
Team 16:  Buoyancy 

Controllable Drogue 
 

 

 
 

Sponsor: 

Dr. Jules Jaffe, SIO  

Prof. Raymond de Callafon, MAE 

 
 

 

 

 

Zaw Win Aung 

Jeffrey Choi 

Cody Howarth 

Jacky Ly 

Eugenio Madeira 

 

MAE 156B- Fundamental Principles of Mechanical Design II 

University of California- San Diego 

Prof. Nathan Delson and Prof. Jerry Tustaniwskyj 
 

January 13, 2014 



Page 1 of 69 

 

Abstract 

 Ocean monitoring could provide several research benefits, from ocean current 

observations to pollution monitoring.  Dr. Jules Jaffe at Scripps Institution of Oceanography is 

especially interested in the migration path of micro-organisms and pollution levels of the areas 

they travel through, but there is currently no viable means to track their movements and behavior.  

By studying their migration paths, marine biologists hope to preserve certain sections of the 

ocean where these microorganisms are known to gather.  The Buoyancy Controllable Drogue is 

designed to mimic the microorganisms’ ability to traverse ocean depth by adjusting their 

buoyancy.  It will use its inherent weight to sink to the required depth level and then use an 

inflatable bladder powered by compressed CO2 to increase the total volume displaced, ascending 

back to the surface.  The drogue will stay at the desired depth range for about 2 to 3 hours 

collecting data such as temperature and pressure, while riding the ocean current along iso-

pressure lines.  The design is intended for mass-production, so it has to be inexpensive and easy 

to manufacture. 
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Executive Summary 
 

 Various drogue systems have been designed for oceanography applications.  These 

devices are deployed at various ocean depths to monitor and transmit various water quality 

properties such as temperature and salinity (through a pressure sensor).  Ocean monitoring could 

provide relevant data in multiple fields of research ranging from marine biology to pollution 

monitoring.  There is a wide range of sizes and costs for the various drogue systems.  

 Dr. Jules Jaffe of Scripps Institution of Oceanography is teaming up with Professor de 

Callafon of UCSD’s MAE department to guide us in creating an inexpensive drogue prototype 

that mimics certain ocean dwelling microorganisms who adjusts their buoyancy to reach the 

ocean surface.  The drogues will have two functions: it will be used to measure various water 

quality data, and it will also be used to observe the movement patterns of those microorganisms 

that change buoyancy to traverse ocean depth.  As such, the drogue needs to be as small in size 

as physically possible. 

 The method of buoyancy control used in this prototype involves a bladder and pneumatic 

valve system.  The drogue will descend in the ocean due to its weight; when it reaches a depth of 

20m, a CO2 cartridge will release a burst of gas through a pneumatic valve system that will then 

inflate the bladder partially.  With the bladder partially inflated, the total volume of the system 

increases, thus increasing buoyancy.  A second valve in the bladder system will bleed out the gas 

should the drogue ascend past the depth range.  Through a control system of releasing gas into 

the bladder and bleeding air out when necessary, the drogue system will move through the ocean 

by buoyancy control. 
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Project Description 

Data collection serves an essential role in the field of oceanography. As human influence 

further encroaches upon the environment, the need for information-based ecosystem 

management becomes more apparent. A better understanding of the behavior of microorganisms 

and their migration paths is necessary. By studying their migration path, marine biologists can 

take necessary measures to preserve their existence.   

Background 

This project aims to develop a free-floating drogue that is equipped with hardware to 

enable depth control via buoyancy manipulation. We have the advantage of using the existing 

experience with drogue design from last year’s MAE 156B students as wells as the expertise of 

Scripps Institution of Oceanography (SIO) where similar drogues have been designed and are 

now in service. 
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Review of Existing Designs Solutions 

 

Figure 1: SIO drogue prototype in service 

 

 

Figure 2: Drogue created by previous UCSD design team 

 

As can be seen from Figure 1 and Figure 2, existing design solutions are available. Dr. 

Jaffe and the researchers at SIO have experience in designing buoyancy controllable drogues. 

Additionally, an MAE 156B team from the previous year has also created a drogue design. 

However, since the existing drogue designs were not intended to mimic the movements of 

microorganisms, the size of the drogue itself was not a constraint. 

 The spherical drogue (Figure 1) was designed and manufactured specifically for Dr. 

Jaffe’s research at SIO. The outer shell of the drogue was machined from a large sphere to this 

current size. The design was explicitly machined in the SIO machine shop. It was not intended to 

be inexpensive nor mass produced. Additionally, this design used a gear-and-piston method and 

had large power consumption. 

 The second existing solution (Figure 2) was designed by a previous MAE 156B group. 

The design was based on the underwater vehicle piston-tank assembly. At the time, size was not 

a noteworthy issue. The team encountered various problems such as high friction caused by the 
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piston, which caused difficulty when attempting to implement the control algorithm. 

Additionally, the cylinder shape was too long without structural support so the drogue buckled 

and collapsed under the pressure gradient. In the end, more structural support was needed in the 

form of internal steel ribs. Therefore, there is a need to redesign the drogue. 

 

Statement of Requirements 

Primary goals / requirements   

1. Design a buoyancy controllable drogue system  

a. No more than 1L in volume 

b. Ability to descend to a depth of at least 20m in the sea 

c. Enough battery power for one mission (descending to 20m and resurfacing 

with some power left) 

d. Must maintain a terminal velocity of at least 1cm/s 

 

Secondary Objectives 

1. Reduce overall price for mass production 

2. Reach 50m depth 

3. Battery power enough for 6 mission per day for a week 

 

Deliverables 

The buoyancy controllable drogue team will provide Dr. Jaffe with a fully functional 

drogue system that can satisfy the primary goals stated in the above Statement of Requirements. 

The drogue will include a buoyancy control system, displace one liter of seawater or less, reach a 

terminal velocity of at least 1cm/s, and be capable of descending to a depth of twenty meters. 

Additionally, the team will provide detailed CAD models of the structure and hardware 

components to ensure that copies of the prototype can be replicated if desired. A copy of the C 

program code will also be provided.  
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Definitions of where and how the project will be used 

 

The project’s main goal is to design a small, inexpensive drogue system capable of 

buoyancy control for Dr. Jaffe and researchers at SIO.  If Dr. Jaffe is satisfied with the design, 

the drogue will be mass produced. The drogues will be deployed out in the ocean to collect 

relevant water quality data. Dr. Jaffe would like to have an entire network of drogues deployed in 

the ocean. 

 

Design Solutions Considered 

There were several design solutions considered throughout the initial research and risk 

reduction period.  Design solutions to control buoyancy include: the piston with lead screw 

method, desalinization method, the hydraulic pump inflatable bladder method, and later the 

inflatable gas bladder method. 

 

Primary Designs Considered 

Piston Method 

 

Figure 3: Piston method 
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The piston method was the first design considered.  It was already in use in last year’s 

drogue as well as in SIO’s current full-sized module (see Figure 1).  This method consists of 

using a bi-directional stepper motor paired with a gear reduction and lead screw to drive a piston 

up and down in a water-tight tank (see Figure 3).  The 1L drogue is weighted so that when the 

piston is in the middle of the tank, the drogue weighs as much as the 1 liter of seawater it 

displaces, calculated as 10.055N (see Appendix→ Calculations→ Piston Method).  This value is 

the buoyant force pushing the drogue towards the surface.  The idea behind this method is that 

when the motor steps forward, the piston is driven upward, drawing in seawater while leaving 

the overall volume of the drogue constant.  This increased density allows the drogue’s weight to 

exceed the buoyant force.  Thus, the drogue will sink until the piston is returned to the middle 

position and achieves neutral buoyancy once again.  To descend, the opposite is performed, 

pushing the piston outward to expel seawater.  The drogue’s density is now lower than that of the 

local seawater, so the buoyant force overcomes the weight and the entire module ascends.  

 

Desalinization Method 

 

Figure 4: Desalinization method using electrolysis 

 

The desalinization method is one of the methods which our sponsor Dr. Jaffe 

recommended we research.  This concept is based on a process in which a desalinization plant 
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turns seawater into freshwater by removing excess salt and other minerals, resulting in potable 

water for human consumption.  The desalinization method most relevant to our design is 

electrolysis, which consists of a pair of electrodes, seawater, and a battery (see Figure 4).  When 

the proposed 1L drogue is placed in seawater, valves will let seawater in, causing the weight of 

the drogue to exceed the buoyant force, so the drogue will descend.  When the drogue reaches 

the neutral buoyant force, it will stop descending.  When the chemical reaction (Na
+
 + Cl

-
 => 

NaCl(s)) inside the drogue starts at about 20m depth, the seawater inside the drogue will start to 

become less dense as the excess salt and other minerals are removed from the drogue.  As a 

result, the buoyant force is more than the weight of the drogue, and it will ascend back to sea 

surface.  The process is reversible by repeating the procedure of desalinization. 

