-
creased output signal.

Two academic research results,
both of which are still far from com-
mercial availability, may in the future
provide alternative pCO, measure-
ment technology; pCO, sensors based
on ionic solid state sensor technology
described above (Sieber et al., 2011b)
and optical films that change color
in the presence of CO, (Shashidhar &
Kane, 2012).

New Recreational

CCR Prototype

The purpose of the current project
was to develop a rebreather prototype
with safer gas management, low man-
ufacturing cost, and simplified loop
design to provide a realistic alternative
to OC diving systems. In summary,
the important key features of it were
as follows:

- simplicity and ease of use, assem-
bling, and diving;

- high level of automation to enable
simplified training and operation
of the rebreather;

- low work of breathing comparable
to a high-quality OC regulator;

- compact, low weight, if possible
suitable for transport in cabin
luggage;

- integrated O, sensor validation to
detect pO, sensor failures;

- CO, monitoring;

- bail out valve mouthpiece, with
integrated overpressure valve, if
possible; and

- price-wise alternative to OC
equipment, i.e., designed in a way
that allows simple molds and cost-
efficient production.
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Electronic System Design

Currently, there are two common
electronic solutions used in re-
breathers. One is based on having
two independent electronics where if
one of the electronics fails, then the
second can be used. The other ap-
proach uses a network of microcon-
trollers that is designed in such a way
that the microcontrollers are able to
check each other and detect a failure
(Sieber et al., 2011a). In a recreational
CCR redundant electronics are not
necessary. It is only important that a
failure is reliably detected as, by defini-
tion, recreational dives do not include
decompression obligations and, there-
fore, bailout and abortion of the dive is
the response to any serious system fail-
ure. Therefore, a distributed system
design with a network of microcon-
trollers was chosen. Figure 1 details
the layout of the electronic system of
the rebreather prototype.

Controller Electronics

The core component of the con-
troller board is an 8-bit microcontrol-
ler. Even though galvanic sensor cells
are failure prone, especially when
used in rebreathers, they still provide
the most accurate reading. Therefore,
two galvanic sensor cells (Figure 2)
were incorporated in the design. In-
stead of using temperature-compensated
cells, a galvanic cell with a single load
resistor (82 kQ) and a coaxial gold-
plated connector was chosen. Two an-
alog high-pressure sensors (0—300 bar)
measured the O, and diluent cylinder
pressures. One temperature sensor was
included in the electronic design for
digital temperature compensation of
the galvanic pO, sensors. Ambient
pressure was measured with a 14-bar
digital absolute pressure sensor. Two
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FIGURE 1

Electronic layout of the rebreather.
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solenoid controllers drove two electro-
magnetic solenoid injectors for O, and
diluent. The injectors were rated for
a maximum differential pressure of
8 bar but were successfully tested up
to 15 bar.

The digital to analog converter of
the microcontroller was used to apply
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voltages across the sensor cell and per-
form voltammetry and impedance
spectroscopy. The concept of using
voltammetry with galvanic sensors
has been previously detailed (Sieber
et al., 2012). By using voltammetry,
it is possible to measure the internal
impedance of the galvanic pO, sensor



FIGURE 2

Sensor compartment of the prototype CCR.
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As mentioned earlier, galvanic pO,
sensors may possibly all fail at the same
time, for example, if they hail from the
same production lot and share the
same history of operation in a CCR.
Even though with voltammetry it is
possibly to detect many types of gal-
vanic sensor failures, alternative pO,
sensor technology may provide useful
additional safety.

Based on promising preliminary
laboratory results with optical pO,
sensors, a new sensor element was de-
signed. The electronic part consisted of
a blue LED and a photodiode with a
low noise current amplifier. A red gel-
atin filter separated the blue excitation
light from the red fluorescence light.
The components were encapsulated
in optically clear epoxy resin of 5-mm
thickness. The optical layer with color

pigments was glued onto the top of the
resin. This layer was prefabricated
in the form of self-adhesive stickers;
thus, it could easily be replaced by
the diver.

Gaseous CO; sensing is an im-
portant safety feature in a rebreather.
To avoid problems associated with
single wavelength pCO, monitors, a
dual wavelength pCO, sensor was de-
signed. It consisted of two pyroelectric
elements, each equipped with an opti-
cal band-pass filter (one at 4.0 pm, the
other at 4.25 pm). An incandescent
light illuminates the sensor through a
path of 50 mm. The optimal measure-
ment rate was found to be 1 Hz to
achieve the most suitable balance be-
tween sensitivity, update rate, and
power consumption. A second 8-bit
microcontroller was used to read the
optical pO, sensor as well as the pCO,

SEnsor.

Handset

A console diving computer-like
handset was developed as the user
input device (Figure 3). It featured a
160 x 128 pixel color OLED screen

and two piezo input buttons. The
core component is a powerful 32-bit
microcontroller operated at 12 MHz
and optionally at 60 MHz. A 32-bit
processor was chosen in order to be
able to provide sufficient processing
power to calculate advanced decom-
pression algorithms such as the Vari-
able Permeability Model (Yount &
Hoffman, 1986; Yount & Strauss,
1976; Kuch et al., 2011) or the
Reduced Gradient Bubble Model
(Wienke, 1990) in real time and
while also driving the OLED display
with an update rate of at least 2 Hz.
The handset also includes a 2-GB
flash memory, a 14-bit digital pressure
sensor, a three-axis magnetometer, and
a three-axis accelerometer.

Communication Protocol
Connecting devices underwater
usually requires expensive cables and
connectors so a wireless solution was
desirable. Unfortunately, wireless links
traditionally used in diving computers
are only capable of transmitting a few
bytes per second. Faster transmitters
such as those used in consumer elec-
tronics do not work well underwater
(Lloret et al., 2012). Therefore, with
current technology, the electronic com-
ponents of this rebreather prototype
were connected with cables. Several
interfaces exist that can be used for
communication between the micro-
controllers. Controller Area Network
(CAN) Bus, for example, is fast, well
proven in safety critical systems and
is insensitive to electrical interferences.
From this point of view, it would be
suitable for rebreathers. Unfortunately,
CAN requires additional electronic
components and hardware CAN inter-
faces are only available on automo-
tive microcontrollers. As the diver and
all cables are surrounded by water,
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FIGURE 3

Handset of the rebreather.

external electrical interferences are re-
duced. Therefore, it was convenient
to use an interface based on ground
referenced single-ended voltage inputs,
rather than a differential pair of CAN.

Serial peripheral interface is an in-
terface implemented in nearly all mi-
crocontrollers on the market. This
interface uses three communication
lines plus one chip select line for each
slave connected to the master. It allows
high data transmission rates. I12C is an
interface that requires only two com-
munication lines but operates at lower
speed. Previous research demonstrated
that the operation speed of 12C is suf-
ficient for rebreathers (Sieber et at.,
2011a). For these two reasons, 12C
was implemented in the current proj-
ect with only a single master system
utilized to increase the stability of the
communication. Additionally, the con-
troller electronics communicated with
the microcontroller of the optical sensors
via a separate Universal Synchronous/
Asynchronous Receiver/Transmitter

(USART) interface.

Novel Loop Design

The main idea for the loop design
of the rebreather prototype detailed
in this paper was to use a single piece
counterlung into which a CO, filter
cartridge could be inserted (Figure 4).

FIGURE 4

Rebreather design with novel counterlung concept.
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In this way, a separate filter housing
and otherwise necessary hose connec-
tions could be omitted. The counter-
lung was equipped with a large
opening of diameter of 160 mm
through which a filter cartridge was
inserted. This diameter was selected
so that already commercially available
filter cartridges (Poseidon, Sweden or
Micropore, USA) could be used. The
opening was then closed with a lid,
which also housed the electronic com-
ponents. Figure 5 illustrates how the
CO, filter was placed between the
inhale and exhale section of the coun-
terlung. This novel design allowed a
simple manufacturing process where
the counterlung could be fabricated
from a single piece of high-frequency

weldable fabric.

Mouthpiece Design
In addition to the open and closed
circuit modes, the specifications of
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the mouthpiece of the prototype also

included an automatic diluent valve
and a loop overpressure valve. The
design focused on a simple and cost-
efficient production using a low-cost
injection molding process. Figure 6
shows the design of the mouthpiece.
A barrel could be rotated to switch
between open and closed circuit posi-
tions. A second stage downstream
valve (Scubapro R190) was integrated.
A second “dummy” valve was situated
in front of the downstream valve for
the purpose of applying a force onto
the diaphragm to increase the cracking
pressure to 30 mbar in the closed cir-
cuit position. The loop overpressure
valve consisted of a one directional
valve and a plate that was held by a
spring against a seat. The cracking
pressure of the over pressure valve
was configured to be about 25 mbar.
By rotating the barrel from the closed
circuit position to the OC position,
the lever of the “dummy” valve was



FIGURE 5

The scrubber cartridge is inserted into the counterlung, where it sits in between inhale and exhale
section.
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FIGURE 6

Mechanical design of the mouthpiece.

0OC/ CC switch

Directionvalves

Loop overpressure
valve

Diaphragmand puZ

button
2nd stage downstream

valve

pulled away from the diaphragm and
the additional force released. By the
same action, the spring of the overpres-
sure valve was also released. This way
the diver could exhale with minimum
resistance.

Results
Specifications of the
CCR Prototype

Two prototypes of the proposed
recreational rebreather were manufac-
tured. The specifications are as follows:

- integrated counterlung, maximum
capacity 2 times 4 L (restricted to
a total volume of 5 L when built
into the harness);

- sensor system with two galvanic
pO; sensors, one optical O, sensor,
and one optical dual wavelength
pCO, sensor;

- distributed microcontroller net-
work with three microcontrollers;

- integrated scrubber, 1.8 kg, esti-
mated duration of 120 min;

- two steel cylinders, 3 L, and
300 bar each;

- streamlined design, compact size,
low weight (can be carried onto
commercial aircraft as hand lug-
gage; the weight of the rebreather
excluding cylinders was 4.8 kg);

- counterlungs serve as water traps
—in each a sponge is inserted
that can absorb up t0 0.3 [;

- Liion rechargeable battery supply,
consisting of two pieces Trustfire
16340 type cells, with a capacity of
approximately 600 mAh each; and

- average current consumption of
120 mA.

Five counterlung prototypes were
manufactured from single sheets of
polyurethane-coated fabric. All weld-
ing was performed with a 1.5-kW
high-frequency welding machine.
Ten mouthpieces were produced with
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a rapid prototyping silicon mold. The
handset (Figure 3) showed all dive-
relevant information and was used to
initiate the automatic predive tests. Its
features were:
- 160 x 128 pixel color OLED
display,
- 32-bit microprocessor,
- ZH-L16C decompression algo-
rithm with gradient factors,
- tilt compensated compass,
- 2-GB internal flash memory, and
- USB port.

Operation of
the Prototype

Operation of the rebreather was
simpler than for currently available
CCRs. Predive tests were simplified

FIGURE 7

by an automatic procedure. First, critical
components such as pressure sensors,
solenoid valve, and microprocessor
were electronically tested. After that
the loop was checked (negative and
positive overpressure test), and the sen-
sors were calibrated.

All dive and rebreather data were
stored in the internal SD card every
5 s. This was done in .csv files, which
subsequently allowed simple processing
of the data in spreadsheet software
such as Microsoft Excel. When the
handset was connected to a USB port
of a personal computer, it was recog-
nized as mass storage device (like a
USB thumbdrive), and the internal
flash memory was mounted as a logical
drive. All dive data could be down-
loaded without additional software.

Results of work of breathing laboratory testing according to EN14143:2003.

Laboratory Testing of
the Prototype

Before in-water trials were carried
out, the rebreather was tested at a no-
tified body (DEKRA, Essen, Germany).
Figure 6 presents the work of breath-
ing test results. In either horizontal or
+90° positions, the work of breathing
results was far below limits defined in
EN14143:2003 (Figure 7). The main
reasons for this were as follows:

- All components were designed to

have minimum flow resistance.

- The number of pneumatic parts
such as hose connectors, couplers,
etc., was reduced by nearly a fac-
tor of 2.

- The overall flow resistance and
work of breathing were reduced
significantly.
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Moreover, DEKRA tested and cer-
tified the tank pressure sensors for
compliance to EN250 and the ambi-
ent pressure/depth sensor, real-time
clock, and the pressure tolerance of
the handset for compliance with
EN13319.

The implementation of the decom-
pression algorithm was validated with
70,000 simulated dive profiles.

The optical sensors were character-
ized in a pressure chamber up to 2 bar
pO,. Unlike galvanic pO, sensors,
pO, optodes do not produce an output
linear to the pO,; therefore, a single
calibration point with O, or air is not
sufficient (Figure 8). Instead, a 3-point
calibration was implemented based
on the Stern-Volmer equation. Three
parameters are calculated during the
calibration:

- K (Stern Volmer quenching

constant)/sensitivity,

- SO (signal at 0 pO,), and

FIGURE 8

- X correction factor for nonideal
color separation filters and stray
light.

The quenching constant as well as
SO decrease with increasing tempera-
ture; therefore, temperature compen-
sation had to be performed. With the
first prototype, we were able to achieve
an accuracy of 2-5% from 0.2 to 1 bar
and 10% above 1 bar pO,.

Figure 9 shows a characteristic plot
of a galvanic pO, sensor obtained with
the voltammetry circuit. The second
plot is from a faulty cell. Even though
this particular sensor could be calibrated
on the surface with a normal signal
output, it failed during diving. In this
case, the reason for the sensor failure
was a passivated cathode where, similar
to a current limited cell, the output be-
came static above a certain pO,. The
plot of the faulty cell differs significantly
from the working cell in terms of the

shape of the rise and fall time of the sig-

nal. In this case, the plot could be used
to identify the faulty sensor.

The pCO, sensor was characterized
in a computer-controlled pressure
chamber with a calibration gas con-
taining 5% CO,. Figure 10 shows
the signal response of the CO, channel
(4.25 pm wavelength) as well as the
reference channel (4 pm wavelength)
from air at a pressure of 1-6 bar, cor-
responding to a pCO, of 0.0004—
0.0024 bar. The signal intensity of
the reference channels was not affected
by an increase in pCO,. Changes of
the supply voltage or condensation in-
side the measurement chamber affected
both measurement and reference sig-
nals in the same way; thus, the measure-
ment signal could be corrected.

In-Water Trials

Following the laboratory testing
of the rebreather, in-water tests were

Raw signals from the optical pO, sensor in a hyperbaric chamber. Note: the slope decreases with increasing p0O,. The sensor signal decreases with
increasing temperature; thus, temperature compensation is also required.
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FIGURE 9

Example plots of galvanic pO, sensors voltammetry. The plot from the faulty sensor differs significantly from the characteristic plot from a correctly

working sensor.
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carried out in a 10-m-deep freshwater
pool. Initially, the cylinders were
mounted with their valves facing
downwards. In this position, the re-
breather was not well balanced; there-
fore, the position was reversed and the
cylinders were mounted with their
valves facing upwards. The im-
mediately apparent disadvantage
with this configuration was that the
diver was not able to operate the
cylinder valves while diving but, since
this is not a requirement for a rec-
reational rebreather, it was considered
acceptable.

Successtul pool dives were then fol-
lowed by tests in the Mediterranean
Sea. Maximum depth was 40 msw,
maximum dive time was 70 min, and
the water temperature was 12 °C. The

pO, setpoint of the controller was
programmed to be 0.5 times the ambi-
ent pressure till a depth of 10 msw (es-
sentially a constant fraction mix with
50% O,) and at depth of >10 m con-
stant 1 bar pO,. All dives were success-
fully performed without incident.
Figure 11 shows depth and pO, dur-
ing a 40-msw test dive in the Mediter-
ranean Sea.

Discussion and
Conclusion

An innovative CCR prototype was
manufactured (Figure 12). This proto-
type combined a novel sensor concept
and an innovative loop design. The
voltammetric validation of the galvanic
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pO; sensor cells allowed recognition of
many sensor failures including aging
effects such as cathode passivation or
current limitation. For the first time,
an optical O, sensor has been used in
a rebreather. Even though optodes are
usually employed to measure traces
of O,, the circuit performed well for
pO, measurements up to 1.6 bar.
These optical pO, sensors are ex-
tremely robust, insensitive to humidity
and may, therefore, be an alternative
to traditional galvanic pO, sensors
used in rebreathers. However, while
readout of galvanic pO, sensors is rather
simple, optode signal processing is more
challenging: A 3-point calibration to-
gether with complex temperature com-
pensation is necessary. Nonetheless,
this research demonstrated that optical



FIGURE 10

€0, sensor output in a hyperbaric chamber with air containing 400 ppm CO,.
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FIGURE 11

Test dive in the Mediterranean Sea to a maximum depth of 40 m. Between surface and 10 m depth,
the p0, controller was set to maintain a constant fraction of 50% 0,. The pO, setpoint was 1 bar for
depths deeper than 10 m.
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pO, sensors can be successfully em-
ployed in rebreathers.

