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ABSTRACT 

 

The absence of significant gravitation 

during space travel has been observed to 

produce a variety of biological effects in 

astronauts. One possible effect is increased 

mobility related to diminished cell separation 

barriers. It has been proposed that exposure to 

microgravity can cause cancer cells to become 

more deformable, affecting their ability to 

spread (i.e., facilitating metastasis). 

Engineering students from Old Dominion 

University have been working with biological 

sciences faculty and students from Salisbury 

University in Maryland to develop a reusable 

payload system that can investigate how 

exposure to approximately 250 seconds of 

microgravity affects a type of leukemia cell 

from mice. As overall project manager, my 

presentation will discuss the design, 

development, and testing of a reusable 

payload system that can transport up to eight 

experiment units through the launch and 

powered flight phases of a sounding rocket 

flight.  In addition, the paper has discussed 

how these experiment units will be processed 

so that the influence of microgravity can be 

studied when the payload is recovered. 

 

 

INTRODUCTION 

 

On May 6, 2005, ODU launched its first 

sounding rocket payload on board an MK-12 

Terrier/Improved Orion launch vehicle. The 

payload was designed to test the effect of 

microgravity on the metastasis of a type of 

cancer cells. In a continuation of that mission, 

students studying biology and mechanical, 

electrical, and computer engineering at Old 

Dominion University and Salisbury 

University, have come together to develop the 

second generation of that same payload. The 

payload is being developed to fly on board a 

Sub-orbital Student Experiment Model (Sub-

SEM) capsule. As with the first flight, the 

payload is designed to test the effects of 

microgravity on metastatic cancer cells. 

Metastatic cancer is a cancer that is able to 

spread from the site of a primary tumor to 

secondary sites in the body. Many of the 

incapacitating effects and deaths caused by 

cancer are not due to primary tumors, but 

rather from the metastasis of cells originating 

from the tumor. 
(1, 2)

 A metastasized cell has 

the capability of breaking away from the 

primary tumor and entering into the 

circulatory system. Once in the blood stream, 

the cancer can spread to different sites, where 

it leaves the blood stream and begins to 

develop into secondary metastatic tumors. 
(3,4)
 

It is thought that the ability of a metastatic cell 

to move in and out of the blood stream is 

closely related to its ability to deform 

sufficiently to squeeze through the small 

openings in the blood vessel wall and 

basement membrane
(5)
.  

Experiments conducted in the 1980s and 

1990s have shown that microgravity has a 

significant influence on a large number of cell 

functions. Many of these affected functions 

and properties are the same functions that are 

altered when a cell becomes metastasized. For 

instance, it has been shown that a cell’s 

cytoskeleton is affected by microgravity
 (6)
. 

The ability of a cell to move in and out of the 

blood stream requires, among other things, 

changes in the cytoskeleton. This, and several 

other similar conditions, led to the hypothesis 

that if these cells were exposed to 

microgravity, their spread through the host’s 

body would be affected. 
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In an attempt to examine these effects, an 

experiment has been developed to measure 

cell deformability in Earth’s gravity (1g) and 

again in microgravity (µg). This is 

accomplished by transporting a sample of 

cells on a flight trajectory that provides 

approximately 250 seconds of weightlessness 

exposure to the cancer cell solution. 

Subsequently the cell solutions will be 

pumped different filters of varying porosity. 

The influence of reduced gravity on metastatic 

cell deformability is measured by determining 

the number of cells that can pass through 

filters with decreasing pore sizes. The filters 

chosen for this experiment have well-defined 

pore sizes of 5µm and 8µm, with nominal cell 

diameters of 10µm or larger. Only the cells 

that can sustain a critical level of 

deformability will survive this forced pumping 

process. The remaining cells will either break 

up, or simply not pass through the filter. By 

utilizing identical samples, testing them over 

the most sensitive portion of the porosity 

range (Fig. 1), between 5 and 8 µm, and 

executing identical experiments on the ground 

and in microgravity simultaneously, the 

observed differences in cell survivability can 

be detected. 
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Figure 1.  Cell survivability as a function of filter 

porosity:  (Error bars are ± 1 standard error from 

five independent trials for each filter pore size.) 