 

Hydraulic Pump and Bladder Method 

  

Figure 5: SIO's underwater glider 
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Figure 6: Hydraulic pump and bladder method 

 

 The next design we considered, the hydraulic pump and bladder method, is currently in 

use to control buoyancy in one of SIO’s underwater gliders (see Figure 5).  This design consists 

of using a 2-way hydraulic pump to force an internal fluid into an inflatable bladder from an 

inner reservoir (see Figure 6) to change the buoyancy of the drogue while keeping it entirely 

sealed off from the ocean.  In contrast to the piston method, the 1 liter drogue is weighted so that 

when the bladder is fully deflated, the drogue weighs more than the 1 liter of seawater it 

displaces, and is thus negatively buoyant.  The idea behind this method is that when the pump 

runs forward, the hydraulic fluid will be forced up into the bladder and hold it there, increasing 

the overall volume of the module while keeping its weight constant.  No mass will actually enter 

or leave the drogue, it will just spread its mass out.  This decreased density causes the drogue’s 

weight to drop below the buoyant force, resulting in its ascension until the bladder’s fluid level is 

changed.  To descend, the pump is run backwards, returning fluid to the internal reservoir and 

deflating the drogue.  The drogue’s density is now higher than that of the local seawater, the 

weight exceeds the buoyant force, and the entire module descends. 
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Gas and Bladder Method 

 

Figure 7: Gas and bladder method 

 

Another design solution that our group considered was the gas inflatable bladder method 

(see Figure 7). The idea is that the drogue’s buoyancy will be governed by the gas filled bladder 

which is controlled by PIC microcontroller.  To prove this is a feasible idea, research was done 

on different types of compressed gas cans, how much volume change is needed to achieve the 

desired ascending velocity of 1cm/s, and bladder material.  The research concluded that this 

method is in fact feasible.  A 12-gram CO2 cartridge was chosen, and latex was selected for the 

bladder material.  To control the output flow rate from the cartridge, a variable pressure regulator 

(15 to 150psi) with electronically controlled pneumatic valves were decided to be implemented 

into the system.  Also, since the drogue will be underwater, the autonomous is very important 

and thus control algorithm will be implemented and uploaded to the PIC so that PIC will 

determine the amount of air to inflate or deflate the bladder to attain the desire effect such as 

neutral buoyancy, ascending to the surface, descending down to the predetermined depth.  A 

rough CAD model of this idea is shown in Figure 8. 
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Figure 8: Rough CAD model of bladder design 

 

Risk Reduction Effort 

Analysis of the piston method revealed that the required minimum weight change in 

order for the drogue to exceed the 1cm/s terminal velocity criteria is around 44.83 10 N , 

translating to about .0960mL of seawater that the piston must take on or expel (see Appendix→ 

Calculations→ Bladder Method). 

Desalinization method analysis showed that in order to exceed the 1cm/s terminal 

velocity criteria, the buoyant force has to be at least 9.81023N and the weight of salt expelled 

must be at least 0.26N (see Appendix→ Calculations→ Desalinization Method). 

Computations for the hydraulic pump and bladder method yielded a required minimum 

volume change of .192mL. That’s a very small volume change for the drogue to attain 1cm/s 

Appendix→ Calculations→ Piston Method). This was a proven method with different 

applications. Divers use a buoyancy control device (BCD), essentially a bladder, to help them 

attain positive buoyancy so that they can float back to the surface. Another example is the glider 

Latex Bladder 

Delrin threaded 

endcap 

 

Polycarbonate 

hollow cylinder 

Conceptual Drawing: Not to scale 
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that SIO researchers use to collect deep ocean data. The glider works on the same principle, 

using a bladder to control buoyancy. 

For the gas inflatable bladder method, calculations were performed (Appendix→ 

Calculations→ Bladder Method).  For this analysis, using the 12 oz CO2, even with safety factor 

of 4, the drogue can go up and down around 200 times.  

This was a proven method with different applications. Divers use a buoyancy control 

device (BCD), essentially a bladder, to help them attain positive buoyancy so that they can float 

back to the surface. Another example was the Glider that SIO researchers use to collect deep 

ocean data. The Glider works on the same principle, instead using a hydraulic pump to fill up the 

bladder. 

Justification of your design choice 

The most promising aspect of the piston method is that it has been successfully used before. 

It is known to be effective in this particular type of application. In addition, the concept is easy to 

grasp: to ascend, the piston sucks in water; to descend, the piston expels water; to neither ascend 

nor descend, the piston is returned to the middle ground, attaining neutral buoyancy. This design 

has its disadvantages as well. Due to the size constraint, an off-the-shelf assembly of the stepper 

motor and sealed piston coupling like last year’s drogue team could not be found. The 

components would have to be bought separately and interfaced together. Doing so would require 

excess time and money. In addition, moving parts such as the piston are difficult to seal against 

water leakage. It is possible to do so, but such a requirement further complicates matters. 

Desalinization was an appealing means to control buoyancy because the electrodes that 

are used in the chemical reaction can be very small in size; this can reduce the total weight and 

size of the drogue. Another appealing aspect of the desalinization design was the idea of the 
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drogue possessing very few moving parts, the valves. However, there are also some 

disadvantages of this method. Desalinization is an inconvenient method because salts and other 

minerals accumulate at the electrodes. The electrodes need to be cleaned in order to have 

maximum efficiency. The rate of chemical reaction also causes a problem. It takes about 3 

minutes to remove 1 gram of salt. The use of a 9-volt battery is needed for the chemical reaction, 

which consumes too much for the process. It is also hard to remove the remaining salts out of the 

drogue for ascending. 

Just as with the piston method, the hydraulic pump bladder concept is successfully utilized 

in other similar applications. In addition, it solved the problem of sealing moving parts, since 

there are no moving parts that require sealing. Everything is done internally to change the shape 

of the vessel and, therefore, its buoyant properties. All that needs to be done is make sure the 

bladder connection to the drogue is watertight, an easier task than sealing a moving component. 

This method also provides a decent variable-volume alternative to the piston’s variable-weight 

approach. This design has its disadvantages as well. As was the case with the piston method, the 

size constraint of the design limits bladder effectiveness and operating depth. In addition, there 

will always be a little air trapped in both the bladder and the internal chamber, and since 

hydraulic fluid is incompressible, it will be the trapped air that compresses. This state of having 

two fluids inside may complicate matters in that the pump will need to match that high pressure 

to keep the fluid in its place, and the pump may not perform well with a mixed medium flowing 

through it. 

 For the gas bladder method, manufacture seemed relatively easy and inexpensive. 

Substantial energy can be stored in pressurized CO2 can so that the battery energy can solely be 

used for powering the valves, PIC controller, and data collection. Since CO2 cartridges are 
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relatively inexpensive and easy to replace, mass production of this particular type of buoyancy 

controllable drogue system can be viewed as more viable. 

 A summary of the pros and cons for each method can be seen in Table 1. 

Method     Pros     Cons   

Piston 
Proven design, simple concept, 

precise motion control, reusable 

Size constraint, no off-the-shelf 

stepper motor small enough, 

expensive, much machining 

needed 

Desalinization 

Chemical reaction process, 

compact and light, no moving 

parts except valves 

Accumulation of salt and 

minerals on the electrodes, slow 

reaction, consumption of 

excessive energy 

Hydraulic Pump 

Proven design, closed system, 

descend using variable volume 

change, no moving parts except 

pump internals 

 

size constraint, air trapped in the 

bladder and chamber, expensive  

Gas Bladder (Final 

Design Choice) 

Inexpensive, conserve energy for 

PIC processor, CO2  store lots of 

energy, easy to replace, 70% of 

internal space left 

Limited supply of CO2, 

complicated control algorithm, 

no emergency surface ability in 

case of bladder failure 

 

Table 1: Summary of Pros and Cons for design justification 

 

Description of Final Design 

Assumptions 

 the drogue will not exceed 50m depth constraint 

 the temperature gradient  is less than 10ºC from the surface 

 the weight of the drogue will be heavier than displaced water (negative                          

buoyancy from the start) 

 the density of seawater  to be ~1025kgm
-3

 of constant density (i.e., the density          

doesn’t change much because of salinity of seawater) 
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Summary of Final Design 

The final design of the buoyancy controllable drogue will consist of the following parts: 

 Drogue body (Polycarbonate, thickness = 6.35mm (.25 in); 89mm*161.5mm (3.5*6.36)  

 End cap (Delrin, thickness = 12.7mm, diameter = ~ 89mm) 

 CO2 cartridge (Pressure= 1,000psi @ 70F) 

 Pressure regulator 

 Pneumatic Valves 

 3-3.7V Li-Polymer Batteries 

 PIC microcontroller (18F4620) 

 LabX2 board  

 Pressure sensor  

 

Figure 9: CAD model of the final drogue design 
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Figure 10: Final drogue assembly 

 

 The final assembled drogue is shown in Figure 10. 

Buoyancy control method: 

The inflatable gas bladder method (see Figure 9) was chosen as the final design for 

several reasons. The design is simple and has the least moving mechanisms, thus reducing the 

possibility of failure. Cost also played a key role in the final decision. One of the objectives of 

this design project was to create a relatively inexpensive system that can be mass produced.  A 

CO2 cartridge is substantially less costly than a micro pump or a motor-driven piston.  

Additionally, the gas bladder design requires the least amount of machining and assembly which 

would save labor costs. It would also require less power to run than a motor piston or a hydraulic 

pump, since the valves are only activated in short bursts, as opposed to continuous activation. 
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Finally, both of the sponsors for this project, Dr. Jaffe and Prof. de Callafon, were interested in 

this method. 

