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Abstract
An Atmospheric Diving Suit (ADS) is a one person anthropomorphic submersible which is used
to facilitate undersea work while keeping the diver/operator at atmospheric pressure thus removing
them from the harmful physiological effects associated with diving at depths. Most ADS in use
today have limited range of motion/mobility due to the combination of rotary joints utilized. The
joint discussed in this thesis differs from rotary joints, widely in use today, in that it is a bellows
type joint which allows sixty degrees of motion in plane. The engineering required to allow this
joint to operate under pressure is to maintain a constant volume as it travels throughout its range
of motion. If volume changes while subjected to pressure from the ocean the joint will seek the
position with the smallest volume. Energy would be required to move the joint from the position
associated with the smallest volume, making the joint a poor design which could fatigue the
operator. This thesis will explain the engineering behind maintaining the volume through a range
of motion.
Material selection of the joint membrane is a critical component. When designing the joint to
maintain constant volume throughout its range of motion an assumption of a perfectly flexible and
inelastic material is made. We discuss the ramifications associated with a membrane which is not
perfectly inelastic.
This thesis continues the work that has been completed in conjunction with a Small Business
Technology Transfer (STTR) contract funded by the Office of Naval Research (ONR) between the
Massachusetts Institute of Technology and Midé. The elbow joint prototype, developed and
manufactured by Midé, was tested in a rig, designed and built at MIT, consisting of a water tank
with the joint completely submerged. Range of motion for 15 subjects was captured using image
processing software and qualitative interviews were conducted to capture the experience for users
with different anthropomorphic measurements. A human factors analysis was performed which
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proved that the joint operated as designed in a shallow water environment. A prototype ADS
consisting of rotary and bellows joints is also proposed.
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Chapter 1 Introduction

1.1 Motivation

The ocean is an extremely challenging environment to work in and to date less than 5 percent of
the ocean has been explored [1]. Humans are constantly pushing the technological envelope and
this includes operating at extreme depths in the ocean. The Atmospheric Diving Suit (ADS)
enables humans the mobility and (sometimes) functionality to explore and work at depths up to
600m [2]. Some examples of industries that operate in these environments are oil and gas, marine
salvors, military, and scientists.
A common problem associated with ADS usage is restricted mobility. The structure that protects
the diver from extreme pressures and the underwater environment also inhibits movement. Some
of my colleagues who performed theses in this field, (Wilkins and Colgary) [3],[4], showed that a
task that could be considered routine, bolting and unbolting a flange, is difficult in an ADS and
the effort required varies with the operator. This thesis will examine a new joint design which
could possibly improve ADS mobility.
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ADS are a specialized, small, and expensive subset of the diving industry. The US Navy, until
recently, used ADS at the Undersea Rescue Command (URC) whose primary responsibility is to
rescue a submarine’s crew in the instance a mishap occurs and the submarine cannot surface. The
US Navy funded research into a “next-generation, lightweight ADS” sponsored by the Office of
Naval Research (ONR) in partnership under a Small Business Technology Transfer (STTR)
contract, N13A-T029.

Midè Technology of Medford, MA and Massachusetts Institute of

Technology (MIT) are working together on the design and evaluation of a new joint that could
enable greater mobility and functionality in an ADS. Midè designed and constructed a joint
prototype which was provided to MIT to facilitate conducting a human factors analysis.

1.2 Problem statement

Improving the functionality of ADS could enable improved efficiencies of underwater operations.
In this thesis we investigated, designed, constructed, and performed a human factors analysis of
the joint prototype constructed by Midè. We explained the science which enables this prototype
to function. We analyzed the results of the human factors experiment and distributed data to all
stakeholders involved in order to facilitate the advancement in the science of ADS. We analyzed
the joint for operability within current ADS designs and determined which components in
conjunction with the prototype joint provides the desired Range of Motion (ROM) and
functionality. We analyzed material selection of various components of the prototype joint and
discussed their impacts.
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1.3 Thesis outline

This study is outlined as follows:


Chapter 2 describes the history and state of practice of ADS along with an explanation of
engineering required which enables this prototype joint to function.



Chapter 3 describes the design and construction of the experiment.



Chapter 4 analyzes and discusses the results of the experiment.



Chapter 5 provides conclusions and follow on study recommendations.
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Chapter 2 Background

2.1 State of the practice of Atmospheric Dive Suits

The first one atmospheric diving rig is usually given
credit to John Lethbridge around 1715[5]. He called his
invention a dive engine. It was constructed of tongue
and groove boards in the shape of a barrel. It was
strengthened with forged iron bars.