Further possibilities to integrate
optodes into CCRs exist. For example,
fitting them between the mushroom
direction valves inside the mouthpiece

FIGURE 12

Diver with the rebreather prototype in a wreck
in an Austrian lake.
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would allow assessment of inhaled as
well as exhaled pO,. Optodes can be
produced as single use parts with a pro-
duction cost of only cents. The sen-
sor film (the chemical layer) might be
mounted on an adhesive and replaced
for each dive; thus, any diver could use
a new sensor on each dive and the
aging of sensors would no longer be
of concern. Alternatively, the sensor
film might be sprayed or printed onto
CO, filter cartridges (Fischer et al.,
2010). In that way, each time a filter
is changed, the O, sensor would be
concurrently replaced by a new one.

Scrubber monitoring is an impor-
tant task in rebreather diving. While
existing single wavelength infrared
CO, monitoring is failure prone, dual
wavelength measurement has a ref-
erence channel, and therefore, erratic
readings, caused for example by con-
densation, can be detected and may
even be automatically corrected for.

The second approach of the current
paper addressed simplification of the
breathing loop. By integration of the
scrubber into the counterlung, it was
possible to reduce the amount of con-
nectors, bill of materials, and pre- and
postdive preparation time. A new
mouthpiece with optimized cross sec-
tions together with the simplified
counterlung scrubber concept has the
potential to significantly reduce work
of breathing, as demonstrated by the
laboratory measurements recorded by
a notified body.

The authors are convinced that re-
breathers will continue to increase in
popularity among recreational divers.
However, a rebreather must likely be
especially developed according to the
needs of recreational divers if it is to be-
come a market success. The current
paper has presented several new ap-
proaches including a new concept for
simplified mechanical design as well

as improved electronic control, which
may prove useful in future recreational
diving apparatus.
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Introduction

ead-up displays (HUDs), or near-
eye displays, are mounted directly in
close vicinity to the user’s eye. In this
position, they are always in the field
of vision allowing the user to read the
display without tilting the head or
moving an arm to bring a wrist-worn
device into the field of vision. HUDs
are currently a hot topic in the media
as well as in scientific journals. These
discussions focus on the impact they
may have on individuals and the soci-
ety, especially when individuals are
continuously updated with e-mails
and social media alerts. Google glass,

ABSTRACT

Rebreather divers use LED-based head-up displays (HUD) as a primary display
and warning device for the partial pressure of O, in the breathing loop. Such devices
are usually mounted on the mouthpiece of the rebreather in the field of vision of the
diver. LED-based HUDs are simple devices and can be designed so that they are easy
to understand but have limited information content. Few alphanumeric or graphical
screen-based HUDs have been developed in the past. Connecting such a device to a
rebreather requires cable links, which divers dislike, and increases the risk of entan-
glement. State-of-the-art wireless data transmission uses ultrasonic waves or low-
frequency electromagnetic waves; the former is not silent, and the latter achieves
only very low data transmission rates of a few bytes per second and does not
meet the antimagnetic standards required by military divers. The present paper de-
scribes a novel HUD system that incorporates a simple LED-based primary HUD
along with an advanced secondary head-up diving computer with a micro organic
LED screen. An optical infrared data transmission system is used to transmit all re-
breather relevant data from the primary to the secondary device. One prototype of the
system was manufactured and successfully tested in the laboratory according to rel-
evant European standards as well as during several dives in fresh and sea water.
Keywords: head-up display, near eye display rebreather, wireless underwater data

transmission

for instance, is expected to come out
later this year (Ackerman, 2013).
Near-eye displays have already
been used in professional and military
applications for several years, provid-
ing the user data about current posi-
tion, speed, and heading. Displays
with a graphical interface may also in-
clude a map. These displays provide
a hands-free solution and update the
user with data in real time, which may
be a strategic advantage in professional
and military applications.
Recreational divers usually choose
where and when they dive. They nor-
mally select dive sites with good visibil-
ity and are often led by a guide. In
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general, they do not perform dives
in which they will be required to be
continuously updated with naviga-
tional data. The need for information
is different for professional and mili-
tary divers, especially for Explosives
Ordnance Disposal (EOD), Special
Forces, and rescue divers. These divers
are expected to dive in the worst con-
ditions. They commonly face visibility
close to zero (silt out), where reading
a traditional wrist-worn diving com-
puter (DC) may be impossible. In
order to follow a predefined profile and
course, divers have to be updated con-
tinuously with information about head-
ing and depth, along with information



relevant to their breathing apparatus,
such as tank pressure and breathing
gas composition.

EOD divers use electronically
controlled closed circuit rebreathers
(ECCRYs) as a standard breathing appa-
ratus. In contrast to open circuit sys-
tems, most of the time, a failure of
such systems is not obvious, and the
diver has to rely on electronics and sen-
sors rather than subjective perception.
The most critical parameter in an
ECCR is the partial pressure of O,
(pO,) inside the breathing loop. Fail-
ure of the O, sensors may quickly
lead to a pO, above 1.6 bar or below
0.14 bar, a breathing mixture, which
is no longer life sustaining. Failure of
the pO, sensors is believed to be one
of the major causes of rebreather fatal-
ities (Vann et al., 2007). Therefore,
most modern rebreathers are equipped
with an HUD as a primary warning
device consisting of one or more
LED:s. It is placed on the mouthpiece
of the rebreather in a position where it
is always in the field of vision of the
diver. However, such LED-based sys-
tems have limited information content
since LEDs may only be switched on
or off. More information can be com-
municated by using blinking and
coded sequences; however, the down-
side of increased information is in-
creased complexity. HUDs must be
easy and clear to understand since in-
correct breathing gas mixtures, or fail-
ure of the rebreather, may influence
the mental readiness of the diver.

State-of-the-Art
Alphanumeric HUDs
for Diving

HUD:s with alphanumeric displays
for divers do already exist: The commer-
cially available CompuMask (Aeris)
and the DataMask (Oceanic) are recre-

ational DCs, which are fully integrated
into a traditional diving mask. They
are based on a liquid crystal display to-
gether with an optical system. These
HUDs are based on a closed-system
design, and therefore, no add-ons are
possible. Although the Data Mask is
well designed, it is only available in
one size, limiting its use.

Gallagher (1999) and Belcher et al.
(2003) developed head-mounted dis-
plays for EOD missions. These dis-
plays are larger and more expensive to
produce, have high power consump-
tion, and require cable connections.
Designed and manufactured as mili-
tary equipment, they are not available
to recreational divers.

Previously, we mounted a graphical
display with an optical system directly
to the mouthpiece of a rebreather (Koss
& Sieber, 2011a; Figures 3 and 4).
With a carefully positioned device,
good visualization of standard dive
data was achieved. However, mouth-
piece movements resulted in optical
misalignments where the display (par-
tially) moved out of sight. Later, we
achieved excellent results using the dis-
play with a full face mask; in this case,
the device was mechanically fixed in a
desirable position relative to the eyes.

Following the rebreather display,
we developed a technical DC with
Trimix (helium, nitrogen, and oxygen
breathing gas mixture) capabilities. As
an add-on to the primary wrist-worn
DC, an HUD was developed. Basically,
this HUD showed an identical copy of
the screen of the primary DC. As such,
it had no microprocessor and was not
able to work as a standalone unit with-
out the primary DC. This device fea-
tured a unique optical design: The
optical path of the system consisted
of a solid Polymethylmethacrylat
block, which was glued directly onto
the visor of a diving mask. The prisma-

shaped lens, which is mounted inside the
mask, produces a virtual image equiv-
alent to viewing a 400 x 200 mm? dis-
play at a comfortable reading distance
of 1 m. More detailed information can
be found in our previous work from
2011 (Koss & Sieber, 2011a, 2011b).
In general, the system worked well, but
mounting the device on a mask turned
out to be difficult; once glued onto the
visor, the position could no longer be
adjusted. Divers also found the cable
between the HUD and the primary
DC handset disturbing and irritating,
especially with rebreathers. Two cable
connections were required, one from
the DC to the rebreather and another
from the computer to the diver’s mask.

In our previous work (Sieber et al.,
2012), anew HUD system for full face
masks was described. Commercially
available “AGA style” full face masks
were retrofitted with a port into which
an HUD was introduced directly in
front of the user’s eye. To adjust the
device, it was possible to rotate the
HUD as well as to move it horizontally
(left or right).

Several HUD solutions were pre-
sented in the past; however, there is
no stand-alone device that is specifical-
ly developed for a rebreather and can
work without a separate handset or
controller unit. U.S. Navy EOD divers
currently use the MK16 rebreather.
These devices are equipped with a sim-
ple LED-based HUD. In contrast to
LED-based HUDs, graphical or alpha-
numerical displays have the big advan-
tage of being able to display a large
quantity of information but may be
more difficult to understand than a sim-
ple “red light” warning HUD. There-
fore, in a meeting with representatives
of the U.S. Navy, it was speculated
that the ideal solution could consist of
a two-component HUD system. This
would include a simple LED-based
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primary HUD, located on the rebreather
mouthpiece, and a secondary mask
worn organic LED (OLED) screen-
based HUD, combining the advantages
of both HUD design concepts. Ideally,
rebreather and dive data should be
transmitted to the secondary HUD
via a wireless link in order to avoid a
disturbing cable link (Koss & Sieber,
2011b). Rather than containing just a
simple display, the mask worn device
should preferably be a complete com-
puter incorporating a microcontroller,
pressure sensor, memory, and tilt-
compensated compass—all features that
one can also find in an advanced DC.
Moreover, the device should also have
sufficient processing power to perform
decompression calculations in real
time. The head-up DC (HUDC)
should be a standalone unit with an
integrated power supply, preferably re-
chargeable, and without any cable con-
nections. Another important feature
would be a tilt-compensated compass,
which should provide heading infor-
mation on the HUDC directly in the
line of sight, facilitating easier naviga-
tion. To the best of our knowledge, no
commercially available HUDs with an
integrated compass exist today.

The current paper details the re-
sults of a first feasibility study, which
focused on two goals:

- Research and development of a
wireless transmission technology
for the transmission of rebreather
data from the mouthpiece to
a mask worn device, with data
transmission rates of at least
1 kBit/s. Additionally, a simple
mouthpiece worn LED HUD
will be developed. This technol-
ogy should be able to pass anti-
magnetic requirements due to its
intended use by EOD divers.

- Development of a standalone
HUDC with a 32-bit microcon-

troller, digital pressure sensor, wire-
less interface, tilt-compensated
compass, high-contrast OLED
screen, rechargeable battery, and
Universal Serial Bus (USB) port.

Methods
Concept

The idea of the current project is a
dual HUD, consisting of a primary
LED-based HUD, located on the re-
breather mouthpiece, and a secondary
sophisticated HUDC with an inte-
grated OLED micro screen. While the
positioning of the primary LED-based
HUD was obvious and well proven in
the past by many rebreather manu-
factures, one of the main questions
remaining was where to mount the sec-
ondary HUD. Approaches from the
past showed that HUDs mounted on
the mask are easy to read. The optical
path split design (Koss & Sieber, 2011b)
was a good approach, especially when it
comes to water and pressure resistance,
but the inability to adjust the position
was a disadvantage. A potential solution
would be a one-piece HUD, mounted
on a support from the frame of the
mask, where the support could be de-
signed in a way that enables easy tilting
and rotation of the device.

The concept is displayed in Figure 1.
The primary HUD sits on the mouth-
piece of the rebreather and is connected
to it via a cable, which can be routed
along a breathing hose, so it does not dis-
turb the diver. A secondary HUDC is
mounted with a ball joint on the frame
of a diving mask. In addition to the ad-
justment of the HUDC, the ball joint
allows it to be tilted up and removed
from the line of site completely when
it is not required.

After discussions with EOD divers,
it became clear that a cable link to a
mask-mounted device will not likely
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be accepted by divers as it increases
the risk of entanglement. Divers would
favor a wireless solution.

Wireless Data Transmission
to the HUDC

Wireless systems used in SCUBA
diving are based on electromagnetic
data transmission with a low-frequency
carrier (5-32 KHz). For instance, the
DMRO1 (Dynatron, Switzerland)
(Mock & Voellm, 1992) is a low-
cost, low-power digital receiver for
underwater wireless data transmission
used in popular DCs from Uwatec,
Switzerland. Electromagnetic carrier
frequencies from 5 to 32 kHz allow
only low data transmission rates of a
few bytes per second. This is sufficient
to transmit simple data, such as tank
pressure, but not adequate for all of
the essential data from a rebreather
with an update rate of 1-2 Hz. Another
disadvantage of such systems is their
magnetic signature, which does not
allow their use during EOD missions.

An alternative underwater wireless
data transmission could be Bluetooth
or ZigBee-based devices, but with a
2.5-GHz carrier; the maximum trans-
mission distance in sea water is limited
to a few centimeters (Lloret et al.,
2012). Acoustic modems based on ul-
trasound are suitable for underwater
data transmission; however, as stealth
and silence is of utmost importance
for EOD and Special Forces divers,
in general, such data transmission is
also not acceptable. Optical data trans-
mission fulfills antimagnetic require-
ments and is silent, but it requires
a free line of sight between the trans-
mitter and the receiver. In the case of
an HUD, this line of sight can be
achieved by placing the transmitter
on the mouthpiece and the receiver
directly above the secondary HUDC.
The required transmitting distance



FIGURE 1

The primary HUD is located on the mouthpiece, and the secondary HUD is located on the frame of
the diving mask. The primary HUD transmits data via an IR link.
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of magnitudes higher than that of
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Transmission Protocols

A variety of IR data transmission
protocols exist. Before Bluetooth be-
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puter. IrDA hardware is still available,
but the complete implementation of
IrDA requires a substantial software
effort; in particular, the IrDA stack
(required for pairing, handshaking,
and controlling the data transmission)
consisting of multiple layers has to
be implemented. Other disadvantages
of IrDA are the relatively short trans-
mission range and its high sensitivity
to external disturbances. While [rDA
allows data rates of up to 1 GBit/s,
the required data bandwidth for the
rebreather is, at maximum, only a
few hundred bits per second.

IR systems commonly found in the
remote controls of home entertain-
ment systems present an additional

and simpler option. These systems
use a variety of methods for coding,
for example, phase coding, pulse dis-
tance coding, or pulse length coding
(Vishay, 2013). Although these codes
are simple to implement, when it
comes to transmitting several tens of
bytes, it would be more favorable to
use a preexisting hardware interface
for the microcontroller. Instead of
using software coding, it is possible
to use the Universal Asynchronous
Receiver/Transmitter (USART) inter-
face at a suitable baud rate, in partic-
ular, the USART TX signal, to switch
on and off a 36-kHz signal, which
is then driving the IR diode. An
ATxmega32A4 processor (Atmel) was
chosen for the primary HUD. One of
the internal timers is configured to
generate a 36-kHz pulse width modu-
lator (PWM) signal with a duty cycle
0f 10%. The output of the USART in-
terface is configured as logic “and”
with the PWM output signal and
then further used to directly drive the
IR diode.

Demodulation of the signal is sim-
ple; the output of a suitable integrated
demodulation circuit (TSOP 2136,
Vishay) can be connected directly to
the USART Rx pin of the AVR32
(Atmel) microcontroller of the second-
ary HUDC. The baud rate of the
transmitter has to be carefully selected
in order to match the specification of
the receiver for minimum and max-
imum pulse length. When using a
36-kHz receiver, 2,400 bits/s is a suit-
able data transmission rate. If higher
data rates are required, one may use a
450-kHz receiver and transmit with
19,200 bit/s; however, these receivers
are difficult to find on the market.

Primary HUD Design
Figure 2 displays the overall elec-
tronic system layout. The core element
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FIGURE 2

Electronic layout of the HUD system.
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of the primary HUD is an 8-bir,
low-power, ATxmega32 processor.
This processor was chosen for four
reasons:
- The 10-channel internal 12-bit
analog-to-digital converter (ADC)
with programmable amplification
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allows the readout of galvanic O,
sensors, as well as analog low-cost
tank pressure sensors, without any
additional analog circuitry.

- The internal clock of the processor
is calibrated; thus, no external

crystal is required.

- Atmel’s pico power technology al-
lows an ultralow standby current
of 0.7 pA, allowing a substantial
reduction of the overall power
consumption.

- The I/O (input/output) can be con-
figured in many ways, including
the hardware logic, “and” especially
useful for the IR transmission.

One 4.2-V rechargeable Li Ion
battery is used to power the circuit.
Up to three O, sensor cells can be
connected to the internal ADC through
an 8-pin waterproof connector. This
connector also allows access to the cir-
cuit programming interface and serves
as a port to recharge the Li Ion bat-
tery. One I/O pin and a ground are
used as water contact to switch on
the primary HUD. Short-circuiting
the contacts directly after startup en-
ables the calibration mode.