The buoyancy control method for the design utilizes an inflatable bladder to manipulate 

and adjust the overall volume of the drogue. Inside the drogue, a CO2 cartridge is connected to 

the bladder via 1/8” pneumatic hose. On the hose connecting the CO2 cartridge to the bladder 

will be a miniature pneumatic solenoid valve, specifically a TM (Ten Millimeter) series valve 

from Numatics®. This supply valve will open and then quickly close, allowing a short, 

predefined burst of CO2 gas to inflate the bladder. During this process, a second identical valve 

connected between the bladder and the ocean, called the bleed valve, will remain closed. In this 

way, the gas will inflate the bladder and the whole drogue will be less dense than the seawater. 

This would result in a positive buoyancy force, allowing the drogue to ascend to the surface. 

According to analysis (see Appendix→ Calculations→ Bladder Method), this volume change 

was relatively small when compared to the volume of the drogue (< 3%). As the drogue ascends 

to surface, the difference between the bladder pressure and the sea pressure increases. 

Subsequently, some of the gas will need be released outside the bladder to prevent bursting. This 

will be achieved through a control algorithm by releasing CO2 gas via the. 

To enable the drogue’s downward movement, the bleed valve will be opened, and the elasticity 

of the bladder will force the bladder gas out into the ocean. In doing so, the volume will decrease 

while the weight of the drogue is kept at nearly constant. This will enable the drogue to sink in 

the ocean. Depending on the weight of the drogue, the descending speed might vary. As the 

drogue descends, the pressure sensor will continue measuring the depth level. Through the 

pressure control algorithm, the drogue will try to stabilize itself at the reference depth that was 

desired and continue to measure the temperature along the iso-pressure depth.  
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Structure (body and end caps) 

 

Figure 11: Drogue structure and endcaps 

 

The body for the drogue system (see Figure 11) consists of a 6.375” long, 3.5” diameter 

polycarbonate tube with a 0.25” wall thickness (see Appendix→ Calculations→ Finding Hoop 

Stress).  Polycarbonate was chosen as the material due to its strength, machinability, and because 

Dr Jaffe mentioned that polycarbonate has been used in other similar applications before.  Most 

plastic companies do not possess 0.25” polycarbonate tubing in stock and would need to be 

special ordered.  Additionally, standard polycarbonate tubing sold is not perfectly symmetric.  

Since the drogue system needs to be perfectly sealed to prevent leaking, the structure should be 

machined as accurate as possible.  Rather than purchasing a polycarbonate tube, the structure 

was machined from a solid cylinder of polycarbonate.  In doing so, the structure is much more 
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accurately machined.  Approximately 1” of the inner wall of both ends of the structure was 

threaded with 20 threads/inch.  A groove for the O-ring was also machined into the body. 

Since it is necessary to access the internal components of the drogue system, threaded 

delrin end caps were designed to allow the drogue to not be permanently sealed.  An o-ring 

groove was machined into each end cap.  With an o-ring fitted into the groove, drogue will be 

waterproof when the end caps are screwed on tight.  Delrin was chosen as the material for the 

end cap in order to prevent any sort of permanent fusing between the end caps and the body.  If 

the end cap and the body are composed of the same material, there is a chance that when 

tightened, the threading would fuse together and can no longer be unscrewed.  However, since 

the delrin is a different material than polycarbonate, and it possesses little friction, it would not 

be likely to fuse together with the polycarbonate body. 

 

Bladder 

The bladder seal design consists of four components: a latex balloon (bladder), an O-ring, 

Teflon tape and a hose clamp (see Figure 12).  In order to successfully seal the bladder, a hose 

clamp is used to clamp the latex balloon so that water will not be able to enter the balloon.  

When the bladder shrinks (carbon dioxide release out of the drogue), the drogue sinks.  The inner 

surface of the bladder will have contact with the edges of the end cap, which might puncture the 

balloon.  Regarding to this problem, an o-ring is set next to the sharp edges to ensure the balloon 

does not get damage.  The hose clamp that we are using also has sharp edges. Similarly, the hose 

clamp might also have a chance of damaging the bladder.  To alleviate this concern Teflon tape 

is put between the bladder and hose clamp to prevent direct contact from the edges. 
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Figure 12: Bladder seal design 

 

The bladder seal design plays a major role the overall design. If the bladder is damaged in 

anyway, the electronic devices inside the drogue will all be ruined by seawater and the whole 

drogue will sink into the ocean.  This design can efficiently seal the bladder and protect it from 

being punctured.  However, further protection and sealing to the bladder are being considered to 

prevent other factors, such debris or fish found in the environment around the drogue. 

The optimal material for bladder is a latex balloon with yield strength ((σy=16000psi), 

because it is more durable and elastic than pure rubber, with yield strength (σy=4000psi). 

Polypropylene, with yield strength ((σy=53500psi) has been thought of being the bladder once. 

Although it has high yield strength, it is not elastic enough for volume change. Besides, Latex is 

resistant to the salty environment.  

 Screw hose clamps were chosen in this design project.  They are composed of stainless 

steel and possess high resistance to corrosion in the water. 

 Buna O-rings were chosen in the design due to their relative cost and availability. They 

also have a temperature range which is between -35F to 250F which is more than suitable for our 

given parameters. 
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 Teflon tapes are inexpensive and easily available.  Its texture is silky and has strong 

tension. Due to the thread sealing property, the Teflon tape can prevent sharp edges from 

damaging the bladder. 

 

Valves 

 Two Numatics® TM series solenoid valves (see Figure 13) are used in the final bladder 

design. One serves as the supply valve that connects the CO2 cartridge to the bladder, and the 

other acts as a bleed valve. Since these valves are normally closed, their internal solenoid blocks 

the flow from one port to another. When 12V of electricity are supplied to one of these valves, its 

solenoid moves and allows flow between ports. We chose these specific solenoid valves because 

they are by definition the smallest pneumatic solenoid valves available, and they are able to 

withstand the 88psi pressure at 50m, while consuming very little combined power, only 2.7W at 

most. We got rid of the check valve because its cracking pressure was too high. 

 

Figure 13: TM Series pneumatic valve used to control gas supply to bladder 

 

 The buoyancy control method requires the valves to be precisely activated at the correct 

time. In order to do so, a digital signal must be sent out to activate each individual valve. The 
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valves require 12V signal to open whereas the LAB X2 Experiment Board is only capable of 

supplying up to 5V.  As seen in Figure 14, a MOSFET Transistor is used to switch the 5V signal 

of the circuit board to the necessary voltage supplied by the battery in order to open the valve.  A 

capacitor, diode, and pull-down resistor are further precautions used to prevent shorting out the 

microcontroller. 

11.1 V 

Valve

20 KΩ

MOSFET

Transistor

Diode

LAB X2 Circuit Board

 

Figure 14: Circuit diagram for valve 

 

Pneumatic Assembly: 

 The pneumatic assembly can be seen in Figure 15 and Figure 16. Ports on the TM valve 

manifolds that are not used are plugged with small 10-32 screws fitted with a tiny o-ring. 

Adaptors are threaded into the useful ports, and 1/8” pneumatic hose is inserted into the hose-end 

of the adaptor. In this way, one port on the supply valve is connected to the CO2 cartridge while 

the other port is connected to another adaptor that is threaded into the port on the endcap leading 

to the bladder. Another hose is run from this bladder port to the bleed valve, and then on to the 1-
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way brass check valve, which is threaded into a port on the endcap that is open to the sea and 

prevents seawater from entering the pneumatic assembly.  

 

Figure 15: Pneumatic assembly ready to be put into drogue 

 

 

Figure 16: Detail of pneumatic connections 
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CO2 cartridge 

A 16-gram CO2 cartridge that can be purchased easily from the local bike store is the best 

option, compared with the previous twelve gram BB gun powerlets cartridge. Even though the 

size is somewhat larger than previously expected, Genuine Innovations Inc. offers a whole set of 

sub-assembly system with the sixteen gram cartridge.  The cartridge was very inexpensive.  

According to the application engineer, Erik, at the company, the pressure inside the cartridge is 

1000psi at 70ºF. From the pressure of the cartridge, we figured out that one cartridge can power 

up to 200 profiles. 

 

Figure 17: CO2 cartridge and pressure regulator assembly 

 

Battery 

Since the drogue will be operating underwater for an extended period of time, a powerful 

battery is necessary.  However, the battery must also fall under the size constraint imposed by the 

design. Lithium polymer batteries were determined as the most effective choice.  Lithium 

polymer batteries are easily available and possess the best weight to power ratio. 

Based on the final design, the pneumatic valve requires 1.2W and 12V charge.  Three 

3.7V 2700mAh Lithium polymer batteries connected in a series will provide the power necessary 

for generating 11.1V.  According to Steve Roberts, the Electronics Lab Manager in the UCSD 
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MAE Department, 11.1V battery will be enough to power the pneumatic valves.  Assuming the 

pneumatic valve is turned on continuously, the batteries can provide enough power to run the 

system 27 hours (see Appendix→ Calculations→ Battery Life).  In the final design, the valves 

will only be turned on for relatively short burst; so the battery life should be significantly higher 

than the worst case calculation.  However, there will also be power consumption from the 

microcontroller and pressure sensor.    