 

The engineering challenge is to translate 

this laboratory hypothesis into reusable 

sounding rocket experiment unit capable of 

carrying multiple samples of an 

uncontaminated cell culture into microgravity. 

When activated after exposure to 

microgravity, the payload unit must push the 

sample solutions through their respective 

filters, and preserve them so that after 

recovery the filter transport data can be 

evaluated simultaneously, the experiment 

must be maintained in an environment 

equivalent to that of the terrestrial laboratory 

and the overall experiment must be capable of 

meeting bio-containment requirements. 

Furthermore, there needs to be some way of 

verifying that the prescribed exposure 

conditions were met. 

 

APPROACH 

 

To build a system that can meet these 

criteria and constraints, the first thing we 

looked at was the filter itself.  The overall 

system design is shown schematically in 

Figure 2. A syringe upstream of the filter 

(Item e) is used to force the cells across the 

filter. After the cells have passed the filter (f), 

they are transported to a collection syringe. 

(h).   Because the growth of the post-filtrate 

cells needs to be stopped in order to get 

accurate data, a fixative solution in the 

collection syringe (h) is utilized to neutralize 

the cells as soon as they enter. The toxic 

nature of the fixative makes it necessary to 

prevent upstream flow, which is done utilizing 

a check valve (g). 

 A remotely actuated mechanism was 

needed to transport the biological material 

through the filter system after microgravity 

exposure. For this task, we used a 

pneumatically driven system  consisting of a 

pressurized air tank  (Figure 2, Item a), a flow-

regulating solenoid valve (b) that activates the 

simultaneous filtration processes a pneumatic 

cylinder (Item c) that drives the syringe yoke 

unit (Item d), and a check valve (Item g) to 

secure the solutions. fluid  

 



Miller  - 3 - 

 
Figure 2.  Schematic representation of overall 

experiment:   (a) Compressed air tank (b) Solenoid 

valve (c) Pneumatic actuator (d) Syringe yoke unit 

(e) Master syringe (f) Filter holder (g) Check valve 

(h) Collection syringe 

 

To avoid pre-actuation, the pneumatic 

cylinder is restrained by a servo (Figure 2, 

Item-i) that will contain the fluid solution in 

its initial storage container until filtration is 

activated. 

To drive this system and monitor its 

performance, a microcontroller and a suite of 

sensors have been employed. This controls 

and sensor system interfaces with the NASA 

Wallops payload unit and allows control 

signals to be passed to the experiment module 

so that data can be sent to the ground via the 

launch vehicle telemetry system.  

Our experiment module utilizes DC power 

provided by the main sounding rocket payload 

bus.  Normally, each experiment is given a 12 

v, 2 amp maximum power allowance.  

However, we were allowed to utilize a 28 v, 1 

amp system on our first payload.  This system 

powers the microcontroller, the servo, the 

pneumatic solenoid valve and other active 

components of the system. 

 

 

IDENTIFYING REQUIRMENTS 

 

The requirements for this experiment were 

derived from two sources. First, the objective 

of this payload is to replicate the laboratory 

environment in a repeatable manner, except 

for gravity. To do this successfully, certain 

criteria are set by the biology, which are 

primarily centered on the handling of the 

samples, quality control, and payload 

reusability. Second, there are a number of 

constraints imposed on the payload design. 

Most of these are concerned with the harsh 

launch environment and the Sub-SEM 

standards.  

 

BIOLGICAL CRITERIA 

It is not surprising that the first of the 

biological criteria should be the microgravity 

environment. While there are other venues by 

which microgravity can be achieved, such as 

drop towers and aircraft flying parabolic arcs, 

a sounding rocket affords relatively long 

exposures to microgravity at a relatively low 

cost. While the vehicle experiences free fall 

from the time its engines cease to burn, to the 

time it reenters the atmosphere, the vehicle we 

are launching is spin stabilized and uses axial 

rotation to average out any aerodynamic 

asymmetries. This means that all experiments 

must be located at the same distance from the 

spin access if they are to experience the same 

acceleration environment. In the microgravity 

regime, the largest acceleration that can be 

tolerated and still yield meaningful results was 

specified by our biologist to be 0.0001g 

(0.0032 ft/s
2
).  