Visibility was

allowed by a glass porthole which aligned with the
diver’s head. The diver would enter the rig and stick his
arms through oiled leather sleeves which would be
sealed using buckle straps. The rig would then be sealed
and the rig positioned and maneuvered by a crane. The
diver would communicate with the crane by a rope, all
of which can be seen in Figure 2-1. This rig allowed
limited work to be done up to seventy feet. One wreck
in particular that he is known for was the Slaterhoog, a

21

Figure 2-1 Mr. Lethbridge original
Dive Engine

Dutch ship that went down in 60 feet of water with close to 3 tons of silver. Mr. Lethbridge
recovered 90% of the silver over a nine year period.
Since Mr. Lethbridge’s original diving rig many people have tried to improve on his invention,
some of the more unsuccessful attempts are undoubtedly lying at the bottom of the ocean.
Lethbridge’s dive engine did not protect the operator’s arms from temperature or pressure. Modern
suits like the Exosuit® and Hardsuit®, are anthropomorphic one person submersibles which are
designed to maintain the operator, arms included, at one atmosphere while allowing work to be
accomplished. The most successful designs, to date, have used combinations of rotary joints to

Figure 2-2 Exosuit and Oceanworks 1200 demonstrate the use of rotary joints

facilitate motion. Rotary joints connect the segments of an ADS together and are usually
constructed of aluminum alloy. Figure 2-2 shows the Exosuit and Oceanworks 1200, two
examples of the leading suits in the industry, and their use of rotary joints.
ADS are employed predominantly by the oil and gas industry but have been employed in various
sectors of underwater work. ADS is one tool that can be utilized to work in this environment.
22

Divers have the advantage of greater mobility and functionality at the work site but have the
disadvantages of long decompression times and exposure to temperature. Remote Operated
Vehicles (ROVs) have the advantage of removing the risk of placing a human in dangerous
situations but might not offer the dexterity and situational awareness that a human on scene can
offer. ROVs, divers, and ADS all have their uses and a detailed analysis usually occurs prior to
deciding which method is suited to the task at hand.
The US Navy and commercial industries have been interested in a lighter weight ADS that is
capable of “swimming”. The Navy’s design requirement is the suit must be less than 400 lbs, since
at this weight a diver will be able to self-propel using his legs and fins. This Low-Weight ADS
(LW-ADS) will allow a larger variety of launch craft (small boats) and enable the system’s use in
a broader mission capability. Midé in partnership with MIT’s Man-Vehicle Lab endeavored to
create a next generation ADS to solve these challenges.

2.2 Work completed to date on STTR

A Small Business Technology Transfer (STTR) contract funded by the Office of Naval Research
(ONR) between the Massachusetts Institute of Technology and Midé, Topic N13A-T029, Contract
# N00014-14-C-0291, was awarded August 22, 2014. Since that time a large volume of research
has been accomplished in regards to developing a LW-ADS.
While researching space suits at MIT’s Man Vehicle Laboratory (MVL) a technique to analyze
joint Lines of Non Extension (LoNE) was developed. The Digital Image Correlation (DIC) method
was used to analyze both elbow and shoulder joints and studied the variability between people of
different sizes. The fundamental reason behind this research was to facilitate designing joints in a
space suit. While space suits need to apply pressure to the humans inside them to maintain earth’s
one atmosphere, ADS have the opposite requirement of keeping the crushing pressures of the
ocean at bay. The ideas and concepts generated by MVL and the LoNE translate to ADS joint
design. Determining where the LoNE for elbows, knees, and shoulders are will allow better
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designs in the future. Figure 2-3 illustrates the method used to map the body during movements
and the associated lines of non-extension that accompanies them.

Figure 2-3 Lines of Non-Extension originally used for spacesuit design but carries over to ADS

Midé designed and constructed a prototype bellows joint that is designed to maintain constant
volume throughout its range of motion. Midé performed tests of the joint underwater in simulated
pressures up to 450 psi. They conducted material analysis along with finite element analysis.
Midé’s joint is proprietary and has patents pending so pictures nor detailed discussion of the inner
workings of the joint will occur in this thesis.

2.3 Membrane Joint Modeling

Midé’s design relies on the assumption that the volume in the joint will remain constant throughout
it’s ROM. It’s important to understand the engineering and geometry required to make this happen
along with what the potential forces an ADS operator might need to overcome at certain depths if
the volume does not stay constant.
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To analyze and solve these questions we need to assume some material properties and dimensions.
The first assumption is that the membrane will be made of a perfectly flexible but inelastic
material.