 Keeping track of the battery life is essential in this design.  Should the battery fail, there 

would be no means to control the valves.  The entire drogue system would be permanently lost. 

In order to prevent such a situation, a voltage divider is set up as in Figure 18 to provide an 

analog signal read by the microcontroller that is within the 0V to 5V range.  The software is 

programmed to periodically check the voltage provided by the signal.  When the signal reaches 

below 3.0V, it represents that the battery itself is below 7.5V.  The software program would then 

bring the drogue back up to surface to prevent the lost of the drogue. 

LAB X2 

Experiment Board
11.1V

15KΩ

10KΩ

 

Figure 18: Circuit diagram of voltage divider to measure battery power levels 
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Hardware (PIC18F4620 and Lab X2 Experiment Board) 

 A PIC18F4620 microcontroller, as in Figure 19, was used for running the C program 

algorithm of the final design. This particular microcontroller was chosen because one of our 

sponsors, Professor de Callafon, would allow us access to a C compiler. The compiler was 

compatible with the PIC18F series.  The PIC184620 offered most memory and best performance 

out of all of the PIC18F series. It additionally provided 10bit analog to digital conversion. 

A LAB X2 Experiment Board was use due to its compatibility with the PIC18F4620 

microcontroller. It is capable of sourcing and receiving between 0V to 5V in each of the 40 pins. 

The LAB X2 allows the circuitry to be integrated with the microcontroller. It is also compatible 

with the C programming language as well as in PICBASIC. 

 

Figure 19: PIC18F4620 and LABX2 experiment board used in drogue 

 

Pressure Sensor 

 A Model 85 Ultra Stable Pressure Sensor, as shown in Figure 20, was used to measure 

the depth level of the drogue for the buoyancy control algorithm.  This particular sensor was 

provided to us by Dr. Jaffe and Rob Glatts from SIO.  It was specifically design for 
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oceanography applications, and therefore its operational parameters are well within our required 

range. 

 

Figure 20: Pressure sensor 

 

 This particular sensor requires a constant current source of 1.5mA, and would send two 

separate voltage signal as an output.  A voltage divider and a CA3140 OpAmp are wired to 

provide the constant current source.  An Instrumentation Amplifier is used convert the two 

voltage output into a single signal.  Wiring for the pressure sensor are shown in Figure 21. 

5V

56.3KΩ

499Ω

10KΩ

Capacitor

Capacitor

11.1V

11.1V

Op Amp

Instrumentation Amplifier

Pressure 

Sensor

LAB X2 Experiment Board

 

Figure 21: Circuit diagram for the pressure sensor 

 

 The complete circuit diagram for the drogue is shown in Figure 22. 
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Valve
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Transistor

Diode

Capacitor
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5V

56.3KΩ
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12V 12V
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Ground
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11.1V

Voltage Input

LAB X2 
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Figure 22: Complete drogue circuit diagram 
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Software 

The drogue’s minimum requirement is to descend to 20 meters, collect data, and get back 

up to sea level.  Figure 23 displays the flow chart of drogue programming. 

 

Figure 23: High-level flowchart for buoyancy control logic 

 

 

Since the drogue is designed to be denser than sea water, it will naturally sink in sea 

water.  To prevent losing the drogue, the first thing to do is to check the battery power level.  

Once the battery power is lower than a pre-determined level, CO2 gas will be released into the 

bladder to make the drogue float back to sea level.  If the battery has enough power, the drogue 

will continue to sink on its own until the ideal 20m depth is reached.  After passing that depth, 
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the drogue will float back up to 20m depth by inflating the bladder.  The depth of the drogue is 

continually checked, and when it rises too much, the bladder deflates and sinks back to 20m.      

 

Control Algorithm 

 

Figure 24: Control block algorithm 

 

 

Figure 25: Detailed view of system G(Q) 

 

The parameters of the drogue include the buoyant force, the weight of the drogue, and the 

drag force acting on the system.  Using these system parameters, we had to create a valid transfer 

function G(Q) (see  Appendix→ Control Algorithm).  Then by using Matlab, we simulated the 

drogue’s performance.  The controller is essentially a differential controller whose purpose is to 

reduce the amount of overshoot, and optimize the rise and settling times.  The controller takes 

the derivative of the descending speed i.e., acceleration.  If the acceleration is larger than a 

predetermined acceleration, the controller takes over and tries to reduce the derivative by either 
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pumping or bleeding air.  To attain the desired effect, the PIC has to turn off the bleed valve 

early so that drogue will coast down to the desired depth and turn back a small amount to inflate 

the bladder after passing the desired depth.  By doing so, the PIC can optimize the system 

overshoot.  By reducing overshoot and letting the system to stabilize early, we conserve gas 

inside the cartridge.  Once the control algorithm is working and debugged, we will implement 

this using C language to control our PIC.  Since the PIC output is digital, there may be random 

noise generated which might have some undesired effect on the drogue controller’s performance. 

Currently, due to time constraint, this algorithm will not be implemented into the drogue 

(see comparison of prototype to production design for detail). 

Analysis of Performance 

Control Parameters: 

 

Figure 26: Matlab simulation of drogue performance with PID controller 
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 To improve the system robustness, using Matlab simulation (see Figure 26) we have to 

change the depth ratio (red line), depth tolerance (pressure sensor output to PIC recognizable 

voltage), time constant of both opening and closing valve, and depth sensor output gain. Because 

our sensor has limited resolution, we need to calibrate the depth sensor so that the output voltage 

is recognizable for the PIC at a 20 m depth. The depth ratio is dependent on the depth zone and 

depth tolerance, and PIC will use depth ratio to determine whether to open the supply or bleed 

valve. With faster terminal velocity, the depth ratio needs to be set higher because this will 

reduce the overshoot and conserve energy. The depth zone is set by sponsor whereas the depth 

tolerance depends on the output gain of the pressure sensor. If the time constant is chosen wisely, 

the system will be bounded within the depth ratio and then eventually settle down at the required 

depth of 20m. 

 From Figure 26, one can see how the controller will help us to conserve energy even with 

some noise, and reach a steady state and stay at the required depth for as long as it takes. By 

changing the controller parameters mentioned above, the controller will become more robust. 

Since the drogue will ride with iso-pressure ocean current to different locations, encounters with 

disturbances such as change in salinity will affect its buoyancy, so the controller will take control 

and bring the drogue back to the required depth. Currently, this algorithm was not implemented 

on the prototype (see comparision of prototype to production design for detail). 

 To be able to systematically determine how different parts of our drogue may fail, we 

employed FMEA (Failure Mode and Effects Analysis), (see Appendix→ Project Management→ 

Risk Reduction Efforts), to identify which part is very fragile and needs improvement through 

Finite Element Analysis. 
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The material of the drogue needs to be chosen carefully. It has to be strong enough in 

order to withstand the pressure (44psi) under 20m depth in seawater. The top and bottom 

endcaps of  the drogue are made of delrin and the cylinder tube is made of polycarbonate. Von 

Mises Stress analysis (see Figure 30) and displacement analysis (see Figure 31) provide enough 

information to prove that the structure of the drogue will not fail when it is performing its tasks. 

The deformation of analysis is done by assuming it is under 20% deformation (see 

Figure 32) and compare with the drogue from last year (see Figure 33). The maximum stress 

over the flexural yield strength of delrin is only about 5.28% (safety factor= 10.55%) and the 

maximum stress of polycarbonate over the flexural yield strength is about 41.1% (safety factor= 

82.2%). This proves that the drogue will not fail even though it is in the worst case. 

Since Buckling Analysis is based on the results from Linear Static Analysis, Inertia Relief 

option is used on the Static Analysis Definition dialog box. This enables the drogue to float 

freely under water with applied load and no constraint. After finish running the Linear Static 

Analysis, Buckling Analysis is used to get the final result. However, according to the 

Pro/Engineering Help, Buckling Analysis will typically overestimate the buckling load in 

comparison to real world tests. 

 

Description of fabrication process 

 The primary fabrication process for the drogue is the fabrication of the cylinder 

structure and the endcaps. The structure is composed of polycarbonate. Rather than using 

polycarbonate tubing, the body was machined out of a solid polycarbonate rod. In terms of 

fabrication, more work was required since a hole had to be bored out of the rod and hollowed out 

to the correct dimensions.  However, in doing so, a more accurate wall diameter was created 
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instead of using just commercially available polycarbonate tubing.  The structure is then threaded 

on both ends with 20threads/in threading for roughly 1” deep using a lathe in the machine shop. 

A groove is then machined at the very edge of the inner diameter of the tube for the O-ring.   

 The endcaps are composed of delrin. Using the lathe, the endcap is also threaded and 

sealed with an O-ring to prevent water leakage.  Additionally, several tapped holes were drilled 

into the top end cap to allow the valves to connect to the bladder and the outside air. 

Testing/Evaluation 

 With the completion of the hardware, we tested the drogue at the SIO fresh water tank. 

First we did the buoyancy volume change test and what we gathered was that our calculation of 

5% change in volume was more than enough needed to change the drogue’s neutral buoyancy. 