Using IR remote control hardware,
data transmitted are unidirectional.
The primary HUD is programmed to
transmit data via USART two times
per second. The data are organized in
a struct and include the pO, of three
galvanic O, sensors, mV reading of
the sensors, and tank pressures with a
resolution of 0.1 bar (range: 0—300 bar).
After the primary HUD is switched
on, it sends an additional struct con-
taining the serial number of the micro-
controller, the software version, and all
calibration data (mV readings of the
O, sensors in O,, ADC offset of the
tank pressure sensors at 0 bar, and
ADC readings at 200 bar tank pres-
sure). An 8-bit checksum is included
as the last 8-bit entry in each struct
in order to detect transmission errors.
Each struct consists of 24 bytes in
total, and one transmission takes ap-
proximately 100 ms. In order not to
block the processor during the trans-
mission, the direct memory access is

used to send the data for the USART



interface, so the microcontroller is free
to process other tasks during the trans-
mission of data.

Secondary HUDC Design
Rather than using an 8-bit micro-
processor, as found in the primary
HUD, an advanced 32-bit processor
was selected. The main reason for
this is that this processor also permits
the calculation of modern and mathe-
matically advanced decompression
models in real time; otherwise, simpli-
fications are required to calculate sim-
ilar decompression schedules on an
8-bit processor (Kuch et al., 2011).
The main specifications of the selected
32-bit AT32UC3B0256 processor
include
- 256-kByte flash ram
- 32-kByte ram
- 10-bit ADC
- 1.8-V core voltage
- USB connector, including USB
host
- direct memory access for serial pe-
ripheral interface (SPI), USART,
and 12C
- event control system
- 12- to 66-MHz clock
One drawback of using microcontrol-
lers with different architectures as in
this case is the different endian signed-
ness, which has to be taken into ac-
count when transmitting data from
the 8-bit to the 32-bit microprocessor
of more than 1 byte in size (e.g., float,
double, etc.). A 96 x 64 pixel OLED
display is connected to the micro-
processor via the SPI and operates at
12 MHz. A step-up converter gener-
ates the required OLED drive voltage
of 14 V. A 64-Mbit flash memory is
incorporated to store dive relevant
data, which are organized in a file
allocation table (FAT) 16-file format.
Once the microcontroller is connected
to a USB bus, the internal memory is

recognized as mass storage memory,
similar to a memory stick, and dive
data can be read with file browsers
like Windows Explorer. Depth is
measured with a 24-bit digital pres-
sure sensor (MS5803-14, Measure-
ment Specialties, Switzerland). Data
are read out via 12C interface two
times per second. The conversion
time of the sensor at its highest reso-
lution is 10 ms. A digital three-axis
magnetometer/accelerometer is con-
nected to the microprocessor via 12C
bus as well. It is used to calculate tilt
and roll angles as well as the compass
heading (ST Microelectronics, 2010).
As in the primary HUD, a recharge-
able Li Ion battery (type 16340) is in-
cluded. An integrated charger circuit
(MAX1555, Maxim IC) allows charg-
ing of the battery via USB in approx-
imately 8 h. Two piezo discs are used
as input buttons and are bonded to
the inside of the polycarbonate hous-
ing with cyanacrylate glue. Pressing
on the polycarbonate housing slightly
deflects the piezo discs, generating a
small voltage, which is sufficient to
trigger an external interrupt on an
I/O pin of the microprocessor. Except
for one parallel load resistor of 1 MQ,
no additional analog signal condition-
ing circuits are necessary to interface
the piezo discs. All of the electronic
components are placed on a four-

layer board with overall dimensions
of 26 x 26 mm®.

Optical Design

A typical HUD for diving is
mounted in close vicinity (5-10 c¢m)
from the diver’s eye. A person with nor-
mal eyesight cannot focus on such short
distances; thus, an optical system has to
be introduced. In its simplest form, it
consists of a single convex lens placed
between the screen and the eye.

The smallest passive OLED screens
available in small quantities have a di-
agonal of 0.6-1 inch. A single convex
lens is magnifying the screen, which
causes distortions of the image. In a
previous paper, we described a two-
lens system consisting of a concave
lens and a convex lens. In this arrange-
ment, an optical magnification of ap-
proximately 1 was achieved, which
delivered good results in terms of read-
ability. However, the lenses had a
diameter, which was small compared
to the OLED screen resulting in a
small optical aperture. This caused a
high loss of brightness, which made
it difficult to read the display on the
surface in bright sun.

The optical design of the secondary
HUDOC is detailed in Figure 3. It uses
two lenses as well, but in contrast to
our earlier system (Sieber et al., 2012),
the concave lens, which is placed in
10-mm distance of the OLED, has
a much larger diameter resulting
in a brighter HUDC. The eyepiece
is formed from a computer numer-
ical control (CNC) machined plano-
convex lens with a focal length of
45 mm. The plane side is in contact
with water. Between the two lenses,
a single-surface stainless steel mirror
is placed to fold the optical path and
reduce the overall dimensions. To be
able to estimate the pressure resistance,
a finite element analysis was done. The
first prototypes of the housing, de-
signed in SolidWorks 2011 (Dassault
Systemes), were CNC milled from
black PVC (Figure 4).

Assembly

The optical parts were bonded to
the PVC housing with ultraviolet cur-
able glue. Before the lenses were in-
serted, the cavity inside the HUD
was flushed with dry and clean air
from a SCUBA tank to avoid water

November/December 2013  Volume 47 Number 6 47



FIGURE 3

The optical path of the secondary HUD consists of two lenses and a single surface mirror.
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FIGURE 4

The primary HUD features two tank pressure
sensors and can be connected to three galvanic
p0, sensors.

condensation on the front lens during
cold water diving. The electronic com-
partment was encapsulated in black
polyurethane.

Software Development for
the Primary HUD

The primary HUD reads up to
three pO, sensors and two tank pres-
sure sensors with a sampling rate of
1 Hz. Data are transmitted via an IR

Battery
compartment

i plano convex

/ lens

link at 2,400 bit/s. To reduce the over-
all power consumption of the primary
HUD, the ATXmeage remains in sleep
mode as long as the device is out of the
water. In order to detect an immersion,
there are two water contacts at the side
of the housing. One is connected to
the ground, while the other one is
connected to an I/O pin of the micro-
controller. As soon as they are electri-
cally connected (e.g., by water), an
external interrupt is triggered, and
the microprocessor wakes up. After
a short initialization routine, which
among other things initializes all the
sensors, the program enters its normal
operation mode. Ten seconds after
leaving the water, detected again by
the water contacts, the program sets
the microprocessor back into sleep
mode.

During normal operation, a bicol-
ored LED informs the diver about
the current status of the rebreather.
To keep it simple, we limited the num-
ber of different blinking codes to four.
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1. Green blinking, 500 ms on, 0.5 Hz:
Everything is ok—the program runs,
and all sensor values are within pre-
defined limits.

2. Red blinking, 500 ms on, 0.5 Hz:
Tells the diver to check the pO,
—at least one of the oxygen sensors
reads a pO, below 0.3 bar or above
1.5 bar.

3. Redblinking, 500 ms on, 1 Hz: Tells
the diver that the pO, has reached
a critical value—at least one of the
oxygen sensors reads a pO, below
0.15 bar or above 1.6 bar.

4. No blinking: System is either off
(which cannot happen under water,
as long as the battery is not empty) or
there is some sort of system failure.

Additionally, the LED is used to

communicate with the diver during

calibration.

Since the included tank pressure
sensors do not age, we hard-coded
the calibration values for these sensors.
Unfortunately, this is not possible for
the oxygen sensors for two reasons.
First, the divers can attach whatever
galvanic oxygen sensor they want.
Second, the output characteristic of
galvanic oxygen sensors changes over
their lifetime, which means recalibra-
tion will be inevitable.

To make the primary HUD as
robust as possible, no buttons were
included into the design. However,
an input capability is required to initi-
ate a sensor calibration. To solve this
issue, a circuit was integrated that mea-
sures the resistance between the two
wet contacts. Therefore, it is possible
to differentiate between conductivity
of water and, for instance, a metal.
Based on this, a simple switching func-
tion was implemented: Within a short
timeframe of a few seconds after primary
HUD activation, the water contacts can
be short circuited with a metal piece
to initiate a pO, sensor calibration.



Calibration can be carried out either
in air or in pure O,.

Software Development for

the Secondary HUDC
Depth Measurement and
Decompression Modeling

The ambient pressure and surface
pressure are acquired with a 24-bit dig-
ital pressure sensor. Pressure to depth
conversion is performed according to
the European Standard EN13319
where an increase of 1 bar of pressure
results in a depth reading of 10 m.

In the first prototype, a Buehlmann
ZH-L16C algorithm is implemented
(Buehlmann et al., 2002) for decom-
pression calculations. Nitrox (oxygen-
enriched gas) and Trimix for open
circuit and closed circuit diving are
supported. Gradient factors (Baker,
1998) allow a personalized adaptation
of the decompression schedule. A desk-
top software was developed under
National Instruments Lab Windows
to validate the decompression model
against the original implementation
from Baker.

Heading Calculation

An electronic compass can be
designed from two orthogonally
mounted magnetometers (two-axis
magnetometer). These magnetometers
are used to measure a 2D magnetic
vector, which is then used for the head-
ing calculation. It is necessary to hold
the magnetometers horizontally, just
like a traditional mechanical compass.
When diving, where one is moving in
a 3D space, typically no horizontal ref-
erence is available. Consequently, the
compass is usually at least slightly
tilted, and a single two-axis magne-
tometer would produce incorrect
heading calculation. In cases of small
tilt angles (usually referred to as pitch

and roll), compensation can be achieved
with a two-axis accelerometer. Since
the accelerometer output is subject to
gravity, pitch and roll can be calculated
directly from the acceleration vector.
The angles are then used to calculate
a tilt-compensated heading.

This compensation works reason-
ably well for small tilt angles. The
HUDC, however, is mounted in a
way that, when the diver adjusts the
device by rotating it, a rather large
pitch angle results. In such cases, sim-
ple compass designs based on two-axis
magnetometer and two-axis acceler-
ometer typically fail. Therefore, a
three-axial magnetometer and a
three-axial compass were integrated
into the HUDC. This allows assess-
ment of a true 3D magnetic and accel-
eration vector, which is then the basis
for a tilt-compensated heading calcula-
tion (ST Microelectronics, 2010).

Such electronic compasses are sub-
ject to interferences and distortions
requiring calibration to compensate.
Two types of distortions influence
the reading of the magnetometer.
Hard iron distortions result only in
an offset of the magnetic vectors. A cal-
ibration routine was implemented,
which collects magnetometer readings
while the device is randomly rotated in
three dimensions by the user. Maximal
and minimal readings are collected for
each vector and used to calculate offset
and gain for each magnetometer axis
(Sieber et al., 2012). Soft iron distor-
tions are difficult to compensate; there-
fore, a careful layout of the electronic
circuit was required, where compo-
nents containing nickel and others
were placed in a safe distance of a few
millimeters of the magnetometer.

File System and USB Mode

In predefined time intervals, all
dive-relevant data including depth,

dive time, tissue tensions, pO,, tank
pressures, and decompression obliga-
tions are stored in files in a FAT 16-file
system on the internal 64-MBit flash
memory. All system-relevant events like
startup time and date, user calibrations,
or eventual hardware failures are stored
in a separate file to achieve a continu-
ous record of operation.

The secondary HUDC can be
connected to the USB port of a per-
sonal computer or Android mobile
phone. The HUDC is recognized as a
mass storage device, and the files can
be accessed. Additionally, it is also pos-
sible to upload a new firmware file,
which is automatically updated after
switching off the HUDC.

Results

One prototype each of the primary
HUD and the secondary HUDC were
assembled. These electronics were en-
capsulated in black polyurethane resin.
A ball joint support was machined out
of a PVC body and bonded to the
frame of a diving mask.

The primary HUD is simple to in-
stall. As the input impedance of the
three pO, channels is 50 kQ and all
three channels are independent from
each other, it is possible to connect
the HUD sensor interface to preexist-
ing sensor readout hardware. For O,
and diluent tank pressure readout,
the HUD tank pressure sensors are
connected to the first stages with off-
the-shelf high-pressure hoses.

Initially, the assembled system was
tested in an experimental pressure
chamber to a maximum depth of
130 msw. After this test was success-
fully completed, the devices were
mounted to an experimental, electron-
ically controlled rebreather. Several
in-water tests were carried out to a
maximum depth of 10 mfw in an
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indoor pool and at 30 msw in the
Mediterranean Sea (Figure 5). During
all the tests, the system worked flaw-
lessly. An inbuilt test program, which
checks the cyclic redundancy check
of the transmitted data packages,
showed that, in the pool, all received
data packages were correct. In low
visibility (<0.5 m) in a lake, less than
0.1% of the transmitted packages
were corrupt.

A group of Special Forces test divers
tried the mask during the Experience
Week at Grundlsee, Austria (organized
by Outer Limits, Austria). All divers re-
ported that the image of the HUDC is
clearly readable even when the silt is
stirred up. The divers appreciated this
true hands-free DC solution, especially
when operating scooters or other
underwater equipment.

The main specifications of the two
devices are summarized below.
Primary HUD:

Battery: rechargeable Li Ion

Battery, 4.2 V, Trustfire 16340

Power consumption: 10 mA > 2 years

in standby mode

Estimated autonomy: 60 h

Dual-color LED (red and green)

IR diode, 950 nm

Resolution of the pO, sensor ADC:

0.1 mV

Resolution of the tank pressure

reading: 0.1 bar

FIGURE 5
Diver with a prototype of the HUD system.

Secondary HUDC:
Processor: 32 bit, AVR32UC3B256,
12 MHz
14-bar ambient pressure sensor, 24 bit
64-MBit internal flash memory
Battery: rechargeable Li Ion
Battery, 4.2 V, Trustfire 16340
Power consumption: 25 mA,
32 pA, standby
Autonomy: 25 h in diving, 2 years
in standby mode
Compass accuracy: +2° for tilt
angles up to +45°, +4° for tilt
angles between 45° and 70°
Size: 52 x 52 x 56 mm’
Weight: 91 g including the battery
Size and distance of the virtual
image: approximately 30 x 20 cm”
in 1-m virtual distance
Size of the visor: 20 x 16 mm®
The HUD system was tested accord-
ing to EN250 and EN13319. Tests
were carried out at DEKRA (notified
body for personal protective equip-
ment) in Essen, Germany. One con-
cern was if the water absorption of the
potting resin (Wevo 552 FL) could af-
fect the function of the device. Accord-
ing to the specifications of the supplier,
the water absorption of the potting
material is less than 0.16%. In an ex-
periment, an AtXmega processor was
encapsulated with the resin and stored
in artificial sea water for a period of
2 weeks at room temperature. No
changes in functionality or electrical
properties of the processor could be
observed. The electrical sleep current
of the processor before and after the
experiment was 0.7 pA; therefore, we
concluded that the storage of the
potted processor in sea water had no
negative effects.

Conclusion

A novel HUD system was devel-
oped, which consists of a simple LED
primary HUD located on the re-
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breather mouthpiece and an advanced
OLED-based secondary HUDC,
which is mounted on the frame of a
diving mask. The primary HUD
reads three pO, sensors and two tank
pressure sensors. A dual-color LED
serves as a primary diver warning de-
vice. All data are transmitted via an
IR link to the secondary HUDC,
which also serves as a dive computer.
Unlike other wireless underwater data
transmission methods, the IR link can
pass antimagnetic requirements, elim-
inating the need for cable connections,
and is therefore useful for EOD divers.
At the same time, it was shown that it
is possible to miniaturize the HUDC
to such an extent that it can easily be
worn on the diver’s mask without
making the mask bulky.

The primary HUD as a first warn-
ing device is very simple to understand.
The secondary HUDC presents all
dive relevant information, including
decompression obligations direction-
ally heading to the diver. These design
elements provide a unique advantage,
especially in low visibility or “silt out”
conditions, where the reading of a
wrist-worn DC handset is difficult or
even impossible.
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Introduction
Historical Overview

he promise of undersea living or
improving the experience of scientists
and explorers along continental shelf
margins has largely eluded modern
ocean exploration efforts for more
than halfa century. The grander vision
of realizing permanent undersea resi-
dence and colonies suffered setbacks
that can be traced to the fall of the
Sealab program in 1969 (Hellwarth,
2012). Although efforts in undersea
living and habitation for science con-
tinue with government support in the
United States, meaningful advance-
ments and ambitions in terms of
depth and duration have been consid-
erably scaled back and remain precari-
ous, with all missions taking place in
relatively shallow waters. Most signifi-
cantly, despite a record of successful
missions, NOAA’s Aquarius Reef

ABSTRACT

Undersea living in the science community has effectively risen and fallen within
the last half century. The paradigm of residing on the seafloor within a fixed, per-
manent structure, while body tissues are saturated with inert breathing gasses, pro-
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from surface support augmentation requirements typical of the existing alternatives
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development applications that these habitats make possible.