Figure 2-4 Prototype elbow joint provided by Midé including PVC hardware required for
mounting and to sealing

Figure 2-5 Functional depiction of joint shown in flexed position. Support bars are circular
frames placed underneath membrane connected by internal hinges
25

To determine a method of maintaining constant volume in the joint we analyzed the problem in
two dimensions. To better understand how the joint operates refer to Figures 2-4 and 2-5 which
show the joint in a flexed and neutral position along with the supporting hardware required to for
mounting to the tank. The internal workings of the joint have been intentionally not shown due to
Midé’s patents pending. Support bars provide the foundation for the membrane to rest on and the
internal hinges, which can shift during joint movement, allow the support bars to move. We
investigated the area formed by the polygon of two bars, the bottom one fixed and the top one
which rotates through fifteen degrees. The graphics were generated from Matlab and the scripts
are included as Appendix A. Figure 2-6 displays the dimensions of our two dimensional example
as two bars which are 10 long separated by 2 when the bars are parallel. We will assume unitless
properties for the description moving forward of maintaining constant volume throughout the
joint’s movement.

Figure 2-6 Demonstrates initial setup of determining the area between the two bars, the bottom
one being fixed and top one allowed to rotate at its fixed pivot point
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Figure 2-7 depicts the polygon and area enclosed as the top bar rotates through fifteen degrees.
For this example the pivot point is maintained at the midpoint of the top bar. In this example the
area of polygon decreases with the angle of deflection.

Figure 2-7 The left figure depicts the polygon as the top bar rotates through 15 degrees while the
pivot point maintains a fixed position, the right figure depicts the area of the polygon as a
function of the angle the top bar makes with the horizontal horizon

A script using Matlab’s solver function was written to determine the direction and magnitude the
pivot point would change to maintain the same area throughout fifteen degrees of rotation. Figure
2-8 shows the pivot point moves linearly to the left to maintain a constant area.
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Figure 2-8 Left image shows the polygon as it rotates through 15 degrees, it’s apparent that the
pivot point shifts to the left as it rotates by viewing the top bar shift to the left. The center image
shows the area being maintained at 20 while the top bar rotates and the right image shows the
distance the pivot point moves left as a function of the top bar rotating. Notice the linearity.

My intuition, which turned out to be incorrect, was to initially model the membrane as a catenary.
The problem with the catenary assumption is that gravity is the dominant force acting on the
membrane and it’s uniform in its direction. Figure 2-9 depicts this initial assumption. Gravity
will not be the dominant force the membrane experiences, the dominant force will be the pressure
exerted from the ocean. The membrane will be subjected to pressure which will be normal to the
surface, thus making the catenary assumption invalid. Instead the membrane will be modeled,
Figure 2-10, as a circular arc between the support ribs with sections of the membrane that are
“laying down” on the ribs. This “lay down” portion needs to be considered when modeling the
membrane.
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Figure 2-9 Initial assumption that the membrane should be modeled as a catenary, the uniform
lines of gravity do not apply to the membrane underwater

Figure 2-10 The left image shows the dominant force exerted on the membrane will be pressure
from the water which will be exerted normal to the surface. The image on the right displays the
assumption to model the membrane as a circular arc between the support ribs and the “lay
down” which needs to be considered when modeling the membrane

To correctly model the membrane joint took me through a review in geometry. Using Pythagorean
theorem, Figure 2-11, we were able to determine the arc size and position where “lay down” would
occur.
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Figure 2-11 Pythagorean Theorem was used to determine the arc size, which correlates to the
largest circle inscribed in a triangle, along with position and magnitude of “lay down”

Figure 2-12 Set up illustrating geometric relations used to determine where the arcs start and
end points will be located

To determine an initial value for the membrane length the joint was analyzed at a fifteen degree
bend. A length is required that is long enough to allow the membrane to move throughout its full
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ROM and not be “stretched” in tension. Stretching the membrane would lengthen it and invalidate
our calculations and not be in line with our assumption that the material is perfectly inelastic. The
large arc and applicable “lay down” was investigated for this initial value which are depicted in
Figure 2-12. An initial membrane length of 5.3 was determined as a starting point by inspection.
The next step was to determine the area enclosed by the membrane and support ribs and keep it
constant throughout the ROM. The final step was to validate that the initial membrane length was
feasible. A Matlab script, using the solver function, was used to determine the appropriate shift of
the pivot point to accomplish this. We utilized two different methods to check the area of the
enclosed section.
1. Polygon Method
The polygon method utilized the polygon function which is built into Matlab. It calculates
the area of a polygon.

