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Abstract

In recent years, multiple aerospace communities have begun investigating the potential
usefulness of microalgae as a means of facilitating human travel deeper into space. Microalgae
possess a unique set of traits that make them a promising solution for long term space travel and
extraterrestrial colonization. They are currently being studied on the International Space Station
to investigate the viability of supplementing life support systems via conversion of CO, to O,
during photosynthesis [1]. They can provide a sustainable and nutrient dense food source to
astronauts to cut down on the overall weight of sustenance required at journey’s onset [1]. They
can synthesize bioethanol through exposure to a fermentation process [2]. Biodiesel can also be
harvested from the high lipid contents of some strains, potentially making them a sustainable fuel
source for extraterrestrial bases [2]. They can even assist in the downstream stages of wastewater
treatment by removing excess nitrate and phosphorus from the stream [3]. If algae are to
accompany humans deeper into space, further from the robust supply chains needed to sustain us
there, the value in understanding how these organisms respond when exposed to increased levels
of cosmic radiation experienced in space becomes apparent. This report documents an attempt to
gather such data utilizing the stratospheric flight capabilities of a high altitude weather balloon to
simulate near space solar radiation conditions for the algae species Chlorella Vulgaris (CV) and

Arthrospira Platensis (AP).
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1) Introduction

Humanity’s exploratory nature has fueled
an ever present fascination with what lies
beyond Earth’s atmosphere. The more we
understand our solar system, the more we
yearn to go to these places that are
currently the domain of unmanned probes
and surface rovers. The Apollo missions of
the 60s and 70s represent the peak
achievements of human space exploration
efforts thus far. As interest grows in
extending human reach past the lunar
surface, extensive planning and research is
required in order to identify working,
habitable solutions for humans in deep
space flight. An intriguing area of this
research is the investigation into utilizing
microalgae to facilitate human exploration
of deep space.

These organisms show potential as a means
of supplementing currently existing life
support systems by increasing their ability
to generate breathable oxygen and remove
carbon dioxide from the living
environment [4]. This concept is currently
being investigated on the International
Space Station (ISS), and initial reports
seem to show promise [1]. Algal biomass
can be harvested and used as a
replenishable food source. Additionally,
multiple processes are being developed and
refined that allow these organisms to be
used in the synthesis of ethanol and diesel
fuel [2]. All these capabilities within one
subset of microscopic organisms make
microalgae an intriguing prospect as an
enabler of human deep space exploration

and/or colonization. To that end, increasing
our understanding of how these organisms
may react when removed from their native
environments here on Earth is an important
step in developing our capabilities for
taking them deeper into space.

2) Mission Overview

Experimental Design

A payload was designed for stratospheric
flight on a high-altitude weather balloon.
The goal of the experiment was to utilize
the balloon to lift the payload above an
altitude where significant atmospheric
scattering of light occurs in order to allow
for more harmful wavelengths of cosmic
radiation to irradiate samples of microalgae
(species Chlorella Vulgaris and
Arthrospira Platensis) in near space
conditions [5].

Mission Importance

Although technology to irradiate algae is
available on Earth’s surface, utilizing the
weather balloon to achieve this UVC
exposure in the upper atmosphere provides
a much cheaper, less complex method of
achieving near space conditions. To
achieve this in a traditional laboratory
setting, researchers must attempt to
simulate solar spectra distribution and
intensity of specific wavelengths. Near
space conditions also incorporate far lower




temperatures and pressures than are
possible on the ground without expensive
equipment and high energy costs. The
balloons allow for easy replication of near
space conditions with less technical design
considerations, lower energy cost, and few
additional considerations (like ensuring the
payload survives its flight, issues with
where it may land, etc.).

3) Phycology

Goals and Methods

Experimentation on algal cultures was
performed for the purpose of identifying
optimal growth conditions and studying the
effects of different stimuli on growth
kinetics and morphology. These effects
directly impact the cell quantity and thus
the ability for the algae to perform their
tasks such as gas conversion and biomass
food yield. Optical density, biomass, and
microscopy tests were performed to
observe stimuli effects and quantify growth
while light exposure, pH, temperature, and
aeration were compared to growth rates to
analyze the growth environment. pH was
observed through paper pH strips.

Fig. 3.1: pH strips and microscope slides

Fig. 3.2: Temperature was taken by a meat thermometer
and recorded in °C.

Nominal light exposure and aeration were
investigated from literature. Biomass was
obtained by drying a set volume of culture
on filter papers and converted to
concentration by dividing dry cell mass by
the volume of culture used.

Fig. 3.3: Biomass testing

Optical density was measured with the
Secchi stick method and converted to
concentration via a mathematical model
that compared secchi depth to the




concentration values gained from the
biomass test. The Secchi stick is a simple
analytical instrument used to measure a
liquid’s turbidity. The instrument has a
target on the bottom of a ruler. When the
stick is lowered, the depth at which the
target disappears is the Secchi depth. This
can be correlated to the relative
concentration of particulate matter present
in solution, assuming perfect mixing.