Keywords: underwater habitat, rebreather, mixed-gas, scientific diving, decompression

Base Habitat in Key Largo, Florida,
recently faced imminent shutdown
due to loss of federal support in the
wake of the United States’ financial
crises. Fortunately, the Aquarius Pro-
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gram was rekindled with support
from Florida International University
in 2013 (Mesophotic.org, 2013) and
currently remains the last perma-
nent undersea habitat dedicated to



supporting scientific missions in the
United States.

Living underwater has found some
justifiable merit in the commercial
sector, where industry-driven profits
from resource exploitation provide
sufficient capital to underwrite the
substantial costs of the required tech-
nology and infrastructure to operate
safely. Although it is commonly un-
derstood that risk aversion supports
a trend toward replacing humans
working underwater with new appli-
cations of advanced robotics and au-
tomated systems, such technologies
are often viewed as permanent replace-
ments. This misperception dates back
to the early 1960s; the same time frame
of the undersea habitation and
resource exploitation boom—a time
when the Shell Corporation claimed
to have a robot that would “replace”
divers (The Times News, 1962).
Today, the fact remains that, more
than a half century later, this re-
placement has not occurred. Placing
humans on the seafloor to conduct
meaningful work, across a multitude
of industry and scientific communi-
ties, is still occurring with great fre-
quency and is in high demand. In the
scientific diving community, a small
subset of occupationally classed diving
operations, more than 100,000 dives
are conducted annually within the
United States (Dardeau et al., 2012).
However, many of the same struggles
exposed in the Sealab program (and
similar habitat programs) remain: pre-
dominantly the aversion to accepting
risk associated with the fundamental
driver of placing humans on the sea-
floor, at unexplored or unstudied
depths, and for periods of time to
allow for productive work. At the
core of these struggles is the challenge
of effectively coupling human physio-
logical limits with emerging tech-

nological approaches in ways that
fundamentally improve the capacity
for human intervention and innova-
tion within the marine environment
and on the seafloor, across the spec-
trum of both depth and time.

The Need for Novel
Technologies That Support
Improved Human
Intervention Techniques

Marine scientists represent a popu-
lation whose work requires scientific
diving as a tool to afford observation
and data gathering of diverse environ-
mental parameters and personal inter-
action with seafloor flora and fauna.
Given massive costs for operations,
permanent undersea habitats offer
very limited and largely ineffective op-
portunities for a growing scientific div-
ing population that generally operates
on lean field program budgets and thus
increasingly can only afford to conduct
fieldwork opportunistically.

According to the American Acad-
emy of Underwater Sciences (AAUS)
statistics reviewed from 1998 to
2012, there is a declining trend in
both number of diver end-users and
cumulative dives conducted from satu-
ration (Figure 1). This is likely the re-
sult of realizing the limitations with
shallow saturation diving as a tool for
scientific diving, where geographical
range is restricted to the habitat’s
home base and depth is restricted to
the immediate bathymetry. As the sci-
ence community considers extending
time underwater, increasing mobility,
investigating a variety of sites, and ex-
tending operations to remote locales,
the adoption of more advanced diving
technologies and techniques are being
explored. and their use is on the rise
(Figure 1) with the desired intent of
using these as “commodity tools.”
This commodity-style approach to

diving has already occurred in the con-
vention afforded by open-circuit
scuba, where this mode of diving has
become a standard tool in every diving
scientists’ toolbox (in contrast to the
inaccessibility of saturation or habita-
tion models of fixed, controlled, costly,
and permanent assets). This trend to-
ward the broader adoption (or the
commoditization) of increasingly ad-
vanced diving modalities is evident
in Figure 1. These advanced modes
offer opportunities for deeper depths
and longer durations—effectively im-
provements on the prior commodity
convention—and are evidence that
scientific divers and exploration com-
munities are both interested in and
beginning to exert significant efforts
to spend more time underwater in a
cost-effective manner and with the op-
portunity to employ such capabilities
across broader geographical locales
than afforded with saturation diving.
Commodity technologies (open-
circuit scuba) enabling end-user divers
to effectively “pick up and go diving”
have become effective for surface-to-
surface scientific excursions in numer-
ous types of environments, especially
in remote environments, and to a
broad spectrum of depths for decades.
While trends in wet diving techniques
indicate increasing use of frequency
for decompression, rebreather, and
mixed-gas diving, scientific diving ac-
tivities below 60 msw (190 fsw thresh-
old for AAUS depth reporting) have
remained relatively constant (Figure 1).
This may be due to several factors,
including difficulty in attaining and
maintaining deep diving proficiency
within short field seasons, regulatory
complexities such as insurance and lia-
bility concerns, and somewhat complex
operational standards enforced at the
home or host institution. Furthermore,
limitations of working time at these
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FIGURE 1

Trends in scientific divers’ use of mixed-gas and rebreathers as modes of diving and in required decompression and saturation environments since
1998. Left graph indicates number of divers over time. Right graph indicates number of dives conducted over time. Data extracted from AAUS statistics

database, accessed May 9, 2013.
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depths, due to both the equipment
required to be carried and the prac-
ticalities of carrying out lengthy de-
compression while exposed to the
marine environment, can be psycho-
logical deterrents from carrying out
decompression dives.

With the increasing availability of
new commodity tools that improve
human intervention within the marine
environment and the resulting evi-
dent trend (Figure 1) in an increase
of mixed-gas, decompression, and re-
breather dives over time (but notably,
not with increased depth), scientific
divers are seeking to spend much greater
time durations in the water. Looking
ahead, as the existing advanced modes
reach their limits in terms of these
parameters, it is logical to consider
the next steps in improving technolo-
gies or developing new technologies
that support human intervention and
how to make these increasingly acces-
sible to the community that desires to
use and benefit from them.

Our Realized Justification
to Address the Need for
Novel Technologies
Scientific field programs conducted

in the Tongue of the Ocean (TOTO),
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Andros, Bahamas (2010) and Exuma
Sound, the Exumas, Bahamas (2011)
provided novel access to mesophotic
coral ecosystems (generally 60-
130 msw; Puglise et al., 2009) using
mixed-gas closed-circuit rebreathers
(CCRs) (Lombardi & Godfrey, 2011).
Dives were conducted to greater than
120 msw at each respective location
by an autonomous team of two indi-
vidual self-contained scientific divers
without incident. While the dives
were productive, with >35 min spent
working at depths deeper than
80 msw on each dive, shallow decom-
pression requirements accounted for
the vast majority of the in-water dive
time, that is, over 85 min or about
66% of total in-water time (Figure 2).
Generally, these lengthy decompres-
sion exposures were cause for keeping
planned total run times to less than
3 h for subsequent dives. This afforded
contingency dive profiles of up to 4 h,
which remains within the functional
limitations of the divers” autonomous
life support package. This package
included a rebreather device and open-
circuit bailout supplies that can be rea-
sonably carried by each independent
diver (not more than three AL80 cylin-
ders each) while working from a small
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vessel. Predive plans indicated that lon-
ger dives would push the limits of the
full primary life support capacity rea-
sonably carried by a single diver while
working independently, free of surface
or in-water support. Working bottom
times were consequently restricted.
The scientific success and incident-
free nature of the dives are encouraging
with respect to extending both depth
and duration of future dive profiles in
ways that aim to improve interven-
tion capacity and discovery potential.
Lombardi and Godfrey (2011) de-
scribe approaching these working
dives within the vertical Mesophotic
Coral Ecosystem (vMCE) using a
phased approach. While each identi-
fied dive phase (Figure 2) warrants fur-
ther evaluation, the foremost resulting
interest is to address the decompres-
sion phase of these deep dives. Decom-
pression was carried out according to
onboard rebreather computers using
the Buhlman algorithm with gradient
factors. Varied gradient factors, GF
5/95,10/95, and 30/85, were anecdot-
ally experimented with in an effort to
maximize time spent on the vertical
wall habitat. While ascending across
the vertical plain, the ascent and early
decompression can be coupled with



FIGURE 2

Sample scientific diving profile while working within the vMCE (in Lombardi & Godfrey, 2011). Profile breaks dive into phases based on specific
operating procedures within that portion of the dive. Phase 4 indicates the lengthy decompression phase of the dive.
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more productive work and thus reduce
idle time spent in midwater while solely
decompressing. Generally, the divers
noted minimal work productivity ben-
efits while forcing deeper decompres-
sion stops (GF 5/95) and therefore
used GF 30/85 for all subsequently
planned dives.

While mission objectives are typi-
cally completed before reaching the
final stages of decompression, the lon-
gest portion of the in-water exposure
remains. In this phase of the dive,
ascending to the surface, without em-

ploying cumbersome surface technical
support such as a pressurized bell, is
not a viable option in the event of
any in-water incidents, given the im-
minent threat of decompression sick-
ness. Utilizing GF 30/85 encourages
longer and shallower decompression
stops. These stops account for the lon-
gest phase of in-water time, greater
than 66% of the full surface to surface
in-water immersion (Figure 2). The
dive team described the final decom-
pression phases for lengthy Mesopho-
tic zone scientific exploration dives as

“wet, cold, and cumbersome.” During
working dives conducted to 120 msw
and greater, it was not uncommon to
incur greater than 90 min of decom-
pression at the 6 msw stop alone.
These decompression phases are gen-
erally regarded as unproductive blocks
of dive time.

Prior to engaging in a 2012 field
season, the dive team sought to address
the activity hazards associated with
this lengthy decompression in this
open-water environment (Figure 3).
While hazards associated with equipment
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FIGURE 3

Activity hazard analysis for the Phase 4 portion of decompression dives. Categorical hazards include those associated with environmental exposure,
equipment used, and diver operations. Benefits and controls afforded by habitat use are identified for each categorical hazard.
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and operational procedures are fac-
tors, it became evident that many
of these lengthy decompression
activity hazards could be remedied
by mitigating the risks associated
with environmental exposure/immersion
by the diver—removing the diver
from the wet environment.

With the intent of extending work-
ing bottom times for future work and
consequently incurring longer decom-
pression obligations, the dive team
moved forward with the design, con-
struction, experimental deployment,
and subsequent mission integration
of a portable inflatable habitat as a pos-
sible solution to mitigate the activity
hazards of lengthy decompression con-
ducted by an autonomous team in an
open-water environment.

Materials and Methods

Mission logistics for operating in a
remote location with an autonomous
two-person team, as well as study of
prior art including Edwin’s Link Sub-
mersible Portable Inflatable Dwelling
(Maclnnis, 1966), led to the choice
of a flexible form-factor over a rigid
structure for the purpose of ease of
transport. Concept sketches (Figure 4)
were generated to describe the basic
envelope sought for the development
project. The envelope pursued for de-
velopment was a collapsible under-
water tent, supported by a bridle
attached to an anchorage, to be de-
ployed to a fixed depth corresponding
to the lengthy decompression that ex-
tended depth and duration dive excur-
sions require. The tent structure would
be equipped with bench seats and pro-
vide valve assemblies for inflation and
deflation as necessary for both deploy-
ment and atmospheric management.
This structure allows for variable life
support systems to be integrated de-

FIGURE 4

Concept sketches of portable inflatable habitat structure in use. Habitat deployed at the reef crest
serving as hub for dive staging (left). Two divers rest in habitat while each breathing independent
primary life support used during the dive excursion (middle). Two divers rest in habitat while
each breathing independent habitat-staged primary life support (right).

pending on mission requirements. The
basic design envelope was developed
over a period of 1 year and reflected
the product of industry, academic,
and private sector collaboration.

Design and Construction
System components include the
following:

Tent/Shell

The primary structure is a 60-inch
diameter by 60-inch tall fabric rein-
forced open-bottom vinyl shell sup-
ported by six 2-inch nylon safety
straps and six stainless steel triangular
fixation points. A tubular aluminum
frame is athxed to 16 perimeter grom-
mets RF welded to the inside perimeter
of the shell, which support two bench
seats. The shell includes three windows
at eye level to permit outside obser-
vation. The tent is plumbed with two
%-inch NPT ports allowing fixation of
quarter turn ball valves, one on the in-
terior and one on the exterior, to allow
for venting gas from the system. At
100% inflation, the tent/shell exerts
5,500 Ib of buoyant force across the
bridle.

Bridle

Six 20-foot-long straps (rated at
2,500 Ib working strength each in
choke configuration) are fixed one to
each of the six stainless steel triangular
fixation points. These join to two
20-foot long straps (rated at 8,800 lb
working strength each in vertical con-
figuration) connected by a 1-inch gal-
vanized shackle (17,000 Ib rated
working strength). Each of the two
downward straps is fixed to the an-
chorage, one via a three-quarter-inch
shackle (9,500 Ib rated working
strength) and the other choked directly
to the anchor pin.

Anchorage

The anchorage consists of a prior
installed stainless eye pin drilled and
epoxied into coral reef under an envi-
ronmentally friendly mooring pro-
gram installation coordinated by
Environmental Moorings Interna-
tional while under contract with
NOAA’s Caribbean Marine Research
Center. Previous tests in similar sub-
strate indicate that the stainless pin
will deform under a 20,000-1b pull
test, with no pullout (Halas, personal
communication, 2010).
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Life Systems

For the initial experimental deploy-
ment, divers shed their open-circuit
bailout cylinders and donned only
their CCRs inside the habitat during
lengthy decompression. No life sup-
port is provided by the surface.

Experimental Deployment

An experimental deployment
was carried out at the Bock Wall dive
site, Exumas, Bahamas (N 23.832,
W -76.1529). This is one of the
prior sites included in a regional envi-
ronmental mooring program im-
plemented by NOAA’s Caribbean
Marine Research Center. This site
was chosen given the opportunistic
stainless eye pin anchorage (Figure 5)
that sits at the reef crest at approxi-

FIGURE 5

mately 20 msw and is immediately ad-
jacent to the vertical MCE. Such
permanent mooring hardware is now
commonly used in tropical and sub-
tropical environments with moderate
to heavy vessel and dive traffic to avoid
damage to coral reefs by dropping an
anchor from the vessel.

The tent/shell and bridle were
assembled at the surface prior to the
dive, with careful inspections made of
each fixation point. The system was
folded and tied into a reasonably man-
aged package to be carried by a single
diver (Figure 5). The system was de-
ployed in less than 30 min by the
two-person dive team. Diver 1 entered
the water, and the habitat system was
handed to them from the vessel.
Diver 2 entered the water and was
handed the bench seat array. The

Image plate revealing system components. Bench seat array from below (top left). Shackle mating
bottom and top portions of bridle assembly (middle left). Stainless eye pin anchorage (bottom
left). System packed for transport (bottom second from left). Habitat tent outstretched for inspec-
tion (bottom third from left). Authors Lombardi and Fryburg discuss design (bottom right).
System successfully deployed and in use during lengthy decompression (main frame).
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divers descended together, with the
system, to the anchorage point and se-
cured the two bottom straps making
up the lower portion of the bridle.
Lines used to pack the habitat for
transport were removed and stowed.
A small quantity of air was expelled
from an independent aluminum 80
cubic foot scuba cylinder (AL80) into
the bottom of the habitat, causing it
to rise and extend the bridle.

The divers ascended, following the
outstretched bridle, again inspecting
its condition. The habitat was then
reached, which rested at a depth of ap-
proximately 7 msw. The balance of the
scuba cylinder was expelled into the
habitat, causing it to displace all but
the lower 1 foot of water in the habitat
and to exert its maximum force on the
bridle. Diver 2 placed the bench seat
array into the habitat and held in
place while both divers fixed the seats
to the perimeter grommets using cable
ties. The divers made a final visual in-
spection of all critical components and
then entered the habitat one at a time.
Each sat on a bench seat. Mouthpieces
were removed briefly to communicate
about the deployment process and to
exchange initial thoughts on the over-
all comfort of the system.

The divers exited the habitat one at
a time, then surfaced, with a total dive
time of less than 45 min.

Results
Mission Integration

As proposed, the 2012 field pro-
gram was to include the initial habitat
deployment, followed by a series of five
working dives within the vMCE, each
progressing in depth and duration
while making use of the habitat for
the Phase 4 portion of the dive. In-
clement weather delayed habitat de-
ployment for 3 days, which resulted



in a shorter mission; the habitat was
used for only two working dives.
Once deployed, the habitat remained
in-water for the duration of the proj-
ect, totaling an inflated and deployed
duration of approximately 96 h on site.
The two working dives conducted
were to 91 and 125 msw. respectively.
Dives were planned to limit surface to
surface time within the functional lim-
itations of their primary life support,
while providing for some contingency
(approximately 4 h total immersion
time). For this experimental deploy-
ment, the habitat was not relied on as
decompression life support, but rather
as augmentation of the planned dive
for experimental purposes. It served
to address the fit of portable habitats
in mitigating the activity hazards (Fig-
ure 3) associated with lengthy decom-
pression or Phase 4 of these deep
scientific dives within the vYMCE.
The two working dives were carried
out successfully and without incident.
Upon reaching the habitat, nearing the
final decompression stop at 6 msw, the
divers removed open-circuit bailout
supplies and affixed these cylinders to
the exterior of the habitat. Divers en-
tered the habitat one at a time, while
continuing to utilize their closed-
circuit rebreather as primary life sup-
port. Once seated on the benches, an
ALB80 scuba cylinder of air was used
to add gas to the habitat, displacing
water to a satisfactory level near the
bench seats. The divers found that,
when sitting with the CCRs on their
backs, it was more comfortable to
allow water levels to increase to just
above the diver’s waist to displace a
portion of the weight carried on the
divers’ backs. This arrangement satis-
fied the objective of removing the
divers from the ambient environment,
though it illustrates the need to
improve system configuration for

comfort. Remaining decompression
was carried out while at rest in the
habitat.