Then we performed a structural leak test with the purpose of testing the O-ring sealant of the 

drogue. Using the same tank, we sent the drogue down to approximately about 12 or 15 m depth, 

waited for about 5 minutes and then pulled it out of the water (see Figure 27). The result was 

promising because there was no major leakage from the o-ring. There were some wet areas 

which were probably created during the opening of the end cap when we peered into it. This also 

proved that our bladder sealant method also worked, which was one of our main concerns.  

A pneumatic test was performed before the pneumatic assembly was installed in the 

drogue to test the behavior of the valves and ensure that the correct ports were connected to their 

respective destinations. The CO2 end of the hose coming out of the supply valve was connected 

to a compressed air source and the valves were intermittently activated from a 12V power source, 

and inspection showed that the valves were behaving as expected, and the air successfully exited 

the check valve. Air was also forced into the other end of the check valve to test its behavior, and 

as expected the air could not pass through the valve in that direction. The flow rate from the 
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bleed valve was rather slow and we discussed with our sponsor, Dr. Jaffe and he told us that was 

desirable. Then we performed our final drogue test. During this test, after we loaded the CO 2 

cartridge in the system, we found that there was an issue with leakage, and we immediately 

found the source of the problem and sealed it. This is also when we found out that the bladder 

pressure induced by its elasticity was not sufficient to force the gas out through the check valve. 

This means that the check valve’s cracking pressure is higher than that induced by the bladder. 

To solve this, we removed the check valve altogether. We knew this would be fine because the 

manufacturer of the solenoid valves assured us they would work with water too. 

The bladder leak test failed. Water got into the drogue through the gap between threads 

and the gap between the balloon and the end cap. In order to solve these problems, Teflon was 

placed around threads and the replacement of the hose clamp. The main cause of the leakage due 

to the hose clamp was that it was not perfectly circular in shape. After replacing an appropriate 

size of a hose clamp, leakage omitted and the second leak test in SIO was successfully done (see 

Figure 28). 

 

Figure 27: Structural leak test 
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Figure 28: Bladder leak test 

 

In order to perform a real time testing under water, serial cable is needed to connect to the 

drogue while it is under water. After researching on waterproof serial cables and connectors, we 

finally decided to make our own serial cable and purchase a waterproof connector from 

manufacture. Since the there is not enough time for us to get a waterproof connector from the 

manufacture, the real time testing of the drogue under water has not yet performed. 

 

Image from fischerconnectors.com 
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Comparison of prototype to production design 
 

 The buoyancy controllable drogue is currently a prototype.  As such, it is not very 

efficient in terms of both construction time and cost.  Should Dr. Jaffe choose to implement this 

particular design in a large scale production, there should be some noteworthy design changes.  

For one thing, it would not be individually fabricated in a machine shop, since injection molded 

polycarbonate might be a viable solution.  In addition, research should be done into the use of 

PVC pipe for the structure, since it is already threaded and can be fitted with watertight pipe-

fitting endcaps. These pipes are designed to keep fluid from leaking. The pneumatic assembly of 

the valves systems would be changed for better efficiency.    

 For Design for Assembly (DFA), the CO2 cartridge used to control the buoyancy of the 

drogue needs to be more compact. The gas inside the cans can be pressurized higher than 1000 

psi, which is currently available on the market.   

 One thing that we encountered is that the CO2 cartridge was not originally compatible 

with the 1/8” tubing we were using. Therefore, we needed to find a fitting (from Marshall) with 

both ends female so that it can screw into the pressure regulator with o-ring, and the other end 

the tube can connect to the valve easily.   

 The control coding that we gather from Prof. de Callafon was implemented using C 

language. We need to connect the PIC with our computer to do the real time debugging. But due 

to time constraint, and need for water-proof serial cable plug, we  were not able to implement 

this coding on the drogue. The coding that we ran during our testing was a temporary on/off 

simple algorithm code that was implemented using BASIC PRO, with no feedback system being 

implemented. The final product will be included with feedback loop, i.e., the pressure sensor that 
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will report to PIC about its current position and PIC will decide to either inflate or deflate the 

bladder. 

 The bladder, currently a latex balloon, may instead implement “air muscle”. An air 

muscle is basically a stretchable latex tube covered by a braided polyester mesh sleeve. The 

rubber tube is called an internal bladder and is positioned inside the braided mesh sleeve. By 

clamping one end shut and connecting the other end to the CO2 supply, the change in volume of 

the latex tube is restricted by the fixed length of the sleeve and thus results in bulging out. In 

addition, the mesh sleeve adds protection against bladder puncture. In this way, we can 

implement a more robust bladder than the latex balloon which the prototype currently utilizes. 

 In future drogue prototypes, it would also be advantageous to re-create a custom circuit to 

replace the LABX2 board. Currently, the LABX2 board is the limiting factor that determines the 

minimum height of the drogue, since it reaches from bottom endcap to top endcap. Not all of the 

components on the board are actually needed, so the size can be reduced, allowing for a shorter 

but wider drogue body, which is better to fit the remaining components. 

Cost Analysis/Projections 

 The drogue is well below the budget of $1500.  Because we were able obtain some 

components for free, it is difficult to determine the exact cost of the drogue.  We also spent extra 

money on components that were not ultimately incorporated into the design.  A rough estimate of 

it would be around $600.  Should the drogue be mass produced, the cost would be greatly 

reduced.  When purchased in bulk, the components would be significantly less expensive.  The 

polycarbonate tubing was sold specifically in bulk.  We had to order and machine it ourselves as 

a result.   
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Component Cost (per drogue unit) 

Polycarbonate Cylinder (1ft) 95.85 

Delrin 2x (4”x4”x1”) 45.00 

O-rings 2x (3” diameter) 6.00 

Valves 80 (estimate) 

Pressure Sensor Free 

Lab X2 Board 80.14 

18F4620 PIC Microprocessor 12.00 

Circuit components 20.00 

Rechargeable Battery x3 60.00 

Battery Charger 23.00 

Balloon  2.00 

Pneumatic fittings and tubes 54.48 

CO2 Supplies 75.00 

Total 553.47 

Table 2: Cost of parts and manufacturing of drogue prototype 

 

Safety/Impact on Society 
 

In the long term our project can help protect the environment and improve the quality of 

marine life. The drogue is designed to mimic the microorganisms’ ability to traverse ocean depth 

by adjusting its buoyancy.  It has a positive impact on our society because ocean monitoring 

provides benefits from ocean current observations to pollution monitoring.  Marine biologists 

will be able to study the distribution of microorganisms and their migration paths, and then 

preserve certain sections of the ocean where these microorganisms are known to gather.  

We were able to build a drogue smaller in size than the ones our sponsor currently 

employs. A reduction in size can better mimic these microorganisms and hence give us a better 

model of their behavior. But due to the limited housing volume we had, we were not able to 

mount any communication system in it unless we can find some smaller parts overall.  

Since our drogue is mainly made up of polycarbonate and delrin, our machining became 

easier and safer. When we machined our drogue, we took precaution by wearing goggles. The 

main safety consideration we had was to insert the CO2 cartridge into the cartridge assembly. 
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Since the CO2 cartridge is highly compressed, we had to make sure the cartridge and its holder 

are properly aligned before assembly. Goggles were worn and we did it in an open area without 

other people around.  

Users/Maintenance/Operation Manual 

 As this is just a prototype, assembly is not very easy and future prototypes should should 

utilize DFA methods for ease of assembly.  With that in mind, here is how to assemble the 

prototype: 

1. Do all wiring, and solder valves, pressure sensor, and battery leads to board. 

2. Charge battery fully. 

3. Balloon assembly: 

a. Stretch mouth of balloon over lip on top endcap. 

b. Apply Teflon tape to balloon mouth. 

c. Tighten hose clamp around mouth of balloon / endcap lip. 

4. Thread 2 of the 10-32 x 1/8” hose fittings into the bladder ports on the top endcap. 

5. Thread ¼” hose fitting into bleed port on top endcap. 

6. Insert CO2 cartridge into holder, and puncture. 

7. Assemble pneumatics (using flexible tube, 1/8” OD): 

a. CO2 to port 1 on supply valve with short (2”) tube 

b. Port 2 on supply and bleed valves to bladder hose fittings 

c. Port 1 on bleed valve to bleed fitting on top endcap 

8. Place electronics in close-fitting bag in this order: 

a. Secondary wiring board 

b. Battery pack (plug facing toward bag opening) 
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c. LABX2 board (switch facing toward bag opening) 

9. Poke a hole in bag and run the pressure sensor through it. 

10. Here’s the tricky part: 

a. Hold CO2 cartridge assembly to LABX2 side (outside, though) of electronics bag. 

i. Make sure top end of cartridge is facing same direction as open end of bag. 

b. Hold supply valve against electronics bag, next to cartridge. 

c. Hold bleed valve against electronics bag, next to cartridge, below supply valve. 

d. Slide entire assembly into cylindrical drogue body. 

e. Thread top endcap onto top of body, allowing internals to turn with it. 

11. Thread on bottom endcap. 

12. Thread eye-screw into bottom endcap. 

 

Conclusion / Recommendations 

Our biggest problem was that the communication between computer and PIC processor 

failed. This meant that we had no way to actuate the pneumatic valve using the program that had 

been loaded into the PIC processor. We figured the circuit might have been shorted out somehow. 