Figure 2-13 Polygon method used “Polygon” function in Matlab which calculates area bounded
by polygon ABCD. The area of arcs AB and CD are then subtracted
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Figure 2-13 depicts how the polygon would be defined in Matlab with points ABCD. After the
area for the polygon is determined the areas for the circular arcs AB and CD are removed to provide
the area encompassed by the membrane. The area of the arcs are calculated by:

𝐴𝑟𝑒𝑎 = 𝑅 ∗ 𝜋 ∗

180 − 𝑛
360

2. Integration Method
The integration method was used to verify the polygon method. It consisted of a two step process.

Figure 2-14 Integration method uses a two step process. First step generates area on left side by
R*h then subtracts areas A,B,C, and D. Second step generates area bounded by four gold stars
then subtracts area of arc E

The first step of the integration method dealt with the left hand side of Figure 2-14. The area of
h*R was generated and then the areas A,B,C,D were removed. The second step of the method was
to generate the area of the polygon shown by the gold stars in Figure 2-14 and then remove the arc
area E.
The area of the unbent joint when the two bars are parallel and the assumed membrane length is
12.5416 as depicted in Figure 2-15.

32

Figure 2-15 Area of unbent joint with assumed membrane length of 5.3

To maintain 12.5416 area through the joint’s fifteen degree ROM requires a shift in the pivot point
of 0.036 per degree to the right. Figure 2-16 shows the joint at 5, 10, and 15 degrees along with
the graph showing the area being maintained constant. It can be observed that the pivot point shifts
to the right by observing the top bar moving to the right. This is opposite to the direction the top
bar moved when maintaining the area of a polygon without the membrane demonstrated earlier
and shown in Figure 2-8.
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Figure 2-16 Joint at 5, 10, and 15 degrees. The pivot point shifts to the right to maintain the area
throughout its ROM

We have demonstrated that it’s theoretically possibly to maintain a constant area through the joints
ROM of fifteen degrees. This principle could be applied to four joints that would be combined in
series for a total of sixty degrees ROM.
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Chapter 3 Experimental Design and
Methodology Used for Human Factors
Analysis

3.1 Overview

This chapter discusses the design and experiment associated with conducting a human factors
analysis on Midé’s prototype joint. Midé carried out extensive testing on their prototype. All of
their testing either involved the prototype being acted upon from the outside by an external force
or a mechanical device placed inside the joint which was designed to mimic a human arm.
Capturing results from human subjects is important to ensure that all human factor issues are
documented.
Testing consisted of taking anthropomorphic measurements of subjects followed by the subjects
proceeding through an experiment in which they inserted their arm into the test rig and moved
their arm through their ROM. Their ROM was captured with a camera and image processing
software was utilized to determine what the ROM experienced by the subject was. Once all data
was collected it was analyzed to see if any trends existed.
35

3.2 Set up and design
The prototype joint requires a pressure differential to engage the bearings. To apply external
pressure to the joint two options were available. The first being to construct a pressure vessel
capable of applying an appropriate external pressure to engage the bearings and the second was
placing the joint in a water tank which will apply pressure related to the height of water. The water
tank, being the most cost effective, was chosen as the appropriate vessel. A large 757 liter plastic
tank was chosen.

Figure 3-1 757 liter water tank
`

The tank is constructed of polyethylene and weighs 34.5 kg. Density of fresh water is 1.025
kg/Liter. Seven hundred fifty-seven liters of water in addition to the tank brings the weight of the
full tank to 810 kg.

1.025

𝑘𝑔
∗ 757 𝑙𝑖𝑡𝑒𝑟 + 34.5 𝑘𝑔 ≈ 810 𝑘𝑔
𝑙𝑖𝑡𝑒𝑟
Equation 1

The tank was placed in the former propeller testing tank at MIT which has appropriate drains and
water sources. The tank was placed upon a stand to allow the subjects to insert their arm while
standing in a natural/comfortable position. Unistrut, P1000, 1 5/8” steel framing was chosen to
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support the tank. The tank is constructed in such a way that the load is distributed through built in
footpads positioned approximately at each corner which is shown in Figure 3-2. The stand was
designed so the columns were positioned underneath the footpads, this allowed us to ensure
appropriate column loading safety factors are met and the beam loading will be insignificant. A
safety factor of six was achieved for the stand holding the water tank. The material properties of
the Unistrut materials are included in Appendix B.

Figure 3-2 Stand constructed so that columns are placed below footpads which reduces beam
loading and allows a safety factor of 6 to be achieved for column buckling

The prototype joint that was supplied by Midé was outfitted with a PVC flange to allow attachment
to the water tank. Initial inspection of this set up led us to believe that the circumference of the
PVC pipe would be too small for a large portion of test subjects, including myself, because my
arm wouldn’t fit inside of it. The flange would also not allow the elbow to be positioned in the
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center of the joint and we were concerned that this could affect the experiment. The images below
show the original flange and how the flange wouldn’t allow the elbow to be positioned in the
middle of the joint.