Divers would occasionally remove
their mouthpieces for a brief time
period to communicate, though it
should be noted that best efforts were
made to reduce breathing the habitat’s
atmosphere via mouth or nose as this
experimental deployment did not in-
clude habitat atmospheric manage-
ment systems. The divers could also
observe the outside environment via
the three peripheral windows. Obser-
vations included small fishes peering
through the windows and, generally,
an attraction of larger reef fishes to
the habitat structure.

Upon completing decompression,
one diver exited the habitat at a time,
picked up stowed open-circuit bailout
cylinders, and then made a controlled
ascent to the surface, completing the
dive.

Discussion
Benefits

Habitat benefits include providing
a “dry” environment for diver rest,
affording more direct diver-to-diver
interaction and communication and
providing an environment potentially
suitable for conducting ancillary tasks
such as preliminary sample processing.
Diver function within this type of
short to mid-duration space warrants
continued evaluation to assess psycho-
logical benefits of dry versus wet im-
mersion for these stays.

The most significant benefit stems
from mitigating the activity hazards as-
sociated with Phase 4 lengthy decom-
pression. These have been identified
for previous vMCE scientific missions
and categorized into environmental,
equipment, and operational hazards
(Figure 3). The convention for surface-

to-surface VYMCE excursions has been to
provide for in-water controls in response
to the activity hazards. Throughout the
experimental deployment, the divers
made note of the benefits afforded
from habitat integration (Figure 3).
Benefits were apparent in each cate-
gory of environmental, equipment,
and operational hazards. Benefits
stemmed from simplifying the divers’
task load and removing them from
the wet or ambient environment.

A future benefit that is immediately
evident is being able to shed the pri-
mary life support system, which is
often a closed-circuit rebreather. The
complications of atmospheric manage-
ment using a CCR can be limited, al-
lowing for diver-operators to focus on
atmospheric management of the habi-
tat’s atmosphere, independent of com-
plex personal life support. While this
will likely include a similar fundamen-
tal operating principle of carbon dioxide
absorption and oxygen addition, man-
agement tasks can be shared by the
dive team in a more relaxed manner.

Probable Complications
Complications were discussed prior
to pursuing development. Obvious
complications include added expense
and increased logistical complexity
when compared to an in-water only
surface to surface mixed-gas CCR
dive operation. The habitat assembly
itself adds costs to the equipment re-
quired for these types of dives, though
it is too early to assess the full cost-
benefit and true financial benefit to a
project as this portable habitat has
not yet been applied in circumstances
where its benefits are fully exploited.
To do this, future work of increased
depth and time at depth will force
the habitat to be used as an essential
and dependent piece of equipment,
as dives will exceed the capacity of
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personally carried life support (approx-
imately 4 h immersion time). This de-
pendence is also cause for considering
further developments of habitat-
specific life support systems, further
redundant life support systems (Fig-
ure 6), and additional features to pro-
vide for comfortable lengthy stays.
Using these types of habitats for
extended stays will require dedicated
atmospheric management and opera-
tor discipline for atmospheric con-
trol risks, including but not limited
to elevated carbon dioxide levels and
hypoxia.

While the system described is a
portable unit for transport, there re-
mains geographical restrictions in de-
ployment, for example, an anchorage
or other suitable means for securing
the system to the seafloor is required.
An advance mission, deploying an
array of anchor points or moorings
across a geographical region of interest,
would provide for semipermanent
study sites where one or more portable
habitats can be deployed for mission-
specific purposes. Using the bridle sys-
tem also poses geographic restrictions

FIGURE 6

as the bridle is prefabricated at a spe-
cific length to place the habitat within
the appropriate depth zone for the lon-
gest decompression obligations. While
a variable depth system using a hoist
mechanism with infinite adjustment,
such as incorporated by Stone in
Wakulla Springs, would allow for
greater applicability across varying
depth study sites, such a system would
then pose the complication of ballast-
ing the system such that the net buoy-
ant force remains within the operating
limits of a hoist mechanism. With re-
quired space within the habitat being
fixed, ballast would come in the form
of add-on weight, which may prove
complex when working in a remote
area. Alternatives to variable depth
via a hoist mechanism may include a
series of habitats at variable depths or
transfer of the single habitat across a
series of fixed loops or rigging. These
evolutions are being considered care-
fully for future work, as variable
depth capabilities will also allow divers
to enter the habitat earlier in their de-
compression schedules. They will thus
effectively be removed from the wet

Portable inflatable habitat failure mode analysis and recommended controls.

Failure Mode Analysis for Portable Habitat Use

environment for a greater portion of
the idle time spent decompressing,
again, mitigating risks associated with
wet exposure (Figure 3).

Design Considerations

While numerous in-water hazards
(Figure 3) are controlled by using the
portable habitat, the habitat structure
itself must also be assessed for various
failure modes (Figure 6). While each
component was constructed to meet
a minimum 2:1 safety ratio, the un-
likely event of a component failure
needed to be addressed. Generally, a
major component failure would leave
the occupants immediately exposed
to the ambient environment. As such,
should the habitat be further developed
for diver dependence as a primary life
support system, efforts must be placed
on redundant systems, and fly away sys-
tems where wet escape and further de-
compression could be safely carried out.

The consideration for mobility and
cost-effectiveness of a wet dive team
using CCRs needed to be maintained
throughout the development process.
Key design considerations included

anchor failure

blow up, rapid ascent

o —

. use minimum 4:1 safety factor in design
. adopt omitted decompression protocol

bridle failure blow up, rapid ascent

[

. use minimum 4:1 safety factor in design
. adopt omitted decompression protocol

structure failure dry environment floods

diver re-exposed to wet environment

o —

. ensure imemdiate access to sufficent gas to commence decompression in open water
. ensure exposure protection is donned or readily accessible

life system failure

inability to locate habitat

loss of optimal breathing gas for decompression

dependant on diver carried decompression gas

e

. ensure redundant life system in place

. incorporate physical lines and rope highways to guide back to habitat

. habitat becomes fixed in-water staging point on both descent and ascent
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ability to meet rapid deployment
requirements of a mission, a design to
reduce activity hazards specific to the
mission (Figure 3), a design to meet
an accommodating form factor for
the dive team, and should be inclusive
of life systems integration and environ-
mental control systems which match
team equipment configuration and
compatibility.

Generally, the design used for this
experimental deployment matched all
identified requirements. Four areas
will continue to be the focus of on-
going development of this portable
system. These include (1) basic life
support systems for atmospheric man-
agement and redundant atmospheric
management such that the habitat it-
self may be used for primary life sup-
port; (2) a variable depth capability
comparable to the aforementioned
Stone habitat used at Wakulla Springs;
(3) improvements to permit making
effective use of idle decompression
time such as sleeping quarters, digital
entertainment, work stations to begin
sample processing, or improved obser-
vation capabilities; and (4) redundancy
in the anchorage and bridle assembly.

With respect to the improvement
of observation capabilities, a previous
design by Clark (1972) sought to
address this using a transparent film
material for shell construction. The
system offered vastly enhanced periph-
eral viewing of the environment.
While transparent, the film required
a net or mesh to provide shape and
strength to the inflatable tent struc-
ture. Advances in available materials
may provide for a more integrated
and truly transparent system in the
near future. This prospective added
benefit of marine life observation
with a transparent shell adds another
dimension in making use of idle de-
compression time. The working divers

are still effectively immersed, with im-
mediate and ready access to the shallow
environments where decompression is
being carried out. Limited wet excur-
sions to carry out a task or the deploy-
ment of a remote observation tool or
collection apparatus, in response to
an opportunistic observation in the
environment, will likely increase work
productivity, thus reducing or elimi-
nating truly idle time.

Newly Exposed Frontiers and
Associated Risk

Previous efforts in habitation have
largely focused on the idea of undersea
permanence or living and working in
the water column and on the seafloor.
Efforts to pursue this have come at
varying scales, though, until now, all
have come with the commonality of
requiring massive “top-down” infra-
structure and support, which have
restricted operations to fixed study
sites. The expense associated with
this is cost-prohibitive and lends little
value to today’s human undersea sci-
ence paradigms, in which the marine
science community is eager to explore
and study vast new geographic areas
and multiple study sites.

The current diving paradigm is
conducted through surface-to-surface
approaches using commodity diving
styles—predominantly scuba. Modes
of scuba including mixed-gas, re-
breathers, and decompression diving
certainly fill an important niche, though
they still come with limitations. Porta-
ble inflatable habitat technologies as a
possible commodity tool, as opposed
to permanent fixed habitats, offer a ve-
hicle to (1) increase safety, by limiting
diver’s wet exposure during decom-
pression; (2) buffer idle time spent
during decompressing; and (3) when
used on shallow no-decompression
dives, improve and vastly extend obser-

vation time. When coupling deep
vMCE dives with this type of shallow
outpost, day-to-day commodity-style
diving can be meaningfully enhanced,
opening up an increasingly significant
new region of ocean space. This is a
new “bottom-up” approach, providing
full system autonomy that is at the
same time highly portable.

This new found accessibility comes
with newly exposed risks, though an
incremental approach to continued in-
novation in this area will provide for
mitigating these risks in a controlled
manner.

Potential Role of Underwater
Tents in the Not-Too-
Distant Future

The integration of portable inflat-
able underwater habitats as a new com-
modity diving technology has the
potential to open up a broad range of
new diving experiences and profiles.
Here we present a few of the possibili-
ties that we anticipate emerging and
maturing in the coming decade.

Extended Visitation Capacity
Using Diving Outposts

As witnessed by the benefits of our
initial deployments and the dramatic
increase in demand for utilizing ad-
vanced diving modes by the scientific
diving community, there is great po-
tential for the type of flexible under-
water habitats described in this paper
to be widely employed by early adopters.
We expect that this course of events
will subsequently lead to a range of in-
teresting features, configurations, and
novel deployments. For example, the
immediate next steps for our own de-
velopment are to design and integrate
multiple rebreather systems for use in
the habitat itself. This will make the
habitat capable of providing integrated
life support that will, in turn, extend
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the duration of the deepest portion of
deep scientific dives.

In subsequent developments, ex-
tending the duration of integrated life
support will lead to the mid-term real-
ization of flexible habitats that will
support divers’ overnight stays. This
could enable vastly extended decom-
pression or prepare the crew for multi-
day activities. As discussed, a variable
depth capability would allow for de-
compression to occur while the habitat
slowly rises through the water column,
for example, during an overnight stay.
This would enable the divers to realize
significantly greater extensions of div-
ing profiles—longer and deeper dives,
with safe and relaxed decompression,
while at rest overnight which is accept-
ed as normal downtime during every
human’s diurnal cycle. While critics
argue that similar technologies exist
for modern era saturation and bell div-
ing, the development effort to be
placed is on increased portability, dra-
matically reduced costs, and eliminat-
ing required surface infrastructure and
dependence. For consideration, the ex-
perimental system described and suc-
cessfully deployed was transported in
a suitcase and deployed rapidly from
a small vessel with only minimal ad-
vance investment of the epoxied stain-
less pin used as an anchorage. Such
investment includes just 1 day of
advance labor per pin installation by
a small team. This is a stark contrast
to previous evolutions emphasizing
human permanence with massive
top-down requirements.

An ability to reside in a habitat
overnight, coupled with the deploy-
ment of multiple tents within reason-
able proximity, would enable a new
class of multiday dives that could dra-
matically enrich the human experience
underwater, ranging from more effi-
cient scientific and engineering endeav-

ors within a greater range of depths
and environments, to the opening up
of a new class of saturation sport diving
or tourism that has largely eluded the
community for the past half-century.
These could include a combination
of deep and shallow outposts equipped
with hookah type excursion capability,
conventional scuba tanks, and/or re-
breathers. Divers could traverse diverse
saturation profiles, allowing them to,
for instance, saturate at 20 msw and
work laterally for as long as they like,
followed by deeper downward excur-
sions to carry out ancillary exploratory
objectives. The dive might then culmi-
nate with variable depth decompres-
sion on a final overnight ascent to the
surface.

Semipermanent Living Quarters

In the course of developing this
flexible habitat, we have asked our-
selves, “What would it take to make a
habitat reasonably livable?” Flexible
underwater tents might open the way
for commoditizing semipermanent
underwater living quarters in a wide
range of environments across the planet.
For instance, marine reserves or pro-
tected areas may include a series of
staging areas to support deployment
of these structures and facilitate a vastly
enhanced human presence to carry out
amplified science operations during
precious field time.

A reference model, in terms of the
use of space, is the Apollo Command/
Service Module (CSM), which is ca-
pable of supporting a 14-day space
mission. The CSM used for lunar mis-
sions had a cabin volume of 218 cubic
feet (6.2 m?) living space. This space
would yield 14,824 1b of buoyancy
if submerged; adding a safety factor
of 4 indicates a ballast requirement of
59,296 |b. While this is considerable,

there are multiple ballast/anchorage
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approaches that could be considered
given today’s mooring technology.
First, having multiple smaller habitats
with separate anchor points would
greatly reduce the ballast requirement
for any single anchor point. Anchoring/
mooring technologies such as epoxied
pins and drilled helical installations
provide for relatively easy and inexpen-
sive one-time setup across a variety of
geographical locales and within vary-
ing substrates. The authors attest to
this simplicity with firsthand experi-
ence installing such hardware across
the spectrum of depths (to 100 fsw)
and in varying substrates. Other ap-
proaches might include making oppor-
tunistic use of the local environment or
target of interest—placing an inflat-
able habitat within a wreck, within in
cave, under a ledge or mouth of a cave,
within an iceberg (with suitable expand-
able insulation), or within manmade
industrial spaces requiring exploration
such as pipelines, tunnels, sumps, or
aqueduct shafts.

While atmospheric management is
the foremost consideration for near
term evolutions of this innovation,
other features required to support ex-
tended missions would certainly need
to be addressed such as sustenance
and waste products. While these have
once been considered “rocket science”
they are no longer; with multiple solu-
tions having proven reliable by previ-
ous missions in space, on earth, at sea,
and, most directly relevant, at depth.
Many of these subsystems are off the
shelf technologies at this point, requir-
ing systems integration level engineer-
ing rather than complete novel system

design.

Human—Robot Teams

Beyond the explicit features of the
habitat and its capabilities, another
exciting opportunity that a habitat



technology affords is a human plat-
form for in situ mission planning and
operation. While there are many excit-
ing possibilities, we expect to see flexi-
ble habitats serving as command and
control centers for hybrid human
robot teams in the near term. Forth-
coming collaborations will enable the
integration of robotics in the form
of both autonomous underwater vehi-
cles and remotely operated vehicles
(ROVs) to form hybrid human-robot
exploration teams. A collocated under-
water habitat in such a deployment
would enable a “local” command cen-
ter for multiple robotic activities, for
example, scouting, routine monitoring
or repair, or related standard activities,
coupled with the ability to have close
to real-time human intervention.
This would enable, for example, a
robot to prescout a vertical deep reef
habitat and send imagery back to the
divers in the habitat, until multiple
targets of interest (and their corre-
sponding precise depth and location
coordinates) along the wall had been
acquired and mapped. With these
data, the divers could plan their dive
for multiple contingencies that could
serve to optimize scientific return and
safety, planning which targets to visit
first, for how long, and how to proceed
in a considered manner. Conversely, a
human exploration excursion may
identify scientific targets of interest,
which may be followed by immediate
deployment of an ROV, from a com-
mand outpost or even controlled by
the diver, allowing for the ROVs’ spe-
cialized instrumentation to be more
accurately deployed via human inter-
vention and guidance. This interaction
will substantially reduce idle decom-
pression time in between dive events
or subsequent robotics deployments.
Such in situ deployments involving
robot and human teams operating at

close range will allow for a new diving
paradigm enabling mutual support
and ready follow-up with human
and/or robotic intervention, as appro-
priate, when opportunities arise.
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Introduction

anned submersibles are designed
and developed for applications like
deep sea exploration, inspection, engi-
neering intervention, etc. These opera-
tions are carried out by one, two, or
three scientists sitting inside a pressure
hull along with a pilot and at times
have work capabilities by using robotic
arms or other custom tooling. A pres-
sure hull may be considered as a thin
sphere, and it is a curved shell where
thickness is small as compared to di-
ameter of the body. A pressure hull is
the main component in a manned sub-
mersible because it is a safe living space
for pilots and scientists in deep water.
The pressure hull must have enough
strength to withstand high hydrostatic
pressure, yet should be as light as pos-
sible for easy handling.