At the time, we had no way of identifying whether it was the PIC that was faulty or the Lab X2 

board. This meant that we could not finish our final testing in time. Then we tested our Lab X2 

board and discovered it was not functioning correctly. If time allows then with new board and 

PIC we can make sure that the drogue is able to go down to 20m depth and come back up.  

 From all the different tests we have done, we know that this buoyancy method is a viable 

and inexpensive solution. But the downside of this method is that because we are using CO2 to 

control the buoyancy, the control algorithm is more complicated than expected. The electronics 
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are very sensitive to water and since we need to take it out to debug it, there is a high probability 

that the circuit can be shorted out with water. Besides, the internal space is so limited that any 

use of force will result in damage to the electronics. Therefore, to reduce the chance of frying the 

electronics, more detailed precaution and a water-proof plug system should be implemented.  To 

control or debug the control algorithm in real-time, a serial communication water-proof plug 

should also be implemented on the top end cap. Essentially, all electronics connections should be 

water-proof and implemented on the surface of the end cap to reduce the amount of handling 

required, thus reducing the chances of failure. 
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Appendix 

Project Management 

Task Distribution 

Kidd: 

 Buoyancy inflatable gas bladder research 

 Purchase CO2 gas cartridge and pressure regulator 

 Hydraulic pump research 

 Compile 1st and 3rd PowerPoint presentation 

 Coding and control algorithm 

 End cap drawing 

 O-ring selection 

 

Jeffrey: 

 Research seawater properties such as density 

 Research different kinds of batteries and purchase 3 Li-ion batteries 

 Help with programming and control algorithm (with Kidd) 

 Type up “Safety/Impact on Society” section in final report 

 Take pictures for the report and presentation and video of our final testing 

 Finishing touches on Final Presentation 

 

Eugenio: 

 Desalinization research 

 Finite Element Analysis 

 Purchase O-rings 

 Purchase latex balloon 

 Look for industrial balloon 

 Bladder options research 

 Purchase hose clamps 

 Purchase delrin 

 Determine size of groove for o-ring 

 Purchase serial cable 

 Waterproof serial cable and connector research 

 Purchase waterproof connector 

 Design balloon sealing method 

 Balloon leak test 

 Purchase alkaline batteries 

 Compile, design and edit Webpage (with Kidd) 

 

Cody: 

 Create slides for, compile, and edit Project Design Proposals presentation

 Create slides for, compile, and edit Proof of Concept presentation



 Create slides for, edit, and initial compilation of Final Presentation 

 Type up agendas for meetings with Delson 

 Write up much of 1
st
 draft of report 

 Guidance for group when things needed to get done 

 General calculations: 

o Terminal velocity calculations 

o Sea pressure calculations 

o Free-body diagrams 

o Pressure required of bladder 

 Entire piston method including: 

o Research pistons 

o Research stepper motors 

o Required water gain/loss calculations 

 Large part of hydraulic pump and bladder method including: 

o Research hydraulic pumps 

o Required volume change calculations 

o Required pressure calculations 

 Large part of final design including: 

o Assist in researching bladder options 

o Research valve types and options 

o Buy 2 miniature solenoid valves 

o Buy pneumatic tubing 

o Buy countless hose fittings and plugs 

o Buy check valve 

o Machine threaded holes in endcaps 

o Assemble entire pneumatic system 

o Test pneumatic assembly 

o Initiate and orchestrate volume change test at SIO 

o Assemble entire final drogue with all parts included, minus bladder 

o All ProE modeling 

o Edit and compile entire Final Report, and fill in sections that didn’t get done

Jacky: 

 Initial buoyancy calculation 

 Research on PIC micro-controller and circuit board 

 Purchase of PIC micro-controller 

 Sponsor Liaison 

 Calculation of worst case analysis of bladder thickness 

 Research and purchase of polycarbonate 

 Compile the 1st draft of final report 

 Redesign and fabrication of threaded polycarbonate body with O-ring groove 

 Redesign and fabrication of threaded endcaps with O-ring groove 

 Purchase new set of O-rings 

 Initial structural leak test 

 Receive and discuss Matlab simulation from Professor de Callafon 
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 Met and discuss with Steve Roberts regarding circuits and signal conditioning of pressure 

sensor and valves 

 Ordered resistors, capacitors, diodes, MOSFET, and other electronic components 

 Compile proof of concept powerpoint presentation 

 Wired pressure sensor and valves into breadboard 

 Initial hardware test of valves and pressure wired on breadboard 

 Received, compile, and discuss C code from Professor de Callafon 

 Compile 2nd draft of the final report 

 Solder pressure sensor, valves, and voltage divider onto circuit board 

 Second hardware test of valves and pressure sensor 

 Wired circuit board and batteries onto into LAB X2 Experiment Board 
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Risk Reduction Effort  

 

 

  

Table 3: FMEA risk reduction 

 

 

Risk reduction through Finite Element Analysis (FEA) can be seen in Appendix→ 

Calculations→ FEA Analysis. 
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Drawings / layouts / parts listing 
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ProENGINEER Top Endcap 

 

 
ProENGINEER Bottom Endcap 
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List of Suppliers / Purchased Part Information 

Numatics® 

 2 TM series miniature solenoid valves and accompanying manifolds and mounting 

hardware 

 (248) 960-1400 

 Contact: Scott Ensminger 

Marshall’s Industrial Hardware 

 hose-to-threaded-port adaptors 

 1/8” tubing 

 threaded port plugs with o-rings 

 valve mounting screws 

 brass nipple 

Big 5 

 CO2 cartridge 

 Punching Bag Bladder 

 Bubble Swim Cap Bladder 

Genuine Innovations Inc., 

 Pressure regulator 

 Lance Assembly 

Equations and Formulas Used  

Finding Buoyant Force on Drogue 

 Assumptions: 

V=1L=.001 3m  (required) 

 Analysis: 

   3 2 31025kg/m 9.81m/s .001m 10.055NB displaced seaF W gV     

 

Terminal Velocity (derived from equating opposing forces in free body diagram) 

B D gF F F   

D B gF F F    where 
oB gF F  

2.5 sea D t gC Av F    

(Eq. 1) 

 

 

Volume Change (in terms of terminal velocity) 

B D gF F F    where 
oB B BF F F    and   2.5D sea D tF C Av  

2.5
oB sea sea D t gF g V C Av F       where 

oB gF F  

 
2 2.5 πsea sea D drogue t g gg V C r v F F       

2 2.5 πg sea D drogue tF C r v 
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2 2.5 πsea D drogue t

sea

C r v
V

g




   

 

2 2.5 πD drogue tC r v
V

g
    (Eq. 2) 

 

Hoop Stress 

net
hoop

P r

t
     where net in outP P P        (Eq. 3) 

 

 

Calculations 

Piston Method 

Required Water Gain/Loss 

 Assumptions: 

1.2DC    (for cylinder moving in axial direction) 

.05mdroguer   

.01m/stv   (required) 

 Analysis: 

Using (Eq. 1):           
2 23 4.5 1025kg/m 1.2 π .05m .01m/s 4.83 10 NgF      

Find water needed: 
  

4

3 2

4.83 10 N
.0480mL

1025kg/m 9.81m/s

gsea

sea sea

Fm
V

g 

 
      

Factor of Safety of 2:       2 .0480mL .0960mL  

 

Desalinization Method 

Physical Properties of seawater: 

  Mass of Freshwater = 1kg, Weight, Wf = 9.81N 

  Mass of Salt = 0.027kg, Weight, Ws= 0.26N 

  Total Weight = 9.81 + 0.26 = 10.07N 

Na
+
 + Cl

-
 => NaCl(s) 

Buoyant Force,  

bF gV  =(1027)(9.81)(0.001) = 10.07N 

 2.5b d fF AC v W   

At depth 20m, 

Set constraint: v ≥ 1cm/s = 0.01m/s, 

  ρA Cd v² = 2(Fb - Wf) 

              Fb = 0.5(ρA Cd v²) + Wf = 9.81023N 
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Requirements for desalinization:  

  Volume of Seawater, V = Fb /ρg = 9.74x10^-4m³ 

  Mass of Seawater = ρV = 1kg -> Mass of Salt =0.027kg ~ about 81 minutes 

Bladder Method 

Total Required Volume Change 

 Assumptions: 

1.2DC    (for cylinder moving in axial direction) 

.05mdroguer   

.01m/stv   (required) 

 Analysis: 

Use (Eq. 2) to find volume change from neutral buoyancy to full bladder volume:     

     
2 2

8 3

2

.5 1.2 π .05m .01m/s
4.804 10 m .04804mL

9.81m/s
V       

Double that to find volume change from totally deflated to inflated bladder: 

 2 .04804mL .0961mL  

Factor of Safety of 2:       2 .0961mL .192mL  

 

 

Finding Hoop Stress 

 Assumptions: 

Bladder is cylindrical 

 
 

 Given: 

Pout = 1atm = 1.0133E5 Pa 

Pin = 3atm = 3.0398E5 pa 

V = 5ml 

Dou = 10cm 

Factor of Safety (FS) = 2 

out out h h in inP A A P A   

out outA D h  2hA th  ( 2 )in outA D t h   
2V r h  

3

2

5
0.3183

5

cm
h cm

cm
   

From Matweb.com, average yield strength for polypropylene = 40MPa 
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( ) (3.0398 5 1.0133 5 )0.05
2.5331 4

4 7

in outP P r E pa E Pa m
t E m

E Pa

 
     

The minimum thickness for polypropylene bladder with factor of safety of 2 is 0.50662mm. 