Figure 3-3 Prototype joint provided included a flange which would facilitate mounting of joint to
the test tank. Image on the right shows that the subject’s elbow would not be positioned in middle
of joint during experiment and modification of the flange is necessary

The circumference of the smallest section of the flange was 29.9 cm which would statistically pose
a challenge since the mean bicep flexed circumference is 33.1 cm[6] and it would be reasonable to
assume that some sort of flexion would be required to move the elbow joint.
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Mean

5%

95 %

Bicep circumference relaxed (cm)

30.8

27.2

35

Bicep circumference flexed (cm)

33.1

29.4

36.9

Elbow circumference (cm)

27.8

25.6

30.2

Table 1 Anthropomorphic Data

To allow a statistically significant pool of subjects to participate in the study and to ensure that the
elbow would be positioned in the middle of the joint, alterations to the PVC flange were
investigated and ultimately it was decided to modify the flange by cutting away the inner portion
of the PVC ring which is positioned on the outside of the tank. A final entry size circumference
of 34.6 cm was achieved with this modification allowing 95% of the population to be eligible to
participate in this experiment. A watertight seal was accomplished with the use of gaskets and
sealant. This modification caused the joint to be mounted at approximately twenty degrees from
horizontal which had to be accounted for later during image processing.

39

Figure 3-4 The red circle on the left image displays the material that was removed to allow
subjects with average measurements to participate in the experiment. Image on the right
portrays the flange mounted onto the test tank.

Video recordings of the experiment were taken with a GoPro HERO 2 positioned in the tank above
the elbow joint. Figure 3-5 shows how the GoPro is mounted 33 cm above the elbow joint and
positioned in the middle.
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Figure 3-5 GoPro mounted 33 cm above and positioned in the middle of joint
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Chapter 4 Results and Discussion

4.1 Human factors analysis

Experiments that are conducted where humans are involved are required to gain approval from the
Committee of the Use of Humans as Experimental Subjects (COUHES). Federal mandate (“The
Common Rule,” 45 CFR pt. 46) and longstanding MIT policy require that the COUHES review
and approve ALL research involving human subjects that is performed under the auspices of MIT.
The COUHES requires the personnel who will be administering the experiments to undergo
specific training and the experiment procedures to be provided to them for review. The approved
COUHES forms are included in Appendix C.
Test subjects were provided documentation outlining the experiment and what they should expect.
It described the measurements that would be taken first. The measurements were: relaxed bicep
circumference, elbow circumference, elbow to fingertip, and armpit to fingertip. The next part of
the instructions explained the procedure. It consisted of inserting one arm and then bending it
through the maximum ROM fifteen times, then switching arms and repeating fifteen times. After
the first round movements are completed the subjects are interviewed and qualitative feedback is
recorded. The procedure is then completed for a second time.
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4.2 Pressure required to engage bearings
The prototype joint Midé provided requires pressure to be applied to engage its internal bearings.
Without these bearings engaged the joint tends to bind and does not move smoothly. The required
pressure to engage the bearings was unknown at the beginning of the experiment. It was
determined by submerging the joint to the top and then in increments of 5 cm, stopping at each
increment and attempting to maneuver. Movement was not smooth until 30 cm of water above
the joint was inserted which applied 2.98 kPa (0.433 PSI).

4.3 Video Analysis
The experiments were recorded with a GoPro and the video data was uploaded to Tracker® video
analysis software. Tracker® software tracks the reference dots painted on the joint. There are
multiple settings and functions that can be chosen in Tracker® but we chose to record the
maximum angle the dot moves in relation to a reference plane which we aligned longitudinally
with the center of the joint. The images below depict this.

Figure 4-1 Tracker screenshot displaying initial condition and x-y axis. The blue dot will be
tracked as it moves throughout its ROM
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Figure 4-2 Tracker screenshot at max bend angle. The blue dots depict the tracking of the joint
through its movements and the graph on the right shows angle measurements in relation to the
origin

Once the maximum angle has been determined using Tracker®, a screenshot of the image is
imported into RHINO where the angle between the reference plane, the portion of the joint
mounted to the tank, and the end of the joint that moves freely is determined. They are displayed
below as A (reference) and B (unconstrained).
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Figure 4-3 “A” is fixed reference plane while “B” is unconstrained and will be used to measure
angle the joint traveled through
Using RHINO’s angle measurement function to measure the angle between lines A and B gives
the ultimate ROM of the joint. Figure 4-4 illustrates the measurement taken between the fixed and
unconstrained planes.