The handling of the test specimens proved 

to be a daunting task. Because living 

specimens will be launched, cell solution 

lifetime specifications are a critical concern. 

Because the cell population doubles every 12-

15 hours, and the solution will spoil if kept at 

room temperature for more than 12 hours, the 

amount of time that can elapse before the 
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experiment is executed is severely limited. 

The cells also need to be retrieved within a 

short amount of time after the experiment is 

executed. To increase the acceptable retrieval 

time, a chemical is used to retard the cell 

growth rate, but it will eventually kill the 

cells. To complicate matters, in the event of a 

failure to launch, the entire biological system 

would need to be disassembled, sterilized, and 

reloaded with biological material, before a 

second launch could be attempted. 

To make the test meaningful statistically, a 

minimum of three individual experiments 

must be performed for each filter pore size. 

Obviously the more tests performed, the more 

conclusive the results will be. Each of these 

tests would ideally experience the exact same 

conditions. In addition to all of the tests, a 

control specimen is needed to ensure that cell 

culture does not exhibit any anomalous 

behavior.  

Keeping the sample within acceptable 

temperatures and pressures is also critical. The 

maximum pressure the cells can tolerate is a 

spike of 1-4psi, and a 1.0psi maximum 

sustained pressure increase. The cells are 

incubated at 37 degrees Celsius, but can be 

kept at room temperature for between 24 and 

48 hours. The sample will last longer if 

refrigerated. 

Sterility is also a serious issue. Any 

bacterial growth will rapidly kill the cells. 

Acceptable sterilization precautions can be as 

simple as an ethanol wash, but anytime a 

container transfer is made, the risk of 

contamination is significant 

Once the logistics are established, it is 

important to determine what environmental 

information is needed to verify that the 

specimen was exposed to reproducible 

conditions. For this task, instruments to 

monitor the environment and the experiment 

operation are needed. Temperature, pressure, 

and acceleration information has been deemed 

sufficient to characterize the environment, and 

a sensor indicating the completion of the fluid 

transfer across the filter is sufficient to 

monitor the successful operation of the 

apparatus. 

 

LAUNCH ENVIRONMENT 

CONSTRAINTS 

The more daunting set of constraints are 

those stipulated by the launch vehicle, and the 

Sub-SEM standards. The Sub-SEM standards 

require that the entire experiment be mounted 

on an 11.25-inch diameter aluminum base-

plate, and that the entire assembly must weigh 

less than 10 pounds. As seen in Figure 3, the 

payload bay consists of an inner structure and 

a skin, which slips down over the structure. 

Once the skin has been installed, the only 

access to the payload is through a 5.5-inch 

square hatch. In addition to the standard 

constraints for such a flight, we were told that 

we must have some level of containment to 

prevent biological material from 

contaminating the rest of the payload bay. 

 

 
 

The experiment can be remotely operated by 

pre-programmed signals called discrete inputs, 

which are provided by the launch vehicle. The 

“discretes” can be switched from high to low 

and back again, or vise versa, depending on 

the specified needs of the payload. The 

information from the sensors can be sent back 

to the ground over any of the 16 analog 

channels available to each payload deck. For 

our flight, a 28-volt, 1-amp power source has 

Figure 3.  Photograph 

of Sub-SEM payload 

assembly. 

- Rocket skin with open 

hatch (right) 

- Inner Structure 

(Left) 

- Detached Longeron 

(center) 

- Hatch and other parts 

(front left) 

- Detached deck 

mounting ring (front 

right) 
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been supplied. However, we were told that the 

on-board batteries of the vehicle may vary 

from as much as 30 volts, to as little as 22 

volts, throughout the course of the flight. 
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Figure 3.  The first 60 seconds of the thrust 

acceleration history from the May 2005 launch. 

 

Beyond the restrictions imposed by the 

Sub-SEM standards, the payload must be 

capable of withstanding extremely violent 

launch conditions. Figure 4 is an example 

taken from our first flight in May 2005. 

Shown in the plot is a virtually instantaneous 

jump to 15g’s, which rapidly climbs to 25g’s. 

After five seconds, the engine ceases to burn 

and an acceleration reversal to -5g’s, due to air 

drag, is experienced. To guard against failure 

during flight, the payload must undergo an 

aggressive battery of thermal and vibration 

tests before it is considered flight ready.  