Solving for Aout, Ah, and Ain with given h and t value: 

 out out h h in inP A A P A   

2 2

2

( ) ( ) (3.0398 5 )(3.1507 4 ) (1.1033 5 )(3.183 4 )

3.2251 6

in out out
hoop

h

P Ain P A E Pa E m E Pa E m

A E m


   
 



=1.9689E7Pa = 19.689MPa 

Minimum hoop stress for bladder = 19.689MPa 

 

Finding Minimum Thickness for Latex Bladder 

Given Yield stress of Latex 16000 1.1032 8psi E Pa    

net
hoop

P r

t
   

( ) (3.0398 5 1.0133 5 )0.05
9.1846 5

1.1032 8

in outP P r E pa E Pa m
t E m

E Pa

 
     

The minimum thickness of the for a latex bladder is 0.092mm
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1 cm = .3937 in    
1000cm^3 = 61.023 cubic inch    

gravity 9.807 ms^-2   
Density of sea 

water 1029 kgm^-3   
Coefficient of 

drag 0.31    
Density of 

polycarbonate 1220 kgm^-3   
mass of empty 

drogue 1.22 kg   
Volume (cm^3) Diameter (cm) Height (cm) Area(cm^2) Vt(ms^-1) 

Constraint Define Volume/Area pi()*D^2*.25 

sqrt(2*m(d)*g/(
ro(sea)*Cd*Are

a) 
1000 8 19.89436789 50.26548246 3.86313192 

 8.89 16.11041013 62.07166619 3.47638418 

 10 
12.7323954

5 
78.5398163

4 3.090505536 
 11 10.52264087 95.03317777 2.809550487 
 12 8.841941283 113.0973355 2.57542128 

Table A 
     

Depending on the weight of the drogue 
     

Volume of the bladder fully inflated = (4/3)*pi*5^3 = 523.60 cm^3  
F drag (kgcms^-

2) 
W drogue (kgcms^-

2) 
Volume 
(cm^3) 

%change in 
Voume 

% need to 
inflate bladder 

0.5*ro(sea)*Ar
ea*Cd*Velocity

^2   

W(d)-
F(drag)/(ro(se

a)*gravity) 

Volume(N)-
Volume(G)/Vol

ume(G)*% 

Volum(N)-
Volume(B)/Volu

me(B)*% 
0.012526708 1005 995.8847876 -0.411521243 -0.785945843 

 1008 998.857615 -0.114238497 -0.218178947 
 1010 1000.8395 0.083950001 0.160332317 
 1020 1010.748925 1.074892489 2.052888635 
 1030 1020.65835 2.065834978 3.945444954 
 1040 1030.567775 3.056777466 5.838001272 
 1050 1040.4772 4.047719954 7.730557591 

Table B 
Note: The viscous Drag is very small compring to the weight of the drogue. 

     
1 oz = 29.5735297 cm^3    
using 12 oz paintball c02 catridge at 3000psi   

Supply in 
catridge (cm^3) 

Required amount 
(cm^3) # of times 

factor of 40% 
for safety  

weight*pressur
ized/atm 

~W(drogue)/(ro(sea)
*gravity) 

supply in 
Catridge/ # of times*0.6    
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O-ring Design 

 

 

Figure 29: O-ring calculation on efunda.com 
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Battery Life 

Because P IV   

 Current the valve consumes  = watt/volt 

     =1.2/12 

     = .1A 

     =100mA 

 Hours of drogue runtime = 2700mAh/100mA 

     = 27 Hrs 

Content of the CO2 cartridge 

1 gram = 1 ml 

1 atm = 14.695 psi 

Assuming operating temperature at 70F (standard room temperature and pressure), 

14ml x 1000 psi/ 14.695 psi = 952.7ml  

At 20m depth (temperature assuming to be 60F, 3 atm (absolute)) 

14ml x 950 psi/ (3*14.695) = 301.69ml  

Taking safety factor of 2 and each burst of opening valve to be 0.5s 

301.69ml x 0.5 x flow rate (1 ml) x 0.5 = 75 profiles 

FEA Analysis 

Von Mises Stress Analysis (see Figure 30) 

Top and bottom End Cap 

- Flexural Yield Strength of Delrin = 13000psi 

- Max. Stress = 686psi 

- 686/13000*100% = 5.28% 

Safety Factor: 2*(686)/13000*100%=10.55% 

 

Cylinder Tube 

- Flexural Yield Strength of Polycarbonate = 8300psi 

- Max. Stress = 3411psi 

- 3411/8300*100% = 41.1% 

Safety Factor: (2*3411)/8300*100%=82.2% 

 

Deformation Analysis (see Figure 31) 
2

2( / )

F E

A l r


    

σis proportional to 1/l²  

Since l (our drogue)=6.3”, l (old)=31”, 

the length ratio factor is approx. 5 to 1 

 

Previous drogue (actual deformation): (see Figure 32) 

  When l=5, σ will be 1/25 

  σ (inside) < σ (outside),  

  so σ(net) = inward 
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Our drogue (20% deformation): (see Figure 33) 

When l=1, σ will be 1  

 σ (inside) = σ (outside) 

Since we assume 20% deformation,  

σ (inside) > σ (outside) 

so σ (net) = outward 

 

       

Figure 30: Von Mises stress analysis  

  

 

Figure 31: Deformation analysis  

  

Figure 32: Our drogue with 20% deformation 

 

 

Figure 33: Previous drogue actual 

deformation 
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Budget 

Structure Part Number Location Obtained Price  Qty Cost 

Polycarbonate Round Tube 4" OD, 3-3/4" ID 8585K226 McMaster-Carr $18.19 2 $36.38 

Polycarbonate Rod 4" Diameter 8571K412 McMaster-Carr $95.86 2 $191.72 

6"x6"x1/2" Delrin  CRMS $5.00 4 $20.00 

4"x4"x1" Delrin  CRMS $22.50 4 $90.00 

151 Buna-N O-Ring ORING-151 Marshall's Hardware $0.70 4 $2.80 

148 Buna-N O-Ring ORING-148 Marshall's Hardware $0.65 4 $2.60 

147 Buna-N O-Ring ORING-147 Marshall's Hardware $0.65 4 $2.60 

142 Buna-N O-Ring ORING-142 Marshall's Hardware $0.96 4 $3.84 

141 Buna-N O-Ring ORING-141 Marshall's Hardware $1.01 4 $4.04 

140 Buna-N O-Ring ORING-140 Marshall's Hardware $0.89 4 $3.56 

139 Buna-N O-Ring ORING-139 Marshall's Hardware $0.89 4 $3.56 

138 Buna-N O-Ring ORING-138 Marshall's Hardware $0.79 4 $3.16 

325 Buna-N O-Ring ORING-325 Marshall's Hardware $0.56 1 $0.56 

318 Buna-N O-Ring ORING-318 Marshall's Hardware $0.49 1 $0.49 

321 Buna-N O-Ring ORING-321 Marshall's Hardware $0.49 1 $0.49 

1/4" x 3" Eye Screws 030699144013 The Home Depot $0.98 1 $0.98 

Pneumatic Assembly Part Number Location Obtained Price  Qty Cost 

TM Series 3 Way  Pneumatic Valves TM101V12C1 numatics.com Free 2 Free 

CO2 Cartridge Assembly  Genuine Innovations Inc. $31.69 1 $31.69 

Pressure Regulator  Genuine Innovations Inc. $31.69 1 $31.69 

12g CO2 Cartridge   BIG 5 $2.99 1 $2.99 

16g CO2 Cartridge  UC Cyclery $3.87 4 $15.48 

1.6mm x 12mm Pan Slot 0510424 Marshall's Hardware $0.46 2 $0.92 

10-32 Screw Plug Clippard 0301059 Marshall's Hardware $0.56 10 $5.60 

10-32 Clippard Gasket 0301055 Marshall's Hardware $0.12 7 $0.84 

1/8" Brass Check Valve 0301404 Marshall's Hardware $18.49 1 $18.49 

1/8" x 1/8" NPT Black Plastic Male Connector 0141136 Marshall's Hardware $3.16 2 $6.32 

1/8" x 10-32 Black Plastic Male Connector 0141134 Marshall's Hardware $2.86 7 $20.02 

1/8" x 10-32 Black Plastic Male Elbow 0141158 Marshall's Hardware $6.39 5 $31.95 

1/8" OD Nylon Tubing 0140304 Marshall's Hardware $.13/ft 5ft $0.65 

1/8" HEX Nipple Brass 41281 Marshall's Hardware $1.06 1 $1.06 

10-32 x 1/16" Hose Fitting Clippard 0301060 Marshall's Hardware $1.06 2 $2.12 

10-32 x 1/8" Hose Fitting Clippard 0301054 Marshall's Hardware $1.26 2 $2.52 

Female HEX Connector Clippard 0301048 Marshall's Hardware $0.86 1 $0.86 

Latex Balloon 53563 Party City $1.99 1 $1.99 

Hose Clamps 003916610182 Wal-Mart $2.31 1 $2.31 

Hose Clamps 007723100038 Wal-Mart $2.87 1 $2.87 
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Electronics Part Number Location Obtained Price  Qty Cost 