Figure 4-4 RHINO screenshot displaying angle measured between reference and unconstrained
plane
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Calibration of the angle outputted by Rhino was necessary for two reasons. The first one being
that the joint was mounted twenty degrees off horizontal. This is illustrated by the image below
which shows an arm that is mounted twenty degrees off of the horizontal plane will appear to have
moved fifty eight degrees in the horizontal plane after it is moved through its entire sixty degrees.

Figure 4-5 Due to the prototype joint being mounted 20 degrees off of the horizontal axis it is
necessary to calibrate the measurement of the joint. When the joint moves 60 degrees it is
viewed to have moved 58 degrees. The perception angle of the GoPro also contributes to a
measurement of less than 58 degrees which requires calibration

The second being the perception angle the GoPro perceives since it’s mounted 33 cm above the
joint. The calibration was accomplished by constructing a two dimensional jig with the same
dimensions as the prototype joint. This jig simulated all four convolutions of the joint at fifteen
degree bends for a total sixty degree bend of the joint. The jig was installed in place of the joint
and it was determined that a visual angular reading of fifty four degrees corresponded to the full
flexion of sixty degrees. Using this calibration data a factor of (60/54) was applied to the Rhino
results.
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4.4 Analysis of Data

Fifteen subjects participated in the program. Fifteen subjects is not a large enough sample size to
ensure statistically sound results and therefore a relatively high margin of error could occur. The
anthropomorphic data for the fifteen subjects are listed in the table below.
Arm length,
armpit to
fingertip (cm)

armpit to
elbow (cm)

bicep
circumference
(cm)

elbow
circumference
(cm)

armpit to entrance of
rig (cm)

71.5

26

28

26

5

78

29

27

27

11

66

23

35

29.5

16

74

25.5

30

29.5

5.5

72

25

32

31

5

73.5
65
74

23
23.5
28

38
25.5
32

30.5
23
29.5

13.5
3
5

76
70
72
70
77
72
66

30
24
25
26
35
25
24

30
26
29
35
30
30
39

27
26
27
31
31
30
32

5
5
5
14
7
5
15

Table 2 Anthropomorphic data of subjects

The following table displays the ROM for each participant along with mean, standard deviation,
and median data for each arm. Data is also presented with the removal of one outlier which fell
outside of two standard deviations.
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Table 3 Average, median, and standard deviation of ROM for all test subjects. The data on the
bottom displays the information with subject’s whose data was more than 2 standard deviations
outside of mean removed. One subject could not participate in experiment due to his arm not
fitting in joint and his zero data was not used.

The data shows that the prototype arm comes very close to meeting its designed sixty degrees
ROM. Some possible reasons for not reaching the sixty degree ROM goal is unfamiliarity with
the equipment and the prototype joint dimensions being too small which will be discussed in the
qualitative review section.
An initial hypothesis was that subjects who had their elbow positioned in the middle of the joint
would be ideally positioned and have the greatest ROM. The data below suggests that there is not
a link between elbow position and ROM.
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Range of Motion vs elbow position
70

ROM degrees

60
50
40
30

Right ROM

20

Left ROM

10
0
-12.5 -10 -7.5 -1.5 -0.5 0.5 0.5 0.5 0.5

1

1.5 3.5 5.5

8

Position of elbow in joint cm (0 being middle, - closer to entrance, +
toward aft end)

Figure 4-6 Range of motion vs elbow position. Initial hypothesis was that subjects whose elbow
was positioned toward the middle of the joint would have greater ROM than those positioned
toward the ends. Data invalidates this hypothesis.

Due to the dimensions of the prototype joint it was considered that subjects with larger biceps
might be constrained as they maneuvered and flexed their bicep through the experiment. The data
does not show any trends to suggest this however.
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ROM vs bicep circumference
70.0

ROM degrees

60.0
50.0
40.0
30.0

Right ROM

20.0

Left ROM

10.0
0.0

Bicep circumference (cm)

Figure 4-7 Due to the small size of flange entry it was hypothesized that personnel with larger
biceps would realize a decreased ROM. The data suggests that there is no correlation however.

Data showing the relationship between arm length and ROM is displayed below. The data does
not trend significantly in either direction.