N

Fig. 3.4: Optical density test
Standard Operating Procedures

Standard operating procedures (SOPs)
were developed to reduce experimental
error, prepare for post flight inoculations,
ensure lab sterility, and allow for
experiment replication. These procedures
include: mother culture inoculations, test
inoculations, flight day inoculations,
testing procedures (optical density, pH,
temperature, biomass, microscopy, and
macroscopic observations), contingency
plan for if the samples were frozen upon
retrieval, and harvesting to prevent
overcrowding of biomass in the culture.

Arthrospira Platensis

Morphology

Arthrospira Platensis (AP), commonly
known as Spirulina, is a filamentous,
extremophilic cyanobacteria that assumes a
characteristic helical orientation, called a
trichome (see Fig. 3.5) [6].

Fig. 3.5: AP trichomes

AP reproduces asexually via hormogonia
differentiation. Hormogonia differentiation
results from trichome fragmentation (see

Fig. 3.6) [6],[7].

Fig. 3.6: Hormogones: sections of the original trichome




Phycocyanin, a blue phycobiliprotein, is
the primary photosynthetic pigment of AP
[6]. Chlorophyll a and b are also present,
albeit in lesser concentration [6]. These
pigments are the cause of the dark
blue-green color in AP cultures as seen in
figure 3.7.

Fig. 3.7: Typical AP Culture Color shown in a-variant
mother culture

Applications

This species is in the photosynthesizing
Cyanophyceae class that was critical for
the development of aerobic life forms
during the Great Oxidation Event in the
early history of Earth [6],[7].
Cyanobacteria have a higher
photosynthetic efficiency than most plant
life which allows for enhanced gas transfer
and faster growth [8]. AP is nutrient dense,
containing essential micronutrients such as
calcium, iron, magnesium, potassium, and
vitamins C, B-6, A, and K [9].
Furthermore, AP has more protein per
gram than steak (0.58 g as opposed to 0.31
g, respectively) [9]. AP is thus an
intriguing candidate for air recycling and
sustainable food supplements during long

space flights or extraterrestrial
colonization. Due to a low lipid content,
AP is not a good candidate for biofuel
production. However, AP can be used to
treat wastewater [8].

Chlorella Vulgaris

Morphology

Chlorella Vulgarisms (CV) is a spherical,
eukaryotic green algae that belongs to the
phylum Chlorophyta [6]. CV contains the
primary pigments chlorophyll @ and b
which result in its light green color [10].
Reproduction is asexual via multiple
fission (see Fig. 3.8) in which mature cells
can produce more than 2 daughter cells as
in binary fission [11]. The offspring are
always in multiples of 2, however, and it
was found that groups of 4 were most
common in this experiment’s CV [11].

Fig. 3.8: Multiple fission quadruplets

CV tends to aggregate in vitro. These
aggregates, called flocculations, were
found to be especially prevalent in nutrient
deficient cultures and could be dispersed




by perturbing the culture via mechanical
mixing (see Fig. 3.9).
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Fig. 3.9: CV flocculation

Applications

CV is one of the most studied species of
microalgae for its ability to treat
wastewater as well as its high efficiency in
photosynthesis and biofuel production
[12]. Treating wastewater is a complicated
process in which macromolecules such as
nitrates and phosphorus must be removed,
as well as trace metals such as cadmium
and chromium. While most algal species
consume the macromolecules in
wastewater, the trace metals that are
uptaken are species dependent and thus a
series of bioreactors containing different
algal species is likely required [3]. CV will
specifically uptake cadmium, copper, and
zinc [3]. CV has an abnormally high lipid
content, 20%-32%, which makes it more
effective as a source of biodiesel [12].

Hypothesized interactions between UVC

radiation and organelles/DNA

It is generally accepted in the scientific
community that high energy radiation, such

as UVC and X rays, will denature proteins
[5]. Based on this it was hypothesized that
the algae cultures would be decimated by
the destruction of their primary
photosynthetic pigments as well as other
necessary protein structures. lonizing
radiation tends to create free radicals in the
cell by inducing high energy quantum
states in electrons, leading to electron
displacement [5], [13]. These radicals can
cause localized damage to cellular
structures due to their increased chemical
reactivity [14]. UVC radiation can cause
double strand breaks in both nuclear and
extranuclear DNA [14]. Mutations may
occur through the improper repair of these
double strand breaks [14]. It was
hypothesized that these mutations would
propagate through the system as the algae
reproduced and become more evident with
time.

A study from NCBI.gov found that UVC
was extremely effective at eliminating
bacteria and fungi:

“The calculated irradiance at the device
aperture was 15.54 mW/cm2, with the distance
between the UVC lamp and suspension surface
25.4 mm. Upon exposure to UVC, a 99.9%
inactivation rate was obtained at 3—5 s for the
bacteria (P. aeruginosa and Mycobacterium
abscessus) tested. By contrast, 15-30 s of UVC
treatment was required to obtain 99.9%
inactivation of the fungi (Candida albicans,
Aspergillus fumigatus) tested” [14].

This statistic is likely applicable to
microalgae, whose sizes are on the same
order of magnitude as bacteria and fungi.




