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Microbia) Gas Production Used to Achieve Autonomous Buoyancy Control 

Introduction 

A field deployed device des:igned to operate autonomously for long periods (years) of 

time requires special designs to maKimize its operationa11ifetime. One strategy is to design such 

a device to take advantage of the ambient resources and conditions at the point of deployment. 

For example, clandestine submerged devices for underwater surveillance should be designed to 

exploit the marine resources to maximize its operation duration and minimize. its size and weight 

Distributed autonomous sensor networks equipped with acoustic or magnetic sensors may 

soon be used to detect and track submarines in the littoral regions of the ocean. In order to 

maximize the effectiveness of the stmsor network, power is required to surface each sensor 

periodically so that accumulated data can be communicated via Rf or UHF transmission and the 

position of the sensor can be detennined (communication with global positioning systems). 

These transmissions are impossible for submerged devices, as radio frequencies do not propagate 

well underwater. 

Due to modern advances in ,electronics, which have reduced the power consumption in 

circuitry~ aquatic persistent surveilliance devices may be powered by microbial fuel cells in the 

foreseeable future t -
3. Electric gene:ration using microbes shows promise for devices that are 

designed for long term deployment without servicing. Moreover, since many microbes are 

capable of survival in dark environments, the use of microbes for electric generation where solar 

power is not an option (underwater applications) is especially promising. The utilization of 

nutrients from marine environments by microbes could potentially extend the operation of the 

circuitry in the device indefinitely. 

The ability of a submerged device to surface periodical1y posts a different challenge. For 

a device with a constant mass, to ccmvert from a submerged to a buoyant state, the displacement 

of the device must change. The most common strategy is to induce a change in displacement of 

the device by using various methods to push water from the device, such as pumps or 

compressed gas. The submerged and buoyant state can be switched using multiple valves. Such 

a scheme requires a source of comptressed gas or a pump and additional power to operate the 

valves and timing circuits. This increases the size, weight, and acoustic signature of the device. 

Manuscript approved March 24, 2010. 
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The operational lifespan of the device is ultimately limited by the amount of compressed gas 

stored or by the battery life to power the pumps and valves. 

We have constructed and successfully laboratory tested a device that can periodically 

change from a submerged to a buoyant state using gas generated by microbes alone. The 

duration of the buoyant state and the switching frequency from the submerged to buoyant state 

can be controlled. If the type of microbes used is native to the deployment location, gas 

generation will not create an identifiable acoustic signature to disclose the presence and 

operation of the device. In this report, we will discuss the operation and testing ofthe device, the 

microbes that we used to test the operation ofthe device, and the test results. 

General Description of the Periodically-Surfacing Submerged-Device 

The proposed device consists of the following parts, see Figure 1: a chamber, float, and a 

counter weight. We will first describe the function and design of each component. 

1. The device chamber: 

The device chamber can be of a wide variety of shapes. For the purpose of illustrating 

the operation of the device, we have chosen to use a simple closed tube with two holes. For 

different device chamber shapes and sizes, the weight and location of the other parts ofthe 

device must be adjusted to accommodate the operation of the device. 

To keep the description of the operation of the device simple, we will assume that the 

Float 

Weight 

Device 
Chamber 

Fluid Vent Gas Source 
Hole 

Figure 1. 1he pa..rts of the snhmerged device. 

device chamber is neutrally 

buoyant in the fluid under 

consideration. This means that 

no additional force is 

added to the device chamber 

by its own weight. This can be 

achieved in reality by attaching 

weight or floatation material to 

the device chamber to achieve 
• 111 • • • • • • 

a neutrauy ouoyant conamon. 

In other words, there is no 
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limitation to the weight, size!1 and shape of the chamber. 

2. The Float 

A float oflower density than the fluid is attached to the device chamber. It can be 

physically attached or linked to the chamber with a flexible cable, chain, string, or connection of 

any kind. The anchoring point should be located toward one end of the device chamber and most 

convenient on the top side of the device chamber. The float provides a buoyant force, Fr, on one 

end of the device chamber. The amount of buoyant force required and the exact anchoring 

location of the float (where t:be buoyant force of the float acts on the device chamber) are design 

parameters for customizing the operation of the device. 