ROM vs arm length
70.0

ROM degrees

60.0
50.0
40.0
30.0

Right ROM

20.0

Left ROM

10.0
0.0

Arm length (cm)

Figure 4-8 Range of motion vs arm length
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During and after each round of experiments subjects were asked to describe the movement of the
joint as either smooth or binding and comment on any incidents such as pinching, etc.. Six of the
fifteen subjects reported their elbow or bicep being squeezed in the joint during flexion and that it
was uncomfortable and probably not conducive for long periods of work. Two subjects reported
hair being pinched in the joint. The outlier reported that his elbow was severely squeezed during
the experiment and didn’t allow full ROM. One subject with the largest bicep size, 39 cm, could
not fit his arm inside of the joint. All of the participants dominant hand was their right. This
correlates to the Right arm ROM being slightly higher than Left arm ROM.

4.5 Safety issues associated with elbow joint

The human elbow has a ROM of around 150 degrees[7]. Consider zero degrees to occur when the
arm is fully extended and 150 degrees when flexed, bringing the wrist up near the bicep or shoulder
illustrated in Figure 4-9.
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Figure 4-9 Typical range of motion of elbow is 150 degrees

What the elbow joint does not allow is reverse flexion. Because the prototype joint can move sixty
degrees in either direction the user could be subjected to forces which could cause injury. An
injury like this could occur in a variety of ways while working in hazardous underwater conditions.
Another factor to consider is the water itself. A strong underwater current could possibly apply
enough force to induce a moment which could cause injury as well. It is difficult to assign values
to the “human machine” in regards to what its muscular limitations are. We will calculate the
hydrodynamic forces required to overcome an ADS operator. There is a wide range of strength
and flexibility attributed to humans which are factors of age, genetics, training, and intangibles
(will power). We will assume that an average young male can support up to 80 N∙m moment
utilizing the elbow as the origin[8]. We will use the dimensions from existing ADS that are in use
today. The distance from the elbow to the beginning of the grasper is 50.5 cm. The diameter of
the joints vary in size from 30 cm to 20 cm. We will assume a cylindrical arm with a 25 cm
diameter and then calculate the current required to induce 80 N∙m on a joint with these dimensions.
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Figure 4-10 To calculate the hydrodynamic force applied by a current we assume a 50.5 cm
length from elbow to beginning of grasper and a diameter of 25 cm. The current required to
generate a force of 80N∙m will be calculated as the force which could overcome an operator
𝐹 =

1
𝜌𝑈 𝐶 𝐴
2

𝜌 = 1029 𝑘𝑔/𝑚
𝐶 =1
𝐴 = 0.505𝑚 ∗ 0.25𝑚 = 0.126 𝑚
𝐹 = 80 𝑁 ∙ 𝑚 0.505 𝑚 = 158.4 𝑁

𝑈=

2𝐹
𝑚
= 1.56
= 3 𝑘𝑡
𝜌𝐶 𝐴
𝑠
Equation 2
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A current of three knots could possibly cause injury to an operator in an ADS. One way to prevent
this would be to design a mechanical stop which only allowed the sixty degree ROM in one
direction.

4.6 Mechanical stop design

To prevent injury a mechanical stop design was explored. One possible solution is set of simple
hard rubber strip that are attached to half of the support ribs which would allow flexion in only
one direction. A SolidWorks drawing of the solution is below.

Figure 4-11 Mechanical stop design consisting of hard rubber strips which would allow flexion
in only one direction protecting the operator from possible injury
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4.7 Material selection

An assumption made early in the thesis was the joint membrane being perfectly inelastic and
flexible. This was assumed when calculating the pivot point movement to maintain constant
volume in the joint throughout its ROM. If a material is not perfectly inelastic than it will stretch
when subjected to pressure at depths. At 330 m below the ocean the pressure on an ADS would
be approximately 440 psi. If the membrane material stretched and lengthened at this pressure it
would increase the length of the convolution and the volume would not be maintained.

Figure 4-12 Membrane undergoing stretching due to 440 psi applied by ocean at a depth of
330m below sea level

This stretching of the membrane would cause the volume of the joint to decrease when traveling
through its range of motion. This is because the joint was engineered to shift its pivot point a
certain distance assuming a constant membrane length. This is illustrated with the image below
which is a Matlab graphic representing the area of a joint segment which stretched 0.1 cm.
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Figure 4-13 Area of joint would decrease if membrane stretched due to pressure applied by
ocean. The joint would move to area of smallest volume and energy would be required to move
the joint from that position making the joint difficult to use