 

MEETING THE REQUIRMENTS 

 

Probably the most significant mechanical 

design decision was to use a cartridge to 

introduce the samples. The cartridge, later 

named the Fluid Manipulation Unit (FMU), is 

a removable unit, which carries all the 

samples and associated hardware necessary to 

execute the biological experiment. This unit is 

sized to allow passage through the outer 

rocket skin hatch, and mounts on tracks, 

which are mounted to the base-plate. This 

design is attractive because it allows all the 

biological preparation to take place in the 

laboratory in a controlled environment. 

Additionally, a removable cartridge allows for 

“quick and easy” reconditioning of the 

experiment. In the likely event of a delayed 

launch, the cells onboard the rocket would 

need to be replaced. The intent is to have a 

back-up unit standing by, ready to replace the 

first unit, if needed. 

 

CONTAINMENT 

Containing the biological system was one 

of the more difficult challenges we faced. To 

design the container, we assumed the rocket 

bay could, in the worst case, be subject to a 

near- complete vacuum. Our container is a 

polycarbonate box, which is free standing on 

the base-plate (Figure 5).   Aluminum 

mounting tracks are inserted into the sides of 

the box to make the container double as a 

mount for the FMU. (Figure 6) 

 
  

 
Figure 5.  Photograph of container mounted on 

base-plate  

 

 

 
Figure 6.  Picture showing installation of FMU into 

container 
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Because the experiment is performed 

inside the box, it is necessary to pass wires 

and pneumatic lines across the vessel 

boundary. To avoid altering the internal 

pressure of the container by releasing gases 

into the vessel, an exhaust port from the 

pneumatic actuator is passed through the 

container wall as well. 

 

BIOLOGY SYSTEM 

Once the method introducing the samples 

was established, the method of handling the 

biological material could be refined. A four-

part system was used to handle each of the 

eight biological specimens (Figure 7).   A 

master syringe holds the sample until filtration 

activation. This syringe will be prepared in the 

lab and will be secured to the FMU chassis 

afterwards.  

 

 
Figure 7.  Photograph, showing: (a) Master syringe 

(b) Filter holder (c) Check valve (d) Collection 

syringe 

 

A filter holder will be just downstream of 

the master syringe. It positions the filter in the 

path of the fluid as it is being transported 

(Figure 8).  When the specimens are prepared, 

a small amount of fixative will be placed in 

the collection syringe. A check valve prevents 

that fixative from creeping back upstream 

during the launch, and contaminating the pre-

filtrate. Finally, a collection syringe is used to 

hold the post-filtrate until the payload can be 

retrieved and processed.  

 

 
Figure 8.  Photograph of filter assembly showing:  

(a) Downstream side of filter housing (b) Filter 

support screen (c) Millipore filter (d) Retainer o-

ring (e) Upstream side of filter holder 

 

The support structure for the biology 

system allows for easy removal and 

replacement of all the parts that come into 

contact with the cells. This feature is intended 

to increase the payload serviceability. 

 

PNEUMATIC SYSTEM 

As seen in Figure 2, the cells are forced 

across the filtration member (Figure 7, Item c) 

by propelling the syringe yoke unit. To 

accomplish this linear motion, a pneumatic 

actuator is used, which is attached to the FMU 

chassis, to pull on the syringe plungers. The 

yoke links all nine syringe plungers to a 

pneumatic actuator piston as depicted in 

Figure 2. Having all the syringes linked 

together in such a way is not only 

mechanically convenient, but it also ensures 

that all the samples experience exactly the 

same duration of microgravity. 

The small air tank will be pressurized 

during experiment installation. This tank will 

serve as a reservoir to store the energy needed 

to drive the pneumatic cylinder. The air will 

be held back by a solenoid valve. This valve is 

normally closed and will not allow air to move 

into the actuator prior to microgravity 

exposure.  

Because the actuator is attached to the 

removable FMU, the air inlet and exhaust 

lines must be disconnected when the FMU is 

removed.  
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ELECTRICAL SYSTEM 

 

CONTROLS SYSTEM 

The control system consists of primarily a 

micro controller, an interface with the discrete 

input signals from the launch vehicle 

computer, two sensors, a servo, and a valve. 