In the orientation shown in Figure 1, gas produced from the gas source is trapped within 

the device chamber. This is an essential part of the design. The device will float because of the 

introduction of gas and thus increase in displacement. The trapped gas w111 produce a buoyant 

force, h . on the device chamber. The location of the line-of-action of the buoyant force is a 

function of the amount of trapped gas as well as the shape, weight, and location of all the other 

components in the device. As gas is introduced into the chamber, the fluid must be expelled. A 

fluid vent bole is located on rthe bottom side of the device chamber for the displaced fluid to 

escape. 

The operation of this device requires a source of gas. The source of gas will be products 

of metabolism of the microbies. The gas source can be attached to the device chamber in any 

convenient location and by any convenient method but the gas must become trapped in the 

chamber. 

For the device to transition to a submerged state, the trapped gas must be removed. A gas 

vent hole is located on the top side of the device chamber and on the side of the device chamber 

opposite to the attachment point of the float. 

3. Tbe Counter Weight 

A weight of higher d•;:nsity than the fluid is used to create a downward force to the 

device. For convenience of demonstration here, it is attached to the bottom of the device 

chamber. In a real device, the weight can be designed to be attached in different locations. It 

can be part or all of the device chamber and/or the gas source. It can be physically attached or 
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linked to the chamber with a flexible cable, chain, or string. For simplicity of description, we 

showed here the case where the anchoring point is located closer to the float attachment point 

than the gas vent hole. The weight provides a downward force, Fw, on the device chamber. The 

amount of downward force required and the exact anchoring location ofthe weight (where the 

downward force of the weight acts on 

the device chamber) are design 

parameters for customizing the 

operation of the device. 

No payload is specified here, but 

it can be part or all of the device 

chamber, float, weight, or the gas 

source. It can also be a separate unit 

Figure 2. Free-body-diagram of the proposed 

device with neutral1y buoyant chamber and gas 

source. 

attached directly or through a cable, string, chain, or any connector. It can be of any size, shape, 

and weight. In the discussion below, we can see that none of these attributes are a limiting factor 

to the operation of the device. 

The Operation of the Device: 

The total force acting on the device consists of 

three forces: the buoyant forces from the float, F f, the 

trapped gas, Fg, and the weight, fw. No other forces are 

present because we made the physically achievable 

condition that the device chamber and the gas source are 

neutrally buoyant. A simple free-body-diagram can be 

drawn and is shown in Figure 2. 

To understand the operation of the device, we 

will examine the behavior of the device chamber as gas 

is being introduced to the chamber starting from the 

condition of no trapped gas. In each case, we will 

examine the free-body diagram to determine the 

Vertical 

Figure 3. Initial equilibrium 
condition: only two forces are 

present and they must lie on a 
vertical line. 
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behavior of the device. We require the magnitude of the counter weight to be larger than that of 

the buoyant force, I Fw I> I Fr 1. This means that without the presence of trapped gas, the 

device chamber will sink. 

1. Initial condition- no trapped g.as 

Because there is no trapped gas, i.e., F g = 0, the device chamber will rotate until the 

direction offw and Frare opposite to each other in the vertical position, Figure 3. Because of the 

location of the anchoring points of the float and the weight, the device chamber is tilted to one 

side with the gas vent hole rotated toward the bottom of the float chamber. Because I Fw I> 
I F r I , the device has a net force pointing down and will sink. 

Any gas supplied by the g:as source will be trapped in the top closed end of the device. 

The presence of gas will have two effects on the device chamber: First, the net force pointing 

down will be reduced because Fb should always point up. Second, because of the asymmetry of 

the trapped gas volume, the device wiU rotate to achieve a zero net torque. 

2. Some trapped gas but the net force still points down. 

As gas enters the device 

chamber, a buoyant force, F 8, is 

introduced. The line-of-action 

for F g, should be pointing upward 

and through the center of gravity 

of the trapped gas volume. The 

free body diagram is shown in 

Figure4. 