4) Payload Design

Fig. 4.1: The payload (featuring Phil)

Goals

The primary goal of the experiment was to
allow for the high-altitude solar irradiation
of four samples of algae in order to gather
data about how algae responds to
conditions it may experience during deep
space exploration. The samples were to be
kept in a liquid medium and thus it was
hypothesized early on in the design phase
that the algae needed to remain at
atmospheric pressure in order to cut down
on the amount of variables in the
experiment, as well as to prevent the
off-gassing of valuable nitrogen from the
sample containers [15], [6]. To this end, the
structural materials of the payload were
chosen with an expectation that they would
need to both provide a seal and be able to
hold up structurally under the stress forces
produced by the difference in internal and
external payload pressure.

Systems

Structural

Braided carbon fiber tubing was selected
for its low weight and ability to withstand
stress forces from the pressure gradient
that would develop during flight in the
event of a successful seal [16]. This
material was certainly capable of
containing the internal pressure from a
force perspective, however a ‘natural’
finish was selected to save money. Upon
arrival, this ‘natural’ finish was deemed
incapable of holding a seal; multiple holes
were visible on the inside of the tube’s
epoxy finish. In retrospect, the better
decision may well have been to spend the
extra $30.00 or so to get a ‘gloss’ finish to
facilitate the sealing of the structure. In the
initial stages of development, extra epoxy
was applied to the insides of the tubes in an
attempt to plug any potential holes.

The end caps for the design were to be
printed with polyethylene terephthalate
glycol (PETG) 3D printing filament and
epoxied to the tubing. PETG was selected
for its low price and improved material
qualities over other similarly cheap
filament options like Polylactic Acid
(PLA) or Acrylonitrile Butadiene Styrene
(ABS) [17], [18], [19]. PLA proved too
brittle when cursory shock and force
testing was conducted (some old PLA &
PETG prints were gathered and slammed
to the floor). ABS is difficult to print with
and also has increased safety
considerations due to vaporous emissions
during printing [19]. It was decided that
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PETG provided a decent balance between
structural rigidity and brittleness, was
lightweight enough to include on the
payload, cheap enough to keep a steady
amount on hand, and it could be treated
post print to achieve any additional
requirements. Some downsides to this
decision were discovered later in the
project when structural and pressure testing
began. Even with relatively high detailed
settings placed into the printers, the plastic
allowed air to pass straight through it even
with minimal pressure gradients present.
This significantly complicated efforts to
seal the payload during scale up from
smaller prototypes.

3D Printed Cap 3D Printed Nut

Two O-Rings

Quartz Window - Polyethylene Tube

Two O-Rings

3D Printed Threading

arbon Fiber Tube

. -
Insulation

i
3D Printed Bottom Cap ‘

Fig. 4.2: Exploded view of payload design

Fused quartz was selected for the window
material as a balance between price and
deep UV wavelength transmissibility
(about 70% transmissibility at 220 nm,
30% at 200 nm) [20]. Options exist that
transmit deeper into the UVC area of the
electromagnetic spectrum (like fused silica,
or sapphire glass) [20]. However, samples
of these large enough for the window in the
original design idea proved to be
prohibitively expensive. This original idea

was eventually scrapped for a dual
semicircular design in order to simplify the
cutting process of the window and to cut
weight.

The payload was externally padded with
three layers of aluminum-lined
polyethylene (PE) insulation often used in
HVAC systems. One layer of this
insulation was also applied to the inner
walls of the payload, as well as around the
central column of the design.

The internal structure of the payload
consisted of a cardboard platform, plastic
inner column to slide over the central
column, cardboard slabs to contain the
electronics and battery, and an acrylic
platform lined with insulation to support
the biological samples below the window.

Fig. 4.3: Internal electronic boards

Electrical

An Arduino UNO was used to control the
electronics needed for the payload. It’s first
job was to monitor the temperature from a
DHT11 temperature and humidity sensor.
The heaters were connected into the
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Arduino through a relay, and the Arduino
was programmed to operate the relay if the
temperature ever dropped below 15 °C.
During initial testing, 12V of potential
proved to be more effective at heating the
payload rather than the 5V supplied by the
Arduino. The decision to use a single 12V
battery to supply power to the system
necessitated a voltage regulator to step
down the voltage to 5V, to protect the
Arduino. The battery was split in parallel
between the relay and the voltage regulator
to keep a full 12V going to both circuits.
This allowed the Arduino to be run on 5V
while the heaters ran on their more
efficient 12V circuit, from the same power
source, without frying the microcontroller.
The Arduino’s second task was to record
all the data from the sensors to an SD card.
The sensor array included a DHT11
(temperature/humidity), a BMP180
(pressure/temperature), and a TSL2591
(illuminance of infrared & visible light /
total lux). The SD card also recorded a
time in seconds at the end of every loop.
This was a simple way to get the relative
duration the Arduino was running.

A

Fig. 4.4: Wiring diagram of electronics

5) Preliminary Testing

Algae

Quantifying UVC Irradiance

A mathematical model was developed to
translate the readings from the radiation
sensors into a solar spectra distribution that
could yield the radiative intensity for the
wavelength ranges being analyzed. The
model was simplified by assuming the sun
to be a perfect blackbody emitter at a
constant 5778 K temperature and an even
distribution of atmospheric photon
scattering across all electromagnetic
wavelengths. The model begins by
inputting the parameters of absolute
temperature of the sun (5778 K) and a
large vector of wavelength values into two
Planck’s law functions [13].