The microcontroller manages the operation of 

the entire system. Its two primary functions 

are to retract the servo locking mechanism and 

to open the pneumatic valve. The 

microcontroller also captures data from the 

actuator position sensor, the tank pressure 

sensor, and the servo position sensor. 

 

POWER SYSTEM 

The power system takes the power 

provided by the Sub-SEM payload at 28 volts, 

1 amp max, and converts it to the required 18, 

10, and 5 volts required for our various 

payload elements. After converting the power, 

it distributes it to the microcontroller, all the 

sensors, the solenoid valve, and all the 

supporting circuitry. The servo receives its 

power through the microcontroller. 

 

INSTRUMENTATION 

Three types of sensors have been 

employed. These sensors collect the data and 

provide analog output signals. As required by 

the science, the temperature, pressure, and 

acceleration is measured and reported 

throughout the flight. The temperature sensors 

range is -55° to 150° C, with a 0.5ºC 

resolution.  

 
 

The temperature sensor will be mounted 

inside the container where the specimen will 

be housed. The pressure sensor has a range 

from 0 to 50 psia, with a 0.03 psi resolution. 

The pressure sensor will be mounted on the 

outside of the container with its sensing unit 

penetrating the container through a threaded 

hole. The accelerometer will be mounted on 

the base-plate, has a range of ±2 g’s with a 

resolution of 10
-4 
g’s.  

 

COMPLETE SYSTEM 

 

The experiment controls system is 

designed to power up when given an initial 

discrete command some time prior to launch. 

A system diagnostic routine will run and 

report the experiment status, thereby giving a 

go/no-go indication, and then power down. 

This will verify that all the sensors and 

systems are working, and that the vehicle is 

ready for service. Shortly before launch, 

another discrete will be sent to the module. 

The module will power up, initiate for the 

flight, begin sending data over the telemetry 

system, and wait for the next discrete. At this 

point, the module will be reporting 

temperature, pressure, acceleration, the air-

tank pressure to verify that the air system 

remains charged through the launch, servo 

lock position, and the actuator position. The 

next discrete signal will be sent after launch 

when the rocket is at or around the apogee of 

the flight. Once this signal is received, the 

servo lock will retract, and a corresponding 

signal will indicate the lock has moved to the 

fully retracted position. After the lock is 

retracted, the solenoid valve will be opened. A 

drop in air-tank pressure should indicate that 

the valve has opened, and after about 30 

seconds, a position sensor attached to the 

pneumatic actuator should report that the 

plungers were completely exercised. The 

system will continue to monitor all the sensors 

until a final discrete is received and the entire 

system is powered down. 

Figure 9.  

Instrumentation suite 

showing:  

(a) Accelerometer   

(b) Pressure sensor 

(c) Temperature 

sensor 
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CONCLUSION 

 

Throughout the development of this 

payload, some of the most challenging tasks 

were learning how to communicate, and 

learning what it means to enter into a space 

environment. The team consists of 24 

freshmen, juniors, seniors, graduate students, 

and faculty, with a diversity of backgrounds 

ranging from biology, to electrical and 

computer engineering.  

Translating the biological needs into 

something a group of engineers could work 

with proved difficult, but possible. The 

development of interdisciplinary 

communication skills was another challenge—

but our efforts paid off in the end: The 

biologists learned a little about engineering, 

and the engineers learned a lot about biology. 

The mechanical engineers have learned about 

electronics and electrical engineering, and the 

electrical engineers have learned about 

mechanical things.  

Once we achieved an adequate level of 

communication, we were faced with the 

challenge of learning what it means to go into 

a space environment. The payload is currently 

in its final building stages, and most of the 

pieces have been built, tested, and proven 

separately. The subsystems are in various 

stages of integration and system assembly. To 

reach this point, everybody involved has had 

to consider the harsh environment we are 

preparing to enter, and to incorporate these 

considerations into their designs. Throughout 

the course of this project, we have had to deal 

with new situations, develop new vocabulary, 

understand different disciplines, test our ideas, 

and prepare to pass our work on to the team 

that will follow behind us.  
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