A joint that decreases in volume as it bends would seek the smallest volume and move to that
position. The following example demonstrates what the implications are if the membrane
stretched by 0.25 cm and how much force would be required to move it back to the unbent position:
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𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑢𝑛𝑏𝑒𝑛𝑡 𝑗𝑜𝑖𝑛𝑡 𝑤𝑖𝑡ℎ 13.5 𝑐𝑚 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑙𝑒𝑛𝑔𝑡ℎ = 3228 𝑐𝑚
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑏𝑒𝑛𝑡 𝑗𝑜𝑖𝑛𝑡 𝑤𝑖𝑡ℎ 13.7 𝑐𝑚 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑙𝑒𝑛𝑔𝑡ℎ = 3177 𝑐𝑚
𝐷𝑒𝑙𝑡𝑎 𝑜𝑓 𝑣𝑜𝑙𝑢𝑚𝑒𝑠 = 51 𝑐𝑚 𝑜𝑟 5.1 ∗ 10

𝑚

440 𝑝𝑠𝑖 = 3.034 ∗ 10 𝑃𝑎
3.034 ∗ 10 𝑃𝑎 ∗ 5.1 ∗ 10

𝑚 = 156 𝑁 ∙ 𝑚

Equation 3

156 N ∙ m exceeds the 80 N ∙ m limit assigned earlier for maximum force an ADS operator could
overcome. Material selection and analysis would be critical for the success of this type of joint.
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Chapter 5 Conclusion

5.1 Summary

From seaweed to petroleum to fish, the ocean is an integral component to the survival and success
of humankind. We will continue to work in and around the ocean and the ADS facilitates that.
There have been many advances in the field of autonomy and Remote Operated Vehicles (ROVs).
The US Navy’s Undersea Rescue Command recently switched from ADS to ROVs. ROVs
perform their mission without putting the operator at risk but the operator relies on the sensors
installed for their situational awareness. With the use of multiple cameras and haptic feedback
some would argue that there is no need to place an operator in harms way. Others in the community
would argue that there is no substitute for having a human on scene. This thesis will not attempt
to argue for one point of view or another. However, I do believe that humans are an inquisitive
and adventurous species and that some will feel the need to view underwater vistas and wrecks
first hand. Even with the emergence of virtual reality there will be those who will accept no
substitute for the real thing. They will endure the risk to scale Mt. Everest or dive the Marianas
Trench to be able to witness these majestic vistas not on a screen but through their protective
viewport.
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A bellows type joint could provide greater range of motion and functionality than a rotary joint in
an ADS. It is conceivable to design and construct an ADS joint which maintains volume
throughout its ROM. The human factors analysis proved that the joint operated as designed. Two
recommendations I would suggest would be to increase the joint dimensions to accommodate a
larger segment of the population. Another recommendation would be to include a mechanical
stop device which would inhibit movement of the joint in one direction, reducing possible injury.
An ADS that is “swimmable”, able to be propelled by the operator with fins, is a goal of the STTR
stated by ONR. This bellows type joint could provide the functionality to enable that. The image
below is a concept design which shows a combination of rotary and bellow type joints the author
believes would provide a more functional ROM to the user.

Figure 5-1 ADS that uses a combination of rotary and bellows joints. Bellows joints would be
ideal for knee and elbow. Knee joint would greatly contribute to a “swimmable” suit while
elbow joint could provide greater functionality

60

5.2 Future work

If the membrane stretches when exposed to the pressure at depths than the volume will not be
maintained and the joint will seek the smallest volume. Considerable energy from the operator
would be required to move the joint from this position. Further analysis on material properties of
the membrane, primarily Kevlar, should be undertaken to fully define how the material will
perform at depths. Possible areas of research include: Material properties as a function of repeated
pressure cycles and temperature effects.
One other area of concern which Midé addressed in their preliminary findings is the survivability
and durability issue. Ensuring that the membrane layer does not suffer a leak or rupture is a valid
concern. Midé suggested a possible solution would be to construct the membrane with multiple
layers which could provide a significant safety factor.

Figure 5-2 Bellows type joint that utilizes multiple membrane layers to provide redundancy and
reduction in risk to puncturing. This concept would need to address the issue of maintaining
volume in between each membrane layer
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Further research of this proof of concept is recommended. The volume in between the membranes
in this approach would have to be designed to be maintained throughout its movement.
Defining and measuring functionality is a difficult task in regards to an ADS. There is a wide
variety of work an operator in an ADS could be expected to do ranging from welding to performing
inspections.

My colleagues, Wilkins and Colgary, who performed research into this field,

measured the effort of an operator in an ADS to bolt and unbolt a flange. Performing the identical
experiment with a suit constructed of rotary and bellow joints might favor the traditional ADS
because of the movements required. On the other hand, it might favor the bellows joint because
of the allowed movements in plane. The point being is that measuring effort required, or
“functionality”, is and will be subjective based on feedback from the operators and the task at
hand.
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