2hc? 1

5 he
A° kT — 1

Fig 5.1: Planck’s law

The first equation yields the blackbody
distribution for the entire electromagnetic
spectrum by utilizing a vector from 1 nm
to 1 m with 100,000,000 evenly spaced
points. The second equation yields the
UVC region of the EM spectrum by
utilizing a vector from 100 to 280 nm with
100,000,000 evenly spaced points. A ratio
of the integrals of these two distributions,
demonstrated in figure 5.2, can be then
multiplied by the solar intensity found by
the TSL2591 sensor to yield the total
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exposure to UVC radiation. 1350 W/m?,
the sun's irradiance in vacuum, was used as
a baseline and resulted in 150.045 W/m? of
expected UVC radiation under ideal
conditions.

%10"® Solar Spectra in Vacuum

. — Total Solar Spectra
251 | \\ ——UVC Range
27 | \\
£ ]\
c15f | |
2 |
= \
1} /
05" /‘ \\
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Fig. 5.2: Solar spectra in vacuum

One issue, however, is that the TSL2591
sensor outputs values in lux (lumens/m?)
rather than W/m?. These lux values can be
converted to W/m? by dividing the lux
value by the mean luminous efficacy for
direct sunlight, which is 105 lumens/W at
high elevation [21]. This procedure was
used to attempt to quantify the total UVC

exposure of the samples during their flight.

Mother Cultures

Large volume ‘Mother cultures’ were
inoculated for the purpose of having a
sustainable source of algae for testing and
flight day. The cultures were grown at
room temperature with aquarium aerators
and 30W bright white shop lights (Fig.
5.3).

Fig. 5.3: Mother cultures

The cultures followed a cycle of growth —
dilution — growth — harvest — dilution.
The cultures were diluted periodically and
harvested when the Secchi depth was
between 10mm and 20mm. Generally,
these cultures grew quickly and were
healthy. However, both AP mother cultures
became infected with multiple species of
bio-contaminants nearing flight day. This
led to the death of the cultures (Fig. 5.4).
These bio-contaminants ranged from
‘worm-like’ parasites to grazers that eat
algae cells. These grazers were not
hypothesized to be microzooplankton,
which are one of the largest issues in
industrialization of algae, but rather of the
genus Petalomonas due to their flagellated,
colorless appearance and phagotrophic
tendencies (Fig. 5.5) [22].
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Fig. 5.4: Healthy CV culture (left) and dead AP culture
(right)

Fig. 5.5: AP biocontaminants

The AP cultures were replaced 5 days
before flight day. This was unfortunate

since the cultures were likely still in the lag

phase of growth on flight day.

Algae Pre-Flight Trials

Four pre-flight algae “trials” were
conducted to observe the effects of
nutrient/salt concentration, vacuum, and
cold vacuum on growth and morphology.
The first two trials measured growth using
the original media recipes from Algae
Research and Supply (AP: 15g alkali salts,

2mL liquid nutrients, 1L DI H,O CV: 2g
freshwater salts, ImL liquid nutrients, 1L
DI H,0). This experiment used 40mL of
media to 10mL of algae ‘seed’. The second
trial indirectly changed the salt and
nutrient concentration by increasing the
media to algae seed ratio to 42mL media:
8mL algae seed. In the third and fourth
trials, the 8mL algae seeds were injected
into plastic test tubes and exposed to
vacuum. In these trials the algae was
subjected to -24.5 inHg of vacuum (= 0.02
atm) for 2 Hours. Trial 3 was kept at room
temperature while trial 4 was placed in an
ice water bath.

Fig. 5.6: Vacuum trials

It was found that the vacuum would cause
the liquid to undergo desorption and a large
fraction of the seed would be lost to the
vacuum chamber due to violent bumping.
This issue was solved by cutting a hole in
the test tube cap and covering it with an air
permeable, waterproof membrane, such as
neoprene. Using this strategy, the effects of
vacuum on the algae could be observed

14



and the original 8mL of seed would be
retained.

It was found that the second trial (42mL
media: 8mL seed) showed slightly better
growth than trial 1 (40mL media: 8mL
seed) and thus this ratio was used for
subsequent trials and for the flight. As
predicted, the vacuum trials showed
decreased growth and significant structural
damage as depicted in figures 5.7 and 5.8.

Fig. 5.7: CV trial 4

Fig. 5.8: AP trial 3
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Fig. 5.9: Quantifying AP Growth

Preflight Algae Test (Chlorella)
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Fig. 5.10: Quantifying CV Growth

Material Viability Calculations

To test the material considerations before
ordering parts, some calculations were
developed to test their properties. The
tensile strength of both the carbon fiber
and fused quartz were compared to the
maximum pressure force the payload
would experience [16], [20]. Maximum
pressure forces were calculated by
multiplying the atmospheric pressure at the
altitude where the payload would be sealed
by the internal surface area of the payload.
Both materials were determined to be
strong enough for the maximum expected
force. A safety factor was also calculated
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for the window. According to Advance
Glass Industries, the safety factor needed
to be between 4-7 and the calculated value
was 7.0 [23].