Analytical calculations are available
in the literature for perfect geometry
but rarely for imperfect geometry.
The comparison of collapse pressure
of a cylindrical shell may be obtained
from numerical and experimental
methods (Boote, 1997). The numeri-
cal results are in agreement with exper-
imental results for actual imperfections

ABSTRACT

Any pressure hull invariably has imperfections as a result of the manufacturing
procedure. Imperfections in a spherical pressure hull are the basis for localized
buckling and deformation behavior. Numerical analysis and analytical calculations
are carried out to predict the buckling behavior and strength of a pressure hull made
of titanium alloy (Ti-6Al-4V) for both perfect and imperfect pressure hulls. Finite
element analysis is carried out for different imperfection angles to see the effect
on strength and buckling. Results of numerical analysis show that there is consid-
erable reduction in both buckling pressure and strength as a result of imperfections.
Hence, allowable deviation due to imperfection for a spherical pressure hull has to

be considered for thickness calculations.

Abbreviations:

P external pressure (Design pressure)
1Dl mean diameter of the pressure hull
Rm mean radius of the pressure hull

R, imperfect radius of the pressure hull
t thickness of the pressure hull

AR imperfect deviation

0 imperfection angle

o hoop stress

Py pressure at yield strength of the material
Py buckling pressure

E Young’s modulus of the material

i Poisson’s ratio

MSW meters of sea water

APDL

ANSYS Parametric Design Language

Keywords: manned submersible, pressure hull, buckling, imperfection, finite

element analysis

measured. The authors carried out
numerical analyses for different imper-
fect deviations at a central angle of
20° and derived the ultimate pressure
formulae from finite element analysis.
The results are verified through the ex-
perimental method (Pan & Cui, 2010;
Pan, Cui, Shen, & Liu, 2010; Pan,
Cui, & Shen, 2012).
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Once the material crosses the yield
limit and undergoes plastic deforma-
tion, it will not regain its original di-
mensions, so it adversely affects the
functionality of the system. It is better
to have yield strength as the limiting
factor in pressure hull design. It is nec-
essary to understand the reduction of
strength and decrease in the buckling



pressure for different imperfection an-
gles having yield strength as the limit.
This paper describes the design and
analysis of a pressure hull for a maxi-
mum operating depth of 6,000 MSW.
The design of a pressure hull for deep
water applications is an engineering
challenge because of extreme pressure
conditions and imperfections during
manufacturing. In the present paper, a
pressure hull has been designed using
Det Norske Veritas (DNV, 1988)
rules and finite element analysis. Anal-
ysis is done for the design depth of
9,000 MSW (1.5 times the operating
depth) (Pan et al., 2010). Basic thick-
ness (minimum thickness) calculated
from finite element analysis is used fur-
ther for imperfection analysis. Imper-
fection analysis is done for different
imperfect deviations to understand
how manufacturing imperfections af-
fect the buckling pressure and strength
of the pressure hull.

Shape of the Pressure Hull

The different possible shapes for
the pressure hull—sphere, ellipse,
sphere-cylinder-sphere combination,
sphere-sphere-sphere combination, and
other shapes—are shown in Figure 1
(Busby, 1976). Sphere shape is better
than cylinder because required thick-
ness of a sphere is one half of the thick-
ness of cylinder of the same diameter.
So, sphere is the most efficient and
simple shape for a pressure hull to resist
external hydrostatic pressure.

Structurally, it has the lowest weight
per unit volume, but a spherical shape
offers less internal space for housing
personnel and equipment than a long
circular cylinder with the same internal
diameter. A spherical pressure hull
gives better strength-to-weight ratio
as compared to a cylinder. The stresses
in a sphere are equal in all directions,

FIGURE 1

Different possible shapes of pressure hulls (Busby, 1976).
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ignoring the effects of penetrations,
supports, and imperfection.

The sphere gives the minimum
weight-to-displacement ratio. Hence,
the sphere is a more suitable shape
for deep water applications.

Selection of Material

The selection of material depends
on the strength it offers and the density.
The design requirement is that the
selected material should be suitable for
a collapse depth of 9,000 m (1.5 times
the operating depth). Figure 2 gives
the collapse depth for different materi-
als (Busby, 1976).

Figure 2 shows that steel and alu-
minum can be used for greater water
depth with higher wall thickness,
which in turn increases the weight of
the pressure hull because the strength
is less as compared to titanium alloy
(Ti-6Al-4V), glass, or GRP. Commonly
used materials in engineering design
are steel, aluminum, and titanium,
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and their material behavior is known.
Having strength, less weight, designa-
bility, and fabricability in mind, tita-
nium alloy (Ti-6Al-4V) is chosen as the
pressure hull material. The advantages
of choosing titanium alloy are high
strength, low weight, and high corro-
sion resistance.

Geometric Parameters

and Material Properties

Pan et al. (2010) have compared
the existing designs of pressure hulls
rated for 6,000 m of water depth.
Their minimum internal diameter is
2,100 mm. The parameters assumed
for a pressure hull made of titanium
alloy analyzed in the present study are
given below (Table 1).

Internal diameter

of sphere hull =2,100 mm

Density of sea water = 1,025 kg/m3

Operating depth = 6,000 m
(Hydrostatic
pressure
~600 bar)
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FIGURE 2

Collapse depth versus weight/unit volume of water displaced (Busby, 1976).
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Static Stress and Buckling
Analysis (Analytical)

A spherical shell subjected to ex-
ternal hydrostatic pressure, assumed
to be free of geometrical imperfec-
tions and free of initial stresses, devel-
ops a membrane state of stress (Nash,

1995). Hoop stress of sphere sub-

TABLE 1
Material properties of titanium alloy (Ti-6AI-4V).

jected to external pressure is given
by Young (2002) as

PD,
= (1)
Buckling pressure (when the sphere
does not have any manufacturing
defect) can be calculated by Nash
(1995) and Young (2002):

=

2E#?
— @)

3(1—p?)

Using equation (1), # = 52 mm, and
substituting value of ¢ in (2), P, =
339 MPa.

DNV Approach to
Find Thickness and

Buckling Pressure

DNV is one of the common rules
followed in manned submersibles de-
sign (DNV, 1988). Other standards,
like ASME, ABS, BV, etc., can also

Properties | Unit Value
Elastic GPa 120
modulus
Poisson’s - 0.3
ratio
Density kg/m® 4423
Tensile MPa 970
strength
Yield MPa 930
strength
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be used for designing the pressure
hull, but each will have a different
factor of safety and a different resulting
thickness. DNV is chosen for the pres-
sure hull design in this paper because it
is commonly used in marine indus-
tries. It can be used to verify the ana-
lytical calculations. Thickness arrived
from DNV can be used as a basic
thickness for the pressure hull.

1. Thickness of the Shell

The thickness of the shell is cal-

culated by

t= PPy
400, — p

in mm.

0, = Design stress in MPa =
620 MPa
p = Design pressure in bar (Design
pressure is defined as the max-
imum pressure for which
the submersible is designed to
operate.)
D, = Internal diameter in mm
Using equation (3), # = 52 mm.
2. Elastic/Plastic Instability
When the pressure hull is subjected
to external pressure then, the following
condition must be satisfied.

Pcr'\P

< .
£ Y Vm K

peor = Characteristic buckling
resistance

v = Load coefficient = 1.1 (appli-
cable only for p > 50 bar)

Ym = Material coefficient = 1

Y = Coefhicient to reflect the post
buckling behavior = 0.75 (for
sphere)

K = Coefhicient depends on type
of structural member (this
value depends on slenderness
ratio \)



= 0.7 4+ 0.6 \ (applicable only for N between 0.5 to 1) (5)
N = Slenderness ratio = i (6)
O,
0. = Elastic buckling stress of imperfect sphere = O.GOSD%E (7)
. ) i 0.5
p = Reduction factor due to shape imperfection =——— (8)
1+ 165
Characteristic buckling resistance is p_ = 20¢ % of (9)
1

(10)

© = Plasticity modification factor =

V14N

Using equations (5), (6), (7), (8), (9), and (10),
p = 0.456; 0. = 1639.7 MPa; N = 0.753; @ = 0.869; p., = 801 MPa, and
K = 1.15. From equation (4), 90 MPa < 475 MPa. Hence, the design is safe.

Finite Element Analysis Approach
Finite element analysis is carried out using a commonly used software, ANSYS.
To arrive at the basic thickness of the pressure hull, 1/8 of the model is taken for
the analysis by assuming loading and geometry conditions are symmetric, but for
the actual pressure hull, it is not so. For computation, the following are used:
= Element type: SOLID95 (3D solid element has 20 nodes and 3 degree of
freedom at each node)
®  Linear material model
®  Four elements across the thickness
= Symmetric boundary conditions
Initial thickness used for the analysis is 52 mm (from DNV approach). Results
of the finite element analysis show that the maximum displacement and maxi-
mum von-Mises stress are 3.9 mm and 668 MPa, respectively. The minimum
required factor of safety is 1.5, but from the above results is 1.39. Hence, the thick-
ness is increased to 58 mm. The stress plot is shown in Figure 3, and results are
satisfactory after increasing the thickness.

Stability Analysis of a Perfect Sphere

In stability analysis, both strength and buckling calculations are carried out.
When ﬁ is very small, that is, thickness is small as compared to diameter, the pres-
sure hull fails by buckling rather than by yield, and when thickness increases the
pressure hull fails at yield rather than buckling, though at a higher pressure. Yield
pressures (P,) and buckling pressure (P;,) are calculated for different thicknesses

using equations (1) and (2), respec-
tively. The equations (1) and (2) are
valid only for ratio % > 20 (Nash,
1995).

Figure 4 shows that there is an in-
tersection of curves at ratio 7 = 0.006
and corresponding £ ratio is called crit-
ical £ ratio. If £ ratio < 0.006, it is
called the buckling stage of failure,
and ifl—t) > 0.006, it is called the yield
stage of failure. The yield stage of
failure will have higher buckling pres-
sure because of a sharp increase in the
curve.

For a perfect titanium pressure hull
of diameter of 2,100 mm and thickness
of 58 mm (i.e., ratio % = 0.0276) (i.e.,
without any imperfections), the possi-
bility of failure is a result of yielding be-
cause material will reach yield pressure
first then buckling pressure. Yield pres-
sure and buckling pressure will vary for
the real manufactured pressure hull be-
cause of manufacturing imperfections
on the pressure hull.

Stability Analysis of
an Imperfect Sphere
Manufacturing processes like deep
drawing and welding introduce imper-
fection as a local deviation in geometry,
as shown in Figure 5. Manufacturing
errors result in deviation from the per-
fect sphere and cause an imperfect
sphere. Imperfection leads to reduction
in strength of the pressure hull through
bending strength of the pressure hull.
Strength decreases when the geometry
changes from “flat spot” to “flatter.”
A flat spot is a deviation from actual
geometry having a higher radius with
a finite center, whereas flatter is a devia-
tion from actual geometry with a higher
radius having an infinite center.
Stress analysis is done for the
full sphere with R = 1,050 mm, ¢ =
58 mm, R, = 1,300 mm, 6 = 20°,
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FIGURE 3

von-Mises stress plot in MPa for 58 mm thickness.

FIGURE 4

Pressure versus #/D ratio.
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AR = 12.87 mm, external pressure =
60 MPa. The displacement plot (Fig-
ure 6) shows that localized deformation
of 5.22 mm and stress plot (Figure 7)
give combined hoop and bending stress
of 773.98 MPa as opposed to the stress
value of 605.17 MPa obtained in the
case of a perfect sphere (Figure 3).

—dr—Yield pressure

== Bucking pressure

Ratio t/D0

There is an increase in stress by 27.8%
on the sphere as compared to a perfect
sphere. Buckling factor is reduced from
6.55 to 5.66, but still the buckling pres-
sure is higher than the yield pressure.
[Buckling factor is defined as the ratio
between the buckling pressure and
the applied pressure (60 MPa).]
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Imperfection Sensitivity
Analysis

A pressure hull is sensitive to im-
perfect deviation. ANSYS APDL
(ANSYS Parametric Design Language)
has been created for generating an im-
perfect sphere in the form of a “flat
spot” to “flatter” by feeding known
parameters radius of perfect sphere,
thickness, and imperfection radius
and chord length indirectly in the
form of imperfection angle. APDL
does the following activities: meshing,
assigning material properties, static
analysis, and buckling analysis. All de-
grees of freedom are fixed except radial
direction on key points where the
major axis of the sphere intersects.
Outputs from the above analysis are
deflection, stress, buckling factor, and
mode shape.

When the imperfection angle (6)
decreases from 20° to 0° keeping the
imperfect deviation constant, devia-
tion shape changes from “flat spot” to
“flatter.” Imperfect angle = 0° indicates
perfect sphere. Figure 8 shows the re-
sults of stress analysis for the following
parameters. R= 1,050 mm, = 58 mm,
0 =5° AR =4.22 mm, external pressure =
60 MPa. Maximum possible imperfect
deviation for & = 5° is 4.22 mm. At
AR = 4.22 mm, geometry becomes
“flatter” beyond which the only possi-
ble imperfection is “dimple” but for
0 =20° and AR = 4.22 mm imperfect
geometry is not flatter; it forms an
imperfection in the form of a convex
shape. The comparison of numerical
analysis results is given in Table 2.

Figure 9 shows the plot between
buckling pressure verses deviation.
When the imperfection angle is higher
and deviation increases, there is a drop
in the buckling pressure. Buckling
pressure is almost constant for an im-
perfection angle of 5°.



FIGURE 5

Imperfect geometry.
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At deviation AR =12 mm and 6 =
20° buckling pressure is found to be
345 MPa, which is 3.8 times higher
than the design pressure of 90 MPa.
Although there is a drop in the buck-
ling pressure, still it is higher than the
yield pressure.

Figure 10 shows that when devia-
tion increases there is a decrease in fac-
tor of safety (i.e., increase in stress).
The numerical analysis results shows
the stress pattern of the localized stress
migrating from edge to center, which is
the result of imperfect deviation
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changes from “flat spot” to “flatter.”
Stress on the edge behaves like a flat
spot with fixed support, whereas the
stress on the center behaves like a
flatter with simple support.

The flat spot behaves like an inter-
secting sphere on the main sphere, but
flatter behaves like a flat plate with ex-
ternal pressure. So the strength of the
pressure hull depends on both shape
and magnitude of imperfection.
Geometric imperfection introduces
bending stresses in addition to circum-
ferential stresses. So, the imperfection
leads to large displacement and higher
stress on the pressure hull.

This imperfection is a result of a lo-
calized manufacturing defect. It is im-
possible for the manufacturer to have a
zero rate of imperfection. Hence, the
designer has to specify the imperfec-
tion tolerance. As per DNV rules for
classification/certification, the local
imperfection tolerance is not to exceed
0.5% of the nominal mean radius
of the spherical shell (DNV, 1988).
For the present case, the tolerance is
5.4 mm. Figure 10 shows that for im-
perfect tolerance of 5.4 mm the factor
of safety are closer to 1.4 but the min-
imum required factor of safety is 1.5.
Hence, the thickness of the pressure
hull has to be increased to account
for localized imperfection.

The revised thickness is the sum of
basic thickness and thickness to take
care of imperfection. By considering
the imperfection, the required thick-
ness for the pressure hull is 64 mm.

Results and Discussion
Analytical calculations are carried
out to find the thickness and buckling
pressure. The initial thickness of the
pressure hull is found to be 52 mm.
Analytical calculations have an as-
sumption of a thin shell, and mean



FIGURE 7

von-Mises stress plot in MPa (=58 mm, & = 20°, AR = 12.87 mm).
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diameter is taken for the calculations.
But in the case of finite element anal-
ysis, thickness is modeled as a param-
eter. There is a variation of stress
across the thickness, and maximum
stress is on the inner surface of the
pressure hull. The calculated factor
of safety is 1.39. To have a minimum
factor of safety of 1.5, the thickness is
increased to 58 mm.

Imperfect sphere analysis is carried
out by considering additional param-
eters imperfection angles and im-
perfect deviation along with basic
thickness of 58 mm. Finite element
analysis is carried out for an imperfect
sphere by varying the imperfection
angle and imperfect radius. Stress, de-
flection, and buckling pressure are
the output from the analysis. Results
show that there is a drop in the factor
of safety and buckling pressure when-
ever there is an increase in imperfec-
tion on the sphere. There has to be
minimum manufacturing tolerance
without compromising on the mini-
mum required strength. In order to
have both tolerance and minimum
strength, thickness of the pressure hull
is increased to 64 mm.

Conclusions

The radial imperfection on the ra-
dius is considered for the analysis. It
is impossible for the manufacturer to

Imperfection Deviation Displacement Stress in Factor of Buckling Pressure Shape of Location of
Angle (5) (AR) in mm in mm MPa Safety in MPa Imperfection Stress
5° 422 3.74 681 1.37 392 100% flat Stress at center
of imperfection
20° 422 4.02 644 1.44 380 Convex Stress at edge
of imperfection
70 Marine Technology Society Journal



FIGURE 9

Buckling pressure versus deviation.
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manufacture the perfect sphere. In the
above analysis, imperfection is consid-
ered at one place, but in reality it may
be in a number of places at random
intervals. Since the imperfection is a
localized behavior, the effect is same
in all imperfection places.