The resultant of the three 

forces is a reduction in the net 

downward force and a rotation of 

the device chamber because of 

Figure 4. After a small amount of gas is trapped in 
the device chamber; the net downward force is 

reduced and the device chamber is rotated. 

the asymmetry in the trapped gas volume. The device wiU remain submerged as long as Fw > F g 

+ Fr. 
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3. More gas is trapped and F w = Fg + Fr. but the device chamber is still tilted down to the right. 

At this point the whole device is neutrally buoyant and further introduction of gas will 

result in a net force pointing up. The device will begin to rise as more gas is trapped. The 

location of the anchors for the float and weight are chosen such that the gas vent hole is still on 

the down side of the device chamber. 

The time it takes for the device chamber to reach this condition depends on the rate of gas 

input, the shape and size of the device chamber, and the magnitude and location ofFw and Fr. 

These and other factors determine the total submerged time of the device. 

4. More gas is trapped and Fg continue to move away from Ff At some point the torque 

produced by Fg is greater than that of Ft; the device chamber will start to rotate such that the 

right side of the chamber is pointing up. 

As the device chamber starts to 

rotate, the center of gravity of the trapped 

gas will flow further away from Fr, further 

increasing the torque by F g· This is a 

positive feedback situation; the rotation wil1 

accelerate until the device chamber is 

oriented similar to that shown in Figure 5. 

This orientation of the device chamber, 

however, is not a stable state. Because the 

Figure 5. A large amount of trapped gas will 
rotate the device chamber. It will achieve a 
new ori·entation and the gas will vent out of 

gas vent hole is now on top, the gas will the gas vent hole in this orientation. This is 

vent out of the device chamber. As the gas not a stable state condition. 

leaks out, the magnitude ofF8 wiJl start to decrease. 

As F g decreases, the net force pointing up and the torque to keep the device chamber in 

the orientation shown in Figure 5 will decrease. Eventually, enough gas will leak out and the net 

force will point down, Fw > Fg + Fr, such that the device chamber will start to sink. The torque 

from Fr will decrease and the device chamber will eventually return to the condition shown in 

Figure 1 or 2 depending on whether aJI or part of the gas has time to vent out of the device 

chamber. 
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Note that it is possible that the Jtloat chamber never surfaces. This situation can be useful 

in some applications. For example, if the payload is the float and is tattered to the device 

chamber, the device will start to rise wlhen Fw < Fg +Fr. The rise will continue until the payload 

reaches the surfac·e. After that, the device chamber will remain submerged. This is possible 

because, at this point, the buoyant forC·I~ of the gas, F g, is the only upward force (the float 

surfaced and Fr = 0) and it may be we~ker than the weight, Fw. In this case, the device chamber 

remains submerged after the payload surfaces. Depending on the specific design, the float 

chamber can start to tilt before it ever reaches the surface. But it does not matter because the 

payload does surface. 

The process, step 1 through 4 wiill repeat itself as long as gas is continuously produced 

and introduced into the device chambe1~. 

To test the operation of this device, we built a device chamber using a 50 mL Falcon 

tube, a fishing bobbin as a float and an Erlenmeyer flask with added weight as a counter weight. 

The microbe used is cultured in the Erlenmeyer flask. 

Clostridium acetobutylicum for micro1bial ballast 

In order to utilize microbial ballast for the periodic surfacing of a submerged device, the 

microbe must be able to produce gas w1der anaerobic conditions. For this reason we chose to use 

C. acetobutllycum gas evolutie»n w/ diff. cone. of agar 

160 

-_, 140 

E 120 -c: 100 - 0% 0 -.:: 80 .a - 25% 
0 60 > - SO% 
"" Ul 40 ca -75% 

" 20 

0 --100% 

0 20 40 60 80 

Time(hr) 

Figure 6. Gas production by different S()lid-phase agar cultures of C. 

acetobutvlicum. 