Carbon Fiber Thin Wall Pressure

Hoop Stress

Mean Diameter- Dy, = outside diameter —t = .1524m —0.001998m = 0.1504m
Pressure-P= 85113Pa

POOLO — 2990456.757Pa —{3.0MPa

Longitudinal Stress

PD. _ @S1Pa0 1O _
Or= "% T " apootseemy 1.SMPa
Tensile Strength of Carbon Fiber -[228GPa_|

Fused Quartz Pressurized Window 7 5
Maximum Stress v l V ’

Empirical Constant-k=1.125(Unclamped) /
Unsecured Diameter- D=0.127m [—2 LD |
Pressure-P- 85113Pa Clamped, Sau. ot edge
Thickness-t-0.00635m

Flexural Strength= F, = 67MPa

Fig. 5.11: Force calculations

Another consideration was thermal
expansion/contraction. Since a net decrease
in temperature was expected as altitude
increases, thermal contraction was
considered. Using the coefficient of
thermal expansion for the chosen materials
and a temp of -80°C, an approximate worst
case scenario for material shrinkage was
calculated [20], [24], [25]. The interfacing
of three different materials in the payload
design led to concerns about some items
shrinking more than others causing tiny
cracks through which air could leak or
even compromise the overall external
payload structure. The thermal expansion
coefficient of carbon fiber was found to be
negligible so shrinkage was only calculated
for fused quartz and PETG [20], [24], [25].
The largest change seen was 0.068mm, so
thermal compression was also deemed
negligible with the materials chosen.

Coefficients of Thermal Expansion

A L = Change in length, o = Coefficient of thermal expansion, L =
length, and A T = change in temperature
AL = aLAT
e Fused Quartz
=55 w10
K
L, . ;
L 1 6.4+ 10 " m (1)
AT = (20C 80C") = 100K
AL = 6.8+ 10 "m = 0.068mm
e PETG
6.8% 1051
a = 0.8 —
), I\‘
1
L= —l‘ = 0.0064m (2)
AT = (20C 80C) = 100K
AL = 4.318 ¥ 10°m = 0.043mm

Fig. 5.12: Thermal expansion calculations

Structural

The payload was constructed so force
testing could begin. The payload was
dropped off the roof at a height of 15 feet.
When it was dropped it hit a small awning
on the side of the wall, sending the payload
into a spiral. It landed on the corner and
bounced. The test was photographed
rapidly to allow for an in depth review of
the results. From the pictures, the window
broke on the initial impact with the ground.
The central column broke at the top nut,
and the glass had a radial break around the
hole in the center. It was hypothesized that
the impact forces absorbed by the payload
caused instantaneous deformation of the
payload structure, causing the central
column to essentially ‘punch through’ the
weak point at the center of the glass. From
this test, it was concluded that two layers
of insulation were not sufficient to absorb
the expected impact forces possible during
landing.
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Fig. 5.13: Radial glass shatter in the first drop test

Two upgrades were integrated into the
payload. Instead of a full piece of glass
across the whole top. Two semi circular
pieces were used instead. This eliminated
the need to drill a hole in the glass, which
decreased its overall structural integrity.
Instead of directly contacting the glass
window, the central column was in contact
with a thin ‘bridge’ of PETG that ran
across the top of the cap and between the
two semi-circular windows. In the case of
a high-velocity impact, the deformation
would cause the column to hit the PETG
and not the glass. To help the overall
payload with impact, force dampeners
were added to the outside of the payload.
These force dampeners hit the ground first
to absorb most of the impact force. The
material chosen for this was a thick pipe
foam insulation. The aluminum lined
insulation used for keeping the heat was
very stiff and didn’t compress well,
however this pipe foam was much thicker,
compressible, and was found to absorb
impact well.

Fig. 5.14: The white arrows point to the force dampener
upgrades

With these new upgrades the payload was
ready to test again. The payload was
dropped from 15 feet again with no
damage to the window or the internals. The
force dampeners worked as designed. With
a successful drop test, the payload was
then subjected to the stair test with no
issues.

Predicting Internal Pressure

To test the viability of pressurising the
payload, smaller prototypes were
developed. Each tube was a 3 inch carbon
fiber tube with PETG printed end caps,
where one side screws open.