1. Basic thickness from the above
analysis is 58 mm. This thickness
is increased to 64 mm by consider-
ing the localized imperfection
based on the allowable limit of

imperfection tolerance obtained
from DNV.

2. Localized imperfection leads to an
increase in local deformation and
reduction in strength (i.e., increase
in stress). This localized stress can
be reduced by increasing the thick-
ness of the pressure hull. Pressure
hull failure can be avoided by antic-
ipating the percentage of deviation
that might occur during manufac-
turing based on how much the
thickness has to be increased from
base thickness.

3. These results have to be further
studied by conducting experiments
for the scaled models.
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Background of

CAT/DEL 210-G

n 2007, New York City Depart-
ment of Environmental Protection
(NYCDEP) awarded a $1.1 billion
contract to the SEW Joint Venture
(Skanska/Ecco/White) for construc-
tion of the largest drinking water treat-
ment facility ever built anywhere in the
world. This massive project, CAT/
DEL 210-G, was designed to provide
ultraviolet light disinfection for the
principal water supply to New York
City at a site in Westchester County
where the Catskill and Delaware Aque-
ducts pass in close proximity. The Del-
aware Aqueduct at this location is a
deep rock tunnel, but during construc-
tion in the 1930s, the Board of Water
Supply (predecessor of NYCDEP) de-
signed a massive underground vault
structure as an accessible connection
to the aqueduct near ground level. It
was originally anticipated that water
treatment could be required someday
in the future. After 75 years, the future
had arrived, and ultraviolet treatment
was the process designated for the
main water supply to New York City
(Figure 1).

Underwater Inspection
and Repair

At the outset of our work in 2010, a
16-inch blow-off line connected the
uptake shaft to the sidewall of the ad-

ABSTRACT

This paper presents a case study describing submerged work at Shaft 19 of the
Delaware Aqueduct, which evolved to become the most complex atmospheric diving
suit (ADS) project ever undertaken. The limitations imposed by existing atmospheric
systems are considered along with very significant improvements in ADS capability
now being developed for both commercial and scientific diving.

For more than a century, ADS has offered the enticing potential of allowing men to
work effectively at great depths without suffering the effects of increased pressure.
Unfortunately, early suits did not function well at depth, and pilots could be more
accurately described as observers peering through the small viewports of “diving
bells” outfitted with crippled appendages. The modern rotary joint was patented in
1985 offering great promise, but even during the past 25 years, atmospheric diving
has remained specialized, underutilized, and largely left in the wake of remarkable

advances in saturation diving and remotely operated vehicle (ROV) technology.
Underwater work performed at Shaft 19 contributed to development of Exosuit™,
the next generation in atmospheric diving. Substantial improvements in mechanical
suit design have been integrated with an optical fiber umbilical, computerized con-
trol systems, and modern electronics to dramatically improve ADS capabilities.
The Exosuit itself can power multiple tools, a variety of hand pod end-effectors
are presently maturing, and atmospheric diving may now be poised to assume far
greater significance in deep diving operations.
Keywords: Exosuit™, atmospheric diving suit, ADS

jacent but deeper downtake shaft. This
interconnection was originally intended
to allow gravity drainage of the up-
stream aqueduct tunnel by discharge
though the blow-off line, which could
be controlled by a water hydraulic

valve installed within a sump at the
base of the uptake. NYCDEP recog-

FIGURE 1

UV plant construction in 2010.

nized that this blow-off valve was no
longer operational, and remotely oper-
ated vehicle (ROV) inspections per-
formed during the project design phase
also revealed that it was not fully closed.
SEW was, therefore, directed to either
repair or permanently seal the blow-off
system to prevent water from being
shunted directly from the uptake into
the downtake shaft without passing
through the requisite ultraviolet treat-
ment process due to this unacceptable
cross-connection (Figure 2).

Operational Difficulties
and Constraints

The Diving Division of J. F. White
Contracting Company was initially
tasked by SEW with the responsibility
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FIGURE 2

Depiction of shafts and interconnecting blow-off line.
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of developing appropriate underwater
procedures for remediation of the
16-inch bypass. All operations and
equipment had to accommodate a
variety of project-specific require-
ments and constraints imposed by
NYCDEDP. These challenges ultimately
influenced developments of a new gen-
eration of atmospheric diving suit
(ADS) with improved capacity for scien-
tific as well as commercial operations.

When work commenced at Shaft
19, there appeared to be a possibility
that the blow-off valve could be re-
paired or perhaps actuated once to be
fully closed and sealed. The valve was
situated in a small sump beneath sedi-
ment, debris, and cast iron gratings at
the bottom of the uptake shaft elbow;
therefore, it was difficult to gain access
and perform an evaluation. Once this
valve had been inspected, NYCDEP
needed time to fully assess remediation
alternatives with respect to cost, long-

term durability, and security of the
water supply. Even after engineering de-
cisions had been resolved for Shaft 19,
underwater operations had to be inte-
grated with other repairs within the
aqueduct system and coordinated with
changing environmental conditions
affecting water quality.

Remediation of the blow-off sys-
tem was undertaken in phases with
the schedule restricted to intervals of
reduced water demand between October
and May.
Phase 1: Expose and inspect blow-
off valve so that NYCDEP
and consulting engineers
could develop remediation
criteria. Phase 1 was per-
formed during the spring
and fall of 2010 and re-
sulted in a determination
that the blow-off line
would be permanently
sealed at both ends and
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then completely filled
with grout.

Install a special 250-1b
(pressure rating) “oil field
blind flange” on the intake
flange of the 16-inch

blow-off valve in the

Phase 2:

sump at the base of the
uptake shaft. Mount a
permanent stainless steel
bulkhead plate (5-feet
square by 1-inch thick)
on the curved wall of the
downtake shaft to seal
the discharge outlet from
the blow-off line. Phase 2
sealed both ends of the
blow-off line and was
completed during the
spring of 2011.
Completely fill the blow-off
line with 5,000 psi grout
between the oil field blind
flange and the downtake
bulkhead plate. Phase 3
was completed during the
fall of 2011.

This interrupted work schedule dictated
multiple mobilizations and demobili-

Phase 3:

zations, but additional constraints im-

posed by NYCDERP also affected our

underwater protocols.

= Work hours were generally restricted
between 2200 and 0600, 6 days per
week excluding Sundays. Opera-
tions also had to respond on a
daily basis to DEP interruptions de-
termined by ambient turbidity or
work in progress at other locations.

®  Available deck space at Shaft 19 was
very limited, and numerous other
topside construction activities had
to be accommodated. The deck
area was actually an “island” sur-
rounded by a 60-foot-deep ex-
cavation and accessible only by
footbridge or crane lift for signifi-
cant loads.



®  All underwater equipment had to
be removed from the submerged
shafts after each work shift. Ulti-
mately, a support truss (Figure 3)
was allowed to remain underwater
between shifts, but it was jacked
in place with a water hydraulic sys-
tem and then additionally tethered
by four synthetic fiber lines ten-
sioned to strong-back beams at
deck level.

= Work performed at Shaft 19 had to
comply with NYCDEP water qual-
ity regulations:
All equipment entering shafts was
disinfected in accordance with
American Water Works Associa-
tion standards.
No wire rope was permitted to con-
tact the water surface due to con-
tamination by lubricants.
Only water-powered hydraulics
were allowed underwater due to a
potential for contamination with
even benign hydraulic oils. Only
electrically powered launch and re-
covery systems or double encapsu-
lated hydraulic units were allowed
on deck.

= All diving operations had to in-
corporate provisions to prevent
turbidity:
Underwater debris was loaded into
closing containers lined with filter

fabric.

FIGURE 3

Support truss being lowered into downtake
shaft.

Decant water from all sediment
extraction operations was pumped
topside for off-site disposal.
Fines created by concrete drilling
had to be filtered, contained, and
removed from the shafts.
All grout, slurry, and decant water
was contained and removed from
the water supply.
Our initial project responsibility was
to determine the underwater proce-
dures and equipment that could best
accomplish the blow-off remediation
safely, economically, and on schedule.

Designation of Manned
Diving System

Our initial surveys at Shaft 19 were
undertaken by an inspection class
Falcon ROV outfitted with a five-
function manipulator. This effort
identified the difficult tasks that
would subsequently be required to
gain access at the blow-off valve and
then implement a repair. ROVs pro-
vided regular inspection capabilities
and very significant diving support
throughout the course of this project,
but we determined at the outset that
remote vehicles alone could not per-
form all the operations that would be
needed. Manned diving was required,
and it could have been accomplished
either by saturation diving or ADS.
Atmospheric diving was clearly the
preferred economic choice.

The restricted deck area of the
Shaft 19 “island” could not accom-
modate most saturation systems, and
significant engineering costs would
have also been incurred for the design
and refit of bell handling systems with
synthetic line (wire not allowed by
NYCDEP). Ultimately, a second bell
and launch and recovery systems
would also have had to be deployed

to support simultaneous diving opera-
tions in both the uptake and downtake
shafts during grout injection. Recur-
ring phases of mob/demob for a
saturation system would have been
expensive, and work postponements
imposed by NYCDEP water supply
requirements would also have been ex-
tremely costly. These considerations
made ADS the logical choice of diving
system, but many unique challenges
still had to be overcome.

Management of

ADS Operations

The selection of ADS for manned
diving intervention was an easy deci-
sion principally driven by economics,
but the appropriate integration of
suit, support systems, and tooling
proved to be immensely more com-
plex. The evolution of this process ex-
posed many practical limitations of
atmospheric diving for unique, com-
plex, and nonrepetitive applications.

On behalf of SEW, the CAT/DEL
210-G joint venture general contrac-
tor, we initially attempted to engage
an ADS provider as a full-service sub-
contractor to perform all the atmo-
spheric diving work. After our initial
ROV inspections, it became apparent
that the ADS systems would have
to be equipped with special tooling,
unique installation fixtures would
have to be designed and fabricated
within a very restrictive time frame,
and the ADS team would also have
to be prepared to develop engineering
adaptations on site in response to un-
foreseen problems.

One major ADS provider offered
suits and pilots on a day-rate basis
but determined that they could not
perform the specialized engineering
required for this project. Another
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provider offered sophisticated design
engineering, but they could not offer
a convincing fabrication program for
specialized underwater tooling or de-
ployment of the construction oriented
ADS diving teams required.

R. T. (Phil) Nuytten, the principal
of Nuytco Research, Ltd., patented the
modern rotary joint (Nuytten, 1985),
and he is widely recognized as the
innovator most responsible for devel-
oping effective atmospheric diving
systems. We naturally contacted
Nuytco for ADS services; however,
they already had submersible opera-
tions scheduled within the same time
frame. They could not deliver their
regular subsea products while addi-
tionally fulfilling SEW demands for
field operations combined with the de-
sign, development, and fabrication of
multiple ADS tooling systems.

It soon became apparent that there
was no sole source provider offering
the comprehensive ADS capabilities
within the time frame required by
SEW and NYCDEP. We, therefore,
developed an operational partnership
by which the J. F. White Dive Division
teamed with Nuytco Research to pro-
vide ADS capabilities and SeaView
Systems to provide ROV support ser-
vices to complete the underwater op-
erations at Shaft 19. This cooperative
effort resulted in successful project per-
formance for SEW and also directly
contributed to development of the
Exosuit™.

Performing ADS

Operations

Although the underwater work at
Shaft 19 was only a minute component
of the overall SEW construction effort,
it was critical in nature, and the sched-
ule was very demanding. There was ab-
solutely no flexibility available to the

contractor when the water supply to
New York City was designated for
night shift shutdowns (2200-0600 h)
months in advance to facilitate the
work. We were given, for example,
an interval of 6 months to design, fab-
ricate, and proof test a system for
mounting a 5-foot square stainless
steel bulkhead plate on the curved
wall of the downtake shaft. This bulk-
head was intended to seal the 16-inch
blow-off line at the downtake shaft
during grout injection. This might
not have been difficult even at 400 ffw
except for unusual constraints:
= The blanking plate had to be re-
moved and reinserted on a daily
basis until eight preliminary mech-
anical anchor studs could be prop-
erly torqued to secure the bulkhead
during normal aqueduct flow. We
were unable to install and torque
eight studs during a single work
shift (8 hours between opening
and closing concrete shaft covers);
therefore, a triangular support
truss was allowed to remain under-
water between shifts after being
jacked in place with a water hy-
draulic system and additionally
tethered by four synthetic fiber lines
tensioned to strong-back beams at
deck level.
= The 1,200-1b blanking plate had
to be positioned during each shift
within a tolerance of 0.025 inch,
and all studs had to be drilled paral-
lel, with axial run-out along the stud
less than 0.010 inch despite the cur-
vature of the concrete shaft wall.
®  The shaft wall was core drilled to
accept 1 x 16-inch stainless steel
mechanical anchor studs utilizing
a custom-built electrical drill sys-
tem, which also collected and ex-
tracted drill fines.
In the 6-month interval following the
Phase 1 inspections, our underwater
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team had to develop a variety of
ADS-compatible tooling and fixtures
to seal the blow-off piping (Phase 2)
in preparation for the subsequent
grouting phase.

J. E. White was responsible for the
downtake support truss, downtake
blanking plate, and alignment frame.
These fixtures were adjustable to ac-
commodate discontinuities in the
shaft, actuated by water hydraulic
jacks or rams, and designed to position
the blanking plate within a 0.025-inch
tolerance each time it was brought into
position on the wall of the down-
take shaft. The blanking plate and its
alignment frame were removed at the
conclusion of each work shift until 8 of
the total 30 stainless anchor studs (1 x
16 inch) had been installed and
torqued to secure it permanently in po-
sition. As the support frame was being
lowered during the beginning of each
work shift, the ROV could set it on
the support truss and the ADS would
make hose connections for the water
hydraulic lines (Figures 3 and 4).

Concurrently, Nuytco Research
developed the oil field blind flange
and practiced installing it by ADS on
a full-scale valve mock-up in their test
tank. This mechanism was simple in
concept but required considerable
practice and coordination with very
skilled ADS pilots to seal the blow-
off flange during a single work shift
(Figure 5).

SeaView Systems developed and
fabricated electrically powered tooling
for core drilling, stud installation, and
torqueing the bulkhead nuts. This
machinery was designed around their
proprietary “backbone system” for
integrated topside electronic control,
and each tool was configured to be
handled and engaged by ADS. The
topside electronics could adjust rota-
tion speed, torque, quill feed pressure,



FIGURE 4

Blanking plate with alignment frame being
lowered into downtake shaft.

FIGURE 5

ADS practicing in mock-up replicating sump
and blow-off valve.

quill travel distance, and position by

use of a touch-screen computer inter-
face. The SeaView rotary torque tool
was also deployed to actuate mecha-
nisms on the sump blanking plate and
the oil field blind flange.

Work-class ROVs can perform
very complex tasks, but the support
tooling and control systems must be
developed in advance. We believed

from the outset of this project that
ADS operations could be more quickly
adapted to unforeseen conditions than
an ROV. This proved true when
NYCDEP determined that a bronze
grate and debris within the blow-off
discharge line had to be removed rather
than grouted in place. We were directed
with only 24 hours of notice to remove
the grate at 405 ffw within the down-
take shaft. This became a relatively
simple construction site mechanical
problem because we had only to de-
velop tooling that could be manipulated
by the ADS. Our blanking plate align-
ment frame was quickly modified so
that the ADS could control an abrasive
blade saw (Figure 6).

The deep diving work at Shaft 19
was successfully completed, and ADS
was undoubtedly the best choice for
this underwater intervention. Our
ADS costs are estimated between
25% and 35% of saturation diving
when considering only the multiple
mobilizations and time delays imposed
by NYCDEP. Special engineering
costs associated with bell deployment
into the active water supply would
further favor ADS. Even multiple work-
class ROVs could not have operated
effectively in the limited visibility of
Shaft 19 as the combination of ADS
with ROV support.

FIGURE 6

Abrasive saw tested topside by ADS pilot,
Doug Bishop.

Lessons Learned

Lessons learned during the under-
water construction at Shaft 19 may
well be applicable to similar pro-
jects as well as deep water (1,000 fsw)
science. If a project cannot be com-
pleted solely by ROVs and the work-
ing duration or depths encountered
are too great for bounce diving, a
choice will probably be made between
saturation diving and ADS. The de-
cision will be determined by consid-
ering all the interrelated operational
factors.

Mobilization for ADS diving is per-
haps an order of magnitude less expen-
sive than a saturation spread, but that
disparity must be balanced against
project duration and underwater work
requirements.