Alkaline AA battery Pack 4  2300873 RadioShack $3.99 1 $3.99 

Alkaline 9V battery Pack 1 2300875 RadioShack $3.99 1 $3.99 

Prismatic Polymer Li-Ion Battery, 3.7V, 2700mAh PL-0550100 All-Battery.com $16.95 3 $50.85 

Universal Smart Charger for 3.7 -14.8 V Battery TLP2000 All-Battery.com $22.95 1 $22.95 

LAB-X2 Experimenter Board (Assembled)  LABX2A MCUmart.com $60.00 1 $60.00 

PIC18F4620-I/P microcontroller PIC4620 MCUmart.com $12.00 1 $12.00 

12V 500MA AC Adapter SOCB 2731774 RadioShack $19.99 1 $19.99 

ADAPTAPLUG-M (free with AC Adapter) 2731716 RadioShack $0.00 1 $0.00 

Universal Breadboard 301 2760003 RadioShack $7.99 1 $7.99 

RECTIFIER GPP 200V 1A DO-41 Diode 1N4003DICT-ND Digi-key $0.26 5 $1.30 

MOSFET N-CHAN 60V 500MA TO-92 Transistor  BS170GOS-ND Digi-key $0.38 10 $3.75 

Dual Header Male Pin WM268100-ND Digi-key $8.96 1 $8.96 

IC LP Instrumentation Amplifier  INA128P-ND Digi-key $9.40 3 $28.20 

IC SOCKET 8POS .300" DIP GOLD ED3308-ND Digi-key $0.65 5 $3.25 

PC Board 3-Hole 4.5"X6.5" Solder Pad V1044-ND Digi-key $23.00 1 $23.00 

CAP TANTALUM 10UF 25V 10% RAD Capacitor 478-1841-ND Digi-key $0.74 5 $3.70 

CAP .10UF 25V CERAMIC +80/-20% Capacitor BC1148CT-ND Digi-key $0.07 10 $0.66 

Resistor 499 KOHM 1/4W 1% METAL FILM 499KXBK-ND Digi-key $0.10 5 $0.49 

Resistor 3.01 KOHM 1/4W 1% METAL FILM 3.01KXBK-ND Digi-key $0.10 5 $0.49 

Resistor 4.99 KOHM 1/4W 1% METAL FILM 4.99KXBK-ND Digi-key $0.10 5 $0.49 

Resistor 10.0 KOHM 1/4W 1% METAL FILM 10.0KXBK-ND Digi-key $0.10 5 $0.49 

Resistor 20.0 KOHM 1/4W 1% METAL FILM 20.0KXBK-ND Digi-key $0.10 5 $0.49 

Resistor 30.1 KOHM 1/4W 1% METAL FILM 30.1KXBK-ND Digi-key $0.10 5 $0.49 

Resistor 49.9 KOHM 1/4W 1% METAL FILM 49.9KXBK-ND Digi-key $0.10 5 $0.49 

Resistor 56.2 KOHM 1/4W 1% METAL FILM 56.2KXBK-ND Digi-key $0.10 5 $0.49 

DB9F to DB9M 25 FT IBM Monitor Extension Cable 16294047 Fry's Electronics $10.76 1 $10.76 

Miscellaneous Part Number Location Obtained Price  Qty Cost 

Crosmn 5 Powerlets 0782649 BIG 5 $3.99 1 $3.99 

Everlast Bag Bladder 1352376 BIG 5 $5.09 1 $5.09 

Spedo Strap Cap 2360527 BIG 5 $8.49 1 $8.49 

Efunda (Online Account)  Efunda $36.00 1 $36.00 

      

  Grand Total   $869.98 
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Control Algorithm (with help from Steve Roberts) 
'**************************************************************** 

'*  Name    : DrogueTest.pbp                                    * 

'*  Author  : SteveRoberts                                      * 

'*  Date    : 3/18/2008                                         * 

'*  Version : 1.0                                               * 

'*  Notes   : Quick and dirty drogue test program.              * 

'*          : PIC16F876A  on an meLabs X2 board.                * 

'*          : Exercises the inflate and deflate valves, allows  * 

'*          : the drogue to sink for a period of time, records  * 

'*          : the pressure on the way down and up, then inflates* 

':          : bladder to return to the surface. The pressure    * 

'*          : data is retrieved by pressing switch SW1 after    * 

'*          : Reset. The output data stream can be captured     * 

'*          : using Hyperterm or a similar terminal program.    * 

'*          :                                                   * 

'**************************************************************** 

        DEFINE OSC 4 

 

        DEFINE HSER_TXSTA 24h       'hardware serialport defines 

        DEFINE HSER_RCSTA 90h 

        DEFINE HSER_BAUD 9600 

'        DEFINE HSER_SPBRG 25 

 

        ' Define ADCIN parameters 

        Define        ADC_BITS          10        ' Set number of bits 

in result 

        Define        ADC_CLOCK           3        ' Set clock source 

(3=rc) 

        Define        ADC_SAMPLEUS 200        ' Set sampling time in uS 

        TRISA = %11111111                ' Set PORTA to all input 

        ADCON1.7=1                  'set up PORTA analog 

'        ADCON2.7=1 

 

        PresChan VAR portA.0        ' pressure sensor on A0 

        Pressure VAR WORD 

        Pstart   var word           'nominal surface pressure A/D 

counts 

        BattChan VAR portA.1        'battery ADC channel on A.1 

        Volts    var word           'battery voltage 

        i        var byte           'reusable byte  

         

        TRISB.0 = 0                 'portb bits 0 & 1 control the 

valves 

        TRISB.1 = 0 

        TRISB.2 = 0                 'low battery warning 

        TRISB.4 = 1                 'SW1 for reading the EEPROM 

        OPTION_REG.7=0              'use pullups on portB 

        UpValve VAR portb.0         'inflates the bladder, drogue rises 

        DnValve VAR portb.1         'evacuates the bladder, drogue 

sinks 

        BattLED VAR portb.2 

        ValveTime CON 500           'valve actuation time 

        SurfaceTime con 5000        'inflation time for rising to the 

surface 
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        CycleTime   con 1000        'main loop cycle time secs 

        SinkTime    con 15          'how long to sink, seconds 

        Kount var byte              'counts how many measure/control 

cycles 

        Addr  var byte              'write location in EEPROM 

        Mode  var byte              '  1=rise mode, 0=sink mode 

        Mode=0 

 

        hserout[13,10,10,"Drogue test 1.0",13,10] 

        hserout["Press and hold SW1 within 5 seconds",13,10] 

        hserout["      to retrieve previous data...",13,10,10] 

        for i=1 to 10                 'check to see if user want press 

data 

           kount=portB.4 

           if kount=0 then ReadData 'check SW1 

           pause 500 

        next i    

 

        hserout["Inflating",10,13] 

        UpValve=1:pause 5000:upvalve=0  'inflate the bladder at the 

surface 

        hserout["1-minute pause",10,13] 

        pause 60000                     '1 min wait until start 

        hserout["Deflating",10,13] 

        dnvalve=1:pause 30000:dnvalve=0  'deflate the bladder; begin 

sink 

        Kount=0 

        hserout["Starting sink cycle.",13,10] 

        adcin preschan,Pstart            'get initial pressure reading 

Cycle:                              'loop 

        ADCIN PresChan, Pressure    'get the current pressure reading       

        if (mode=1 and pressure<(Pstart+10)) then goto alldone 

        hserout["Reading# ",dec kount, "   Pressure:  ",DEC 

Pressure,13,10]  

        Addr=Kount*2                'calc current EEPROM location  

        write addr,  Pressure.byte0 'write the pressure into EEPROM 

        write addr+1,Pressure.byte1 '100 PSI=1023 ADC counts 

        pause CycleTime             'wait about 1 second 

        kount=kount+1               'increment cycle count 

        if mode=1 then goto cycle 

        if kount>sinktime then      'check for end of cycle 

           Mode=1 

           hserout["Inflate for return to surface",13,10] 

           upvalve=1                'open inflation valve 

           pause surfacetime        'hold open 

           upvalve=0                'close inflation valve 

        endif 

goto cycle             

        

AllDone:                             'just idle here indefinitely 

        hserout["Back at surface, 30 sec pause.",13,10,10] 

        pause 30000 

        hserout["Deflating for 60 sec",10,13] 

        dnvalve=1:pause 60000:dnvalve=0 

        hserout["Idle loop",10,13] 

Wate:   goto Wate 
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ReadData:                            'Readback the pressuredata 

        hserout["Rdg#   Value",13,10] 

        for I=0 to 126               '126 values max 

           addr=i*2                  'calc the EEPROM readaddress 

           read addr,  pressure.byte0  'read the lo byte 

           read addr+1,Pressure.byte1  'and the hi byte 

           hserout [dec i, "       ",dec pressure,13,10]  'send to 

serial port 

        next i 

goto Wate 
 