Fig. 5.15: From left to right; Bike Pump test, JB Weld full
coating, Potted JB Weld, Rubber inner lining, PVC inner

lining and control

The first test was the bike pump test to
confirm whether the chosen materials
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would indeed stand up to the expected
pressure forces. Two end caps were
epoxied to the ends of a carbon fiber tube.
One side had a hole drilled in it and a
Schrader bike tire valve stem attached. The
goal of this prototype was to test carbon
fiber to PETG adhesion strength as well as
its ability to hold pressure. With the valve
on one side, a standard bike pump could be
used to build pressure on the inside.
Pressure was monitored using the gauge on
the pump. To test whether it was airtight,
the tube was pressured to ~15 psi, then
submerged under water to identify any
locations where bubbles may have been
formed. The test showed that air was
flowing directly through the cap and not
through a crack or any specific part of the
print. It was also observed that no bubbles
came out of the pump side, the carbon fiber
tubing or any of our epoxy seams. It is
hypothesized that the excess rubber around
the Schrader valve also got sealed into the
epoxy on that side, stopping the airflow.
This test was then repeated after an
application of aerosol Flex Seal rubber
coating to see if a post-process sealant
could solve the sealant problems. After
spraying multiple layers and retesting
multiple times, there was a decrease in air
bubbles coming through but still too many
to call it a success. For one last test the
tube was pumped to its maximum pressure
to see if a rupture occurred. The adhesion
between the carbon fiber and PETG
maintained integrity all the way to 100 psi.
This confirmed the ability of the chosen
materials to contain the necessary pressure
forces.

Fig. 5.16: Bike pump test setup.

Focus then turned to achieving a proper
seal. Four more tubes were cut and
matching end caps were printed with the
goal of achieving a seal that would hold in
vacuum. These prototypes each had screw
on end caps, which was closer to the actual
payload design. To quantify the data these
tubes were placed into a vacuum chamber
with a pressure sensor connected to an
Arduino mini. A 433MHz transmitter
would send internal pressure readings to
another arduino board with an RF receiver
outside the vacuum chamber. Vacuum was
pulled in -5 inHg increments utilizing a 5
gallon vacuum chamber from Best Value
Vacs and an IDP2 vacuum pump from
Varian. Tubes | and 2 were adhered using
JB Weld. Tube 1 was tested with a
technique called potting (using the vacuum
chamber while the epoxy cures to pull out
air bubbles). Tube 2 was tested with the
same JB Weld epoxy but without potting.
Tube 1 performed poorly. With only -5
inches of mercury the internal and external
pressures equalized almost instantly. This
1s likely due to the wet epoxy vacuum
curing process. The hypothesis is that
during our attempt to ‘de-gas’ the epoxy
resin with vacuum, the bubbles that were
pulled formed ‘channels’ in the external
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resin seal that allowed for the free flow of
air upon curing. This likely occurred due to
the highly viscous nature of JB Weld
original steel reinforced epoxy in its liquid
state. Tube 2 performed better. The tube
did leak pressure, about 2 kpa every couple
seconds. However, the rate of pressure
change stayed constant even to maximum
vacuum (-25 inHg). By the time the
chamber reached maximum vacuum, the
internal pressure had only dropped from
850 to 650 kpa.

Fig. 5.17: Test 1- vacuumed JB Weld (left) and Test 2-
regular cured JB Weld (right)

To build upon the results seen from the last
two tests, three more prototypes were
developed. A threaded sleeve similar to the
full sized design was printed with slots for
a smaller O ring and was used on all
subsequent prototype testing. The first had
a full coat of JB Weld applied to the
outside of the tube. The second had a layer
of rubber to line the inside of the
prototype, essentially forming a gasket
along the entire internal surface area of the
prototype. The third used a PVC liner to
save weight from the heavy rubber liner.
Both the JB Weld and the rubber liner
tubes performed better in the vacuum
chamber than previous tests but still
leaked. Liquid PTFE sealant was applied to
the threads on both the full coat and the

rubber liner prototypes to attempt to stop
any leak from the threads. This method
slowed the leaks, however the required
cure time for the PTFE sealant was 24hrs
(too long to be practical to seal on the
morning of flight). For most tests, 30
minutes of cure time was allotted for the
PTFE to cure due to concerns about battery
life for the internal pressure sensor module.
The goal for a ‘successful’ prototype trial
was changed from achieving a complete
seal to minimizing the rate of leakage to an
acceptable rate for a duration longer than
any expected flight would take (~3.5-4
hrs). The half hour cure time slowed the
leaking slightly, but the PTFE sealant was
observed to bubble at the edge of the
threads, indicating a leak through the
threads (or the PETG itself). The most
successful run involved the ‘full coat’
external epoxy tube, the non vacuum cured
cap, a circular rubber gasket underneath
the cap to address any issues with the O
ring, and a very liberal application of
PTFE thread sealant both on top of the O
ring and in the threads. With this design, a
leak rate of 0.001-0.002 kPa every 7
seconds was achieved for over 4 hours, 3.5
of which were at maximum vacuum of
~-25 inHg. The data from these pressure
tests is displayed in Fig 5.15. With a
proven method to hold pressure, full size
payload testing could begin.




Pressure Tests

1B Wed Rubber Seaied

h Thread Lock #18 Weid Outer Coating and Thread Lock

Fig. 5.18: Plots of pressure vs time to quantify pressure
loss.

Scaling up from 4” x 2” diameter tube to
6” x 6” diameter tube proved difficult.
Additional considerations were necessary
to seal the central column, which was
made of PETG and was not airtight. There
were also issues with the dimensions of the
column, which was designed around the
assumption that the carbon fiber tubing had
a height of exactly 6 inches. When the
carbon fiber tubing arrived, it was 24” long
and required cutting down to our
specifications. Due to concerns with the
carbon fiber dust particles shorting the
electrical circuits of the campus machine
shops’ power tools, options for cutting the
tubing were limited to a chop saw with a
circular, abrasive blade. Unfortunately, the
blade was not large enough in diameter to
cut completely through the tubing, and
multiple passes were necessary during
cutting, causing an uneven surface in the
cuts. The necessary removal of material to
flatten the uneven cuts caused the overall
height to become less than 6, so when the
tubing was adhered to its end pieces, the
central column did not line up perfectly in
height with the sides. The uneven surfaces
made it impossible to seal with the O rings,
because excessive downward pressure

applied by the thread-on window cap
would compromise the glass window.
Subsequent prints to attempt to fix this
problem proved to be time consuming and
fruitless, and with the deadline rapidly
approaching, a decision was made to forgo
attempts to seal the entire payload and
instead focus on sealing of the individual
test tubes. The reason behind sealing the
system was to keep the nitrogen and
carbon dioxide from being pulled out of
the algae and starving them of necessary
nutrients. The low surface area of the test
tube dropped the pressure forces to
negligible and vacuum chamber testing of
this method proved to be successful. The
only downside was the loss of convective
heating within the payload. This wasn’t
necessary, however, because the items
deemed ‘temperature critical’, the algae
and the battery, we're already being heated
conductively. With this solution, although
the goal of a fully sealed system was not
achieved, the experiment was able to
continue unaffected.
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Fig. 5.19: Pressurized test tubes on flight day

Window Transmissibility

Material selection for the solar radiation
transmitting window was based on
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transmittance of the desired UV
wavelengths. A mercury lamp was used to
emit a specific wavelength of 254 nm.
These emitted wavelengths were received
by a spectrophotometer approximately 1”
away from the emitting lamp. A control
reading was gathered using air as the sole
medium that the light had to pass through
as shown in blue in figure 5.20.
Subsequent trials were conducted using
standard annealed glass, fused quartz, and
acrylic plastic. It was found that the fused
quartz allowed for the highest
transmittance of the 254 nm UVC
radiation, as hypothesized.

Control Samples

ity

Intens
o

Wavelength (nm)

Air eQuartz o Glass o Plagic

Fig. 5.20 Spectrophotometer Intensity Readings for
Select Window Materials and a control (air)

Electronics

The electronics underwent multiple tests to
prepare the payload for flight. The first
was to simply let the Arduino run off the
battery for 3 hours and gather data. This
test was to confirm the chosen battery
could last the duration of the flight under
standard temperature and pressure
conditions. Shorter length tests were run to
confirm the sensors were running correctly
before the longer test was conducted.

1400

The next test was the shake test. The
internals were placed inside the payload
and shaken for 60 seconds. The idea was to
make sure all the connections were secure
for any turbulence during flight. Initial
runs of this test revealed some issues with
the wiring method chosen during the
design process. Unexplainable electronics
failures occurred after other tests,
seemingly at random, and the shake test
was deemed to be the culprit. Further
investigation showed that, although the
soldering of wires into the perf board
provided a semi-permanent solution that
was relatively secure, it was likely
incapable of maintaining a solid electrical
connection during high amounts of
turbulence. Many of the wire connections
were prone to becoming loose within the
solder, and the wires going into the
Arduino board were also prone to working
themselves out of the Dupont female end
connectors. Proper diagnosis of this
problem took time; sometimes the
electronics would work fine, and
sometimes no data was gathered. A
relatively secure solution was achieved by
soldering the Arduino wires to sets of pins
and utilizing heat shrink to insulate the
connection. These sets of pins were then
superglued into the Arduino board in their
proper electronic configuration. The
adhesion of the plastic insulation of the pin
sets to the plastic Dupont adaptors
provided a much more secure connection.
However, the payload still suffered
electrical issues after subsequent shake
tests. The decision was made to achieve
the best electrical solution possible and
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couple it with careful handling and
multiple electrical tests right up until the
time of launch.

Heat Transfer

The initial design called for a convective
heating solution due to the plans to seal the
external payload structure. When this was
no longer deemed possible in the given
time frame, the decision was made to
switch from convective to conductive
heating of the most critical experimental
components: the battery and the algae
samples. Three flexible electric heating
pads were recycled from past projects. Two
were placed on the algae and one was
placed with the battery. Allowing the algae
to freeze would add another variable to the
post growth analysis, fundamentally
changing our experiment. Additionally, if
the battery was allowed to get too cold, the
low temperatures would affect the reaction
rate of the internal battery chemistry and
diminish its ability to provide power to the
Arduino mid-flight. With the heating pads
placed on those two spots, conductive
heating would keep them warm, even
despite the loss of convective heating due
to the near vacuum conditions at altitude.

To test the heating system a cold test was
performed. The payload was placed in a
cooler filled with dry ice with an ambient
temperature of ~ -60°C for 3 hours. Initial
tests were conducted when the payload had
two layers of insulation on the outside,
with a half layer on the inside walls. Upon
retrieval, no negative effects were observed
to either the battery or the algal specimens.
The data from the SD card for this test is

visible in figure 5.21. The temperature
stayed around the desired 15°C for the
duration of the test.

Inside Temperature

o o o oW ow
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Temperature (C)
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Fig. 5.21: Inside temperature during cold test

6) Flight Day

Three team members stayed at a hotel the
night prior to scout the launch site and
reduce travel time in the morning. This
allowed for multiple electronics tests to be
conducted with the goal of negating the
effects of the faulty wiring scheme that
were discovered during the testing phase of
the electronics over the previous weeks.
Tests were conducted on both battery and
USB power reading to both the serial
monitor in the Arduino integrated
development environment (IDE) and the
SD card. This was performed each time the
payload’s location changed to ensure that
no wiring came loose during
transportation. 2 Erlenmeyer flasks of the
mother cultures were brought along, as
well as the necessary equipment to
properly measure out desired amounts of
algae/media. Methods of cleaning and
proper disposal of waste liquids were also
brought along. Two 8mL samples of each
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species were measured and placed into
their respective test tubes. The tubes were
then sealed with two applications of hot
glue around the test tube cap/tube
interface. This method proved effective for
all but one sample, although it is still
unknown whether the loss of fluid in the
filtered AP sample was due to a pressure
leak, the jolt of the payload upon impact
with the ground, or simply a leak induced
by payload walls making contact with the
test tube cap. Further inspection and
analysis of the post flight data led to a
consensus that the leak was likely caused
by the tight fit of the specimens within the
payload.

Fig. 6.1: Early Morning Start

The payload was launched from Genoa,
Colorado at 6:57 AM MT on August 1%,
2021.

Fig. 6.2: Top of the payload

Fig. 6.3: Payloads on the flight string

Fig. 6.3: Assuming a “U” formation for launch

7) Data and Observations

Observations

Due to some unforeseen issues with the
landing site, the team was unable to
directly participate in payload recovery
operations. Once the payload was retrieved
by EOSS, the payload was given an
immediate visual inspection. All the force
dampeners were still attached and no
noticeable dings in the insulation were
observed. No cracks were observed in the
window. The LED on the TSL2591 was
off, indicating a problem with the
electronics. The switch was still in the ‘on’
position, indicating a wiring issue. After
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analysis of the time data, it was concluded
that the cause of the wiring issue was the
initial impact of the landing, although it is
also possible that the payload was dragged
by the parachute canopy after landing,
since recovery operations took well over
an hour. The payload was opened and a
quick internal temperature was taken with
a thermocouple. The internal temperature
near the samples appeared to have
equalized with the ambient temperature at
~24°C. Further analysis of the temperature
data from the sensors aboard indicated that
overheating inside the payload was
unlikely. Upon further inspection, the
filtered AP test tube had lost some liquid
and the insulation around it was damp.
Compared to the other test tubes,
approximately 2-4 ml of liquid was lost.
With no signs of cracking, it was
concluded that the tight fit of the samples
within the payload may have induced some
force on the side of the test tube cap,
causing a small leak in the seal. The team
then split to continue the post flight
protocol. Team 1 took the algae to get it
inoculated, while team 2 continued into
sensor data analysis and diagnosis of the
electrical issue. The battery voltage was
measured to be ~11.81V, which supported
the hypothesis of a wiring issue causing the
loss of power.

Sensor Data

With an inconclusive answer on whether
the electronics were working, the data on
the SD card was analysed. The data was
collected in two time segments, a 2.15
hours section and an 8 minute section. A

comparison to the flight data available
from EOSS confirmed that this time period
encompassed the entire flight, and that the
break in the data occurred right about when
the payload was said to have landed on the
ground. This was confirmed when the
BMP180 data was plotted, and further
supported the hypothesis of impact causing
the wiring issues.

Figure 7.1 shows the pressure dropped to
1455 Pa, then returned to where it started,
indicating that the payload had returned to
the ground before it stopped recording. It
was concluded that the impact is likely
what stopped the data recording. The
BMP180 also recorded an approximate
altitude. Plotting that and assuming some
error, the data also cuts off at the same
height. This is shown in figure 7.2.

Internal Pressure

Hours after Launch

Fig. 7.1: Internal pressure during flight

Altitude per Time

.....

0.00, 5360

1.00 150

Hours after Launch

Fig. 7.2: Altitude change during flight
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One of the biggest concerns was keeping
the algae warm inside the payload. The
graph below (figure 7.3) shows the payload
managed to maintain ~ 15°C, indicating
that the heating system had performed as
intended.

Internal Temperature Sensors

1 15
Hours af fter Launc h

DHT eBMP

Fig. 7.3 Internal temperature sensors during flight

A trendline was applied to the TSL2591
data to aid in data analysis. The TSL2591
data was extremely scattered and thus
analysis of light exposure compared to
altitude proved difficult. However, this
sensor did yield the lux at our max altitude
which can be used in quantifying UVC
irradiance. Originally, it was hypothesized
that an increase in overall light exposure
(higher lux readings) would be observed at
maximum altitude due to decreased
atmospheric scattering, and that it would
decrease again as it returned to the ground.
The opposite was observed; more light was
observed on the ground than at the max
altitude. Further deliberation led