Atmospheric diving suits can offer
manned performance with respect to
range of motion, manipulation, and
dexterity that is perhaps 50-85% the
capacity of a working gas or saturation
diver. ADS capabilities improve to-
ward the higher end of that range
when special tooling can be developed
and tested in advance.

ADS can successfully perform
many basic diver functions, but an at-
mospheric diving operation has to be
supported with tooling developed for
the anticipated tasks and adapted to
function with the suit. Tooling for at-
mospheric diving must be carefully
planned as it is for ROV operations.
The tool must be integrated with the
atmospheric suit; it is not as simple as
handing a new underwater tool to a gas
diver and expecting effective perfor-
mance. Tools can be standardized for
repetitive work, but unusual tasks un-
dertaken for construction or science
will likely require special tooling and
pilot training to handle each specific
application.
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Next-Generation ADS
All diving at Shaft 19 was performed
with the Newtsuit designed by Phil
Nuytten in 1985 but now utilizing
technology nearly 25 years old and per-
haps past its prime. Nuytco Research
had been gradually developing a new
generation ADS, designated as the Exo-
suit, for a number of years prior to our
work for SEW in 2010 and 2011. ADS
performance at Shaft 19 was so success-
ful that J. F. White placed an order for
the first Exosuit. At the time of this
writing, this first Exosuit has passed
pressure testing certification to 1,400 fsw
and has been delivered to J. F. White.
It incorporates modern developments
in electronic control and optical fiber
data transmission with multiple me-
chanical improvements gained during
operational experience at Nuytco.
® Thrusters: Exosuit thrusters have
approximately twice the bollard pull
of thrusters on the older Newtsuit.
This added power can be a signifi-
cant advantage working in a current
or applying force to tooling. The
maneuverability and positioning
capability of the Exosuit is further
improved because forward and re-
verse thruster power is controlled
by the speed and direction of rota-
tion, not by a variable pitch propel-
ler as in older suits. This new ADS
can be more easily flown by less
experienced pilots and more accu-
rately controlled by skilled divers.
= Power Ports: The Exosuit includes
four additional power supply
ports, each capable of delivering ap-
proximately 1 hp. Additional thrus-
ters could be added to the suit to
accommodate special circum-
stances, but these ports also provide
the capacity to run additional elec-
tric tooling directly by a suit whip,
not a separate power umbilical from
the surface.

® During our work at Shaft 19, we
often had six synthetic tether lines
deployed in addition to the ADS
umbilical, ROV umbilical, water
hydraulic supply line, and then an
electrical power supply to each
tool. The ability to power tools di-
rectly from the Exosuit will be a sig-
nificant advantage for construction
as well as scientific applications
where suction motors for biological
collection, drills for coral coring, or
special tooling for archaeological
specimen preparation could be di-
rectly powered from the Exosuit.

= Topside Control: Most modern
thruster-powered ADS have been
controlled with foot pedals leaving
the hand pods available for other
tasks. The Exosuit can be flown in
this manner, but it can also be in-
dependently piloted by topside
control. It could be utilized as an
ROV equipped with its standard
high-definition cameras if that de-
ployment proved advantageous,
but perhaps, more importantly, an
incapacitated pilot could be flown
around obstructions to safely clear
the umbilical for retrieval to the
surface. An inexperienced ADS
pilot with appropriate safety train-
ing but little suit time could also
be flown by topside control to a
particular work site. A skilled ar-
chaeologist, for example, could be
flown to a site where he would
only have to manipulate the ADS
hand pods or specialized tooling
to evaluate a critical specimen.

= Suit Flexibility: Atmospheric div-
ing capabilities were very limited
until invention of the rotary joint
(Nuytten, 1985). Modern ADS
then became practical for under-
water work, but friction in a joint
exposed to pressure can limit suit
dexterity and tire the working
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pilot. The Exosuit utilizes a newly
designed rotary joint, which re-
duces friction under pressure by
approximately 50% as compared
to previous ADS. Every pilot move-
ment of the suit legs, arms, or hand
pods is more precise and less tiring.
This flexibility will clearly assist po-
sitioning of the suit when working
on bottom or in restricted areas.
= Fiber Optics: The Exosuit umbili-
cal includes optical fiber in addition
to power conductors and strength
members. This fiber provides data
transmission for high-definition
video, sonar, and other digital sensor
systems. Voice transmission over
fiber is superior to copper, and un-
like older suits, cabin life support
data can be monitored directly by
the topside supervisor without in-
terrupting pilot attention to the
task at hand.
The Exosuit also incorporates many
small modifications that would go un-
noticed by a general observer, but
they will be immensely appreciated
by pilots and will become obvious
during an assessment of work perfor-
mance. The pilot’s range of vision
through the new face dome is excep-
tional, slight modification of the torso
eases pilot entry into the arms, and
hand pods have been improved and
include threaded mounting lugs to ac-
commodate special tooling. In com-
bination, these and other advances
qualify the Exosuit as a new generation
of ADS, but they also set the stage
for development of additional capabil-
ities (Figures 7 and 8).

New ADS Capabilities

Nuytco Research is presently devel-
oping a free-swimming untethered
version of the Exosuit. This capability
would be derived from the reduced



FIGURE 7

Newtsuit in operation.

FIGURE 8

Exosuit performing acceptance tests.

friction offered by Phil Nuytten’s new

joint design and could benefit specific
scientific or military applications.

J. F. White and Nuytco Research
are both presently evaluating the ad-
vantages of mating an Exosuit with a
tether management system mounted
aboard a small submersible. This com-
bination would be free of any umbili-
cal to the surface; incorporate the
capacity for self-rescue; and offer a
very capable platform for underwater
construction, science, or salvage.

Atmospheric suits are usually
equipped with manipulators resem-
bling pliers that can open, close, and
lock a grip. This limited dexterity
often slows a pilot’s work as compared
to a gas diver and creates the need for
special adaptive tooling. The develop-

ment of a manipulator more closely

FIGURE 9

Prototype prehensor developed by Nuytco
Research.

FIGURE 10

Anthropomorphic ADS prehensor invented by
Vishwa Robotics.

replicating a human hand would pro-
vide immense advantage underwater.
Nuytco Research has been developing
their prehensor hand as depicted
below, and concurrently, several
other designs are emerging from robot-
ic and biomedical laboratories. It is
probably a safe prediction that im-
proved hand mechanisms will be
working underwater within the next
few years (Figures 9 and 10).
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= COMMENTARY

Take Me Back Down: The Best “Over
the Counter” Remedy for DCls

AUTHOR

Joseph Dituri

CDR U.S. Navy (ret.)
Gallant Aquatic Ventures
International, Tampa, Florida

he following is a first-hand exam-
ple of how a series of unfortunate
events were made better by going
back into the water for in-water recom-
pression. The article does not offer
medical advice. It serves as a personal
account from which people may con-
sider learning about an alternate means
of immediate response to decompres-
sion illness (DCI).

Immediately upon ascending the
ladder onto the boat, I knew some-
thing was wrong. I felt “funny.” We
just completed a 400-fsw (feet of sea-
water) dive for 25 min of bottom
time using all the appropriate gasses,
making all required gas changes, and
completing all decompression stops. I
did a quick check of my dive buddy
and saw that he was fine. After remov-
ing my wetsuit, one of the support div-
ers noticed the blotchy red patch that
had started to form over my left shoul-
der and around the left side of my
abdomen transcending around to my
left lower back. It had been less than
15 min on the surface, and I was sitting
while the boat was making its way back
to port. Next, I had a flash of non-
descript internal pain to my left knee.
I began to rub it and wondered how
long it would be until we were near
the second dive site where we would af-
ford the support divers an opportunity
to dive (we found it important to re-

ward those who were helping us with
a fun dive). My entire thought process
was driven toward getting myself back
into the water. This thought, I believe,
came from the adaptive unconscious
(described in the later part of the com-
mentary), which bears considerable
importance to the ability to decide the
correct course of action. About 15 min
later, I began to feel that all-too-familiar
pain, only now it was in my right knee.
Bilateral and progressively worsening
symptoms began to cause me great con-
cern. This was the point at which I
knew I was in significant trouble.
Not wanting to be a bother to the
four divers who had endured my 4-h
dive while they sat on the boat taking
turns being in the water to support us,
I concealed my pain and stomached a
brief offload period at the dock, which
was about 45 min after surfacing. I
could not, however, conceal the cough-
ing fit that ensued with a small clearing
of my throat while they were loading
some drinks from the bait and tackle
shop. This uncontrollable coughing
progressed, and the friend driving the
boat got everyone back in the boat
and sped out of the channel toward
deeper water. At this time, my rash
was puffy and red, and pressing on it
left an indent. I had pain in both
knees, which was a 5 on a scale of 1
to 10. I was hacking so badly; I could
not carry on conversation. At the speed
with which the symptoms were pro-
gressing, I believe I would not have
survived the lengthy transit to a hyper-
baric facility, which would have in-
cluded a 10-min ambulance response
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time, followed by a 30-min ambulance
ride to the chamber, or the almost as-
sured 45-min wait at the Emergency
Room (ER) while doctors poured
over me trying to find out what was
wrong. At the local medical facilities,
the chamber is not located at the
same place as the hospital ER. I needed
acure NOW and hair of the dog that bit
me was the only immediate remedy
available.

After the 3—5 min it took to get the
boat to ~45 feet of water, I grabbed an
open circuit steel 72 cubic foot cylin-
der filled with 100% oxygen that had
a green regulator on it (to ensure some-
one did not inadvertently breathe from
itatan improper depth). I put it under
my arm while someone tossed the
anchor. Knowing full well I might be
in the water for a while, I had begun
to step into a wetsuit at the dock. I
could not manage to pull it any higher
than up to around my hips. Face mask
donned, but unable to put fins or other
equipment on, I fell forward off the
boat into the water.

I do not recall clearing my ears,
the journey downward, or hitting the
bottom. I became aware again when
Jennifer, who apparently followed my
descent, grabbed my arm and pulled
me from 40-45 fsw up to hang on
the anchor line at 30 fsw. Jennifer had
little more than an old style Hawaiian
backpack for diving and was known
for being able to dress for diving very
quickly. She undoubtedly saved my
life. (Thank you for that, Jennifer!) By
the time my dive buddy from the deep
dive got dressed and reentered the



water, I had been able to pull my
wetsuit up over my shoulders, was
lucid, and had a plan for my in-water
recompression cobbled on Jennifer’s
slate. I had complete resolution of
symptoms within minutes. [ was a dif-
ferent person from the uncontrollable
cough-ladened, bilateral pain-filled,
shell of a man who thought it was a
good idea to reenter the water 5 min
earlier. One of the divers brought me
my rebreather, and I followed out my
decompression plan, uneventfully
watching the support divers enjoy
their “fun dive” from my perch at the
anchor line while slowly ascending
from 30 to 20 and finally 10 fsw and
then surfaced.

I had a fleeting thought to go to the
Diving Medical Physician at Mobile
Diving Salvage Unit, where I was sta-
tioned, but I was too embarrassed and
did not want to face the ridicule or
have to explain to the Navy what I
was doing at 400 fsw on the weekend
while I was on liberty. I thought I was
fine until later that night when my ab-
domen and shoulder area that dis-
played the initial rash had become
very painful to the touch. I was unable
to sleep because when those areas
touched the bed, it produced an in-
tense amount of pain and endorphin
release. After making my way to the
chamber and a short ride in a “round
room,” I was without pain or residual
marks and very fortunately alive today
to tell the tale.

This true story is one that could
happen without warning or expecta-
tion, as it did to me. With this truth,
I intend to invite you into an alternate
view of in-water recompression and af-
ford you an opportunity to discover a
possible tool that could save your life if
performed properly. I recognized the
many mistakes I made in this scenario.
First was ignoring the most common

symptom of DCI: denial. I initially
knew I had DCI but denied the se-
verity. The second mistake was delay-
ing recompression. My final mistake
was not being checked by a physician
knowledgeable in diving medicine
following my life-saving in-water
recompression.

If you are walking down a street
and you see a truck coming toward
you, do you have time to weigh all
the options prior to jumping out of
the way? The answer, of course, is
no. Why would I have immediately
thought that the “necessary” thing to
do was get back in the water? Divers
are an intelligent unique breed. In
my opinion, one of the most impor-
tant traits allowing divers to evolve
into technical diving and rebreather
diving is to have a decision-making
process that is capable of making
rapid judgments based on little infor-
mation. This notion parallels survival
skill sets.

As the psychologist Timothy D.
Wilson writes in his book Strangers to
Ourselves, the mind relegates a great
deal of its high-level sophisticated
thinking to its unconscious. Our adap-
tive unconscious does an excellent job
of sizing up the world, warning people
of danger, and setting goals and initiat-
ing action in a sophisticated and ef-
ficient manner. Wilson says that we
toggle back and forth between con-
scious and unconscious parts of the
brain. Whenever we are faced with an
emergent situation, we invoke the un-
conscious part of our brains to assist in
making the decisions. I believe that my
adaptive unconscious was working to
help me recognize I was in trouble.
In Malcolm Gladwell’s book Blink,
he suggests that the rapid answer is
most often correct. The quality of a
decision is not directly proportional
to the time, effort, and energy to make

that decision. Knowledge is power, but
a delay in taking action may cause ir-
reparable damage. Prior to making
the decision to go back in the water,
an astute technical diver would seek
proper training to prepare themselves
for making the correct decision once
the inevitable happens.

If we knew exactly what caused
Decompression Sickness (DCS), the
divers at large may feel differently,
but since scientists have been unable
to find an exact cause, we are merely
trying to treat the symptoms. DCS is
so multifaceted that some researchers
have spent their whole lives trying to
find the cure/cause to no end. If you
ask a diver who is newly certified,
“What causes DCS?” their answer
would be, “I don’t know...I think
it has something to do with bubbles.”
If you ask a dive master what causes
DCS, you will likely get a description
of a soda bottle being opened too
quickly and the soda fizzing out. If
you ask an experienced technical diving
instructor or a person trained in hyper-
baric medicine what causes DCS, you
will likely get discussions of the phago-
cyte and leukocyte reaction to a foreign
body in your blood stream coupled
with the need for adequate hydration.
If you ask the top five scientists who
work in decompression physiology,
“What causes DCS?” their answer
would be, “I don’t know...I think it
has something to do with bubbles.”

This is just one case where the con-
tentious practice of in-water recom-
pression was the best over-the-counter
remedy. This could have gone very
wrong, and I may not have survived
the descent. Other technical divers/
authors including Richard Pyle, Don
Shirley, and Tom Mount have scribed
their accounts of the utility of this
“trade secret” in a variety of online
articles, and the “science” of IWR
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is just now emerging. There are

two major points to take away from

this commentary:

1. in-water recompression is the best
source for immediacy of care
when a diver has a DCS
and

2. in-water recompression is not the
only thing a diver needs to do if
they have DCS.

In-water recompression is by no
means a medical treatment, and one
should seek medical attention after
any attempt at [IWR. IWR is merely a
method of lessening the severity of is-
sues that a diver will encounter because
of DCS and affording immediacy of

care.

Author:

Joseph Dituri

Gallant Aquatic Ventures
International

Email: joe@gallantaquatic.com
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= BOOK REVIEW

My Daddy Wears a Different Kind

of Suit to Work

By Josephine A. Dituri and Joseph Dituri
Gallant Aquatic Ventures International, 2011

54 pp., $19.99

Reviewed by Brian Bordieri

selection that weaves work and
play together for children with
ocean loving parents, My Daddy
Wears a Different Kind of Suit to
Work offers divers and nondivers
alike a glimpse of how our children
view diving parents, our gear, our
stories, and the connection between
modern life and the sea. Written for
young children to be read to or for
emerging readers to connect text
and illustrations, the pages hold the
attention of the intended audience
after many repeated readings. There
is evidence of genuine family ex-
ploration of the underwater world
through conversations recalled by a
curious child, and there is balance
between the technical and human
sides of diving for a living. Informal
expression allows children to partici-
pate in the story of dad’s adventures
and learn about the obstacles as well
as on-the-job vocabulary without
being pushed away with technical
jargon.

Perhaps the best attribute of this
work is the conversation it allows
between divers and their children.
My own little ones have had ques-
tions about diving, poked around
my equipment, and happily pointed
outdivers on TV when they appear—
but I had never encountered a book
that collects so many of these ques-

tions and the right answers for chil-
dren into one sitting. It is also a great
way to introduce young readers to the
notion that there is such a wide range
of possible careers out there to be ex-
plored. We enjoyed the illustrations
that accompanied each page. Each
contained enough detail to support
the story yet remained whimsical.

The book is a must-own for any
active diver with growing children.
Having read countless books on a
nearly unlimited range of topics,
this book has become a quick favorite
because of the relevance of the story
within. Good books help readers to
connect, and this work allows chil-
dren to connect with diving parents
on an activity that they are just not
ready for themselves. My daughter
asks me to take her diving regularly,
and the day she turns 10 she will be
signed up for classes; but for now,
we will continue to explore the sea’s
shallows directly in summer and in
the armchair in winter using this
book as that connection.
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