Clostridium 

acetobutylicum as our 

model microbe; a 

gram-positive 

anaerobic bacterium 

known for its ability to 

produce hydrogen gas 
4,5 

To determine 

if there was a 

difference in gas 

production in solid vs. 

liquid mediums, we cultured C. acetobutylicum in reinforced clostridal medium (OXOID 
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CMO 149) w1th four different concentrations of agar (we defined I 00% agar as the 'typical' agar 

concentration in a solid medium support (1.5g/100mL) and therefore 75%, 50%, and 25% agar 

concentrations refer to a fmal agar concentration of I .12, 0. 75, and 0.38g of agar per l OOmL, 

respectively) or no agar at all. Our results (Figure 6) conclude that C. acetobutylicum has the 

highest gas production when cultured in reinforced clostridal medium with 25% agar as the solid 

support. However, our results also indicate that after -28 hrs there was a cessation of gas 

evolution; most likely due to the depletion of carbon food sources. 

C. ac.tobutilycum gas evolution (25%~gar and diff cone of &IUC0$8) 

700 

600 
=r 
!. 500 
c: 
.2 400 

-0% -!:J 
0 300 > w ... 200 II 

- 1% 

- 5% 

"' 100 
-10% 

-25% 
0 

0 20 40 60 80 100 120 140 

Time(hr) 

Figure 7. Gas production by different solid-phase agar cultures of C. 

acetobutylicum with varying glucose concentration. 

For the 

continuation of gas 

evolution for sustained 

amounts of time, a 

food source must be 

present in the medium. 

For this study, glucose 

was chosen as the 

carbon source. A 

culture was grown on 

25% agar reinforced 

clostrium medium with 

different concentrations 

of glucose (I, 5, 10, or 25g of glucose per I OOmL culture) or no glucose at alL The production 

of gas was extended from 28 hrs to 50 hrs before it began to level off and then discontinue 

production after 120 hrs (Figure 7). 

Future studies will incorporate time-released capsules within the medium to slow down 

the initial evolution of gas from 180 mL!day to 10-20 mL/day which would allow for the device 

to submerge and surface 2-3 times a day using our testing apparatus. Furthermore, the time­

released capsules of glucose would not only slow down the gas production but it will also 

provide C. acetobutylicum with a constant supply of food source to sustain long deployment 

tin1es 

Test Apparatus 

8 



As described earlier, the device chamber used is a 50 mL Falcon tube (see Figure 8). 

Two 6 mm diameter holes were drilled in the Falcon tube. The gas vent hole was drilled at the 

tapered end ofthe Falcon tube. Tile fluid vent hole was drilled on the side of the tube 

approximately in the middle. 

A common fishing bobbin, available 

in any fishing supply store, was used as the 

float. The float was attached to th.e cap of 

the Falcon tube with electrician tape via a-

5 mm long wire fishing line and a swivel. 

This allowed the float to rotate fre·ely 

independent of the orientation of the device 

chamber. 

The Erlenmeyer flask containing a C. 

acetobutylicum solid-phase cultur1e was 

attached to the device chamber via a fishing 

Figure 8. Fully assembled ballast control 

device with ballast chamber and solid-phase 

C. acetobutylicum culture. 

line and a swivel so it could rotate: independently of the orientation of chamber. The gas from 

the flask was introduced into the c:hamber through a plastic tube through the fluid vent hole. The 

tube from the flask was first bent into a loop before it entered the device chamber. This loop 

acted as a gas lock so that outside gas or fluid could not flow into the Erlenmeyer flask but 

excess gas could escape from the flask. The apparatus was tested in a 50 gallon water tank, 

where it surfaced and re-submergt!d every 30 minutes for 24 hours without any input energy 

beyond the chemical food supplied to the microorganisms. 

Conclusions 

We have demonstrated a zero-power ballast control system that could be used to reduce 

the total power budget of underwater distributed autonomous sensors. The method utilizes 

microbial gas generation coupled to a ballast chamber to periodically float and re-submerge a test 

buoy. Future experiments will slow the production of gas via controlled-release of nutrients to 

the microorganisms so that fewer floating andre-submersion cycles wiU occur, lengthening the 

functionality of the ballast controH from a few days to a few months. Ultimately, the device will 
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utilize nutrients scavenged from the natural littoral environment so that gas generation can be 

sustained for years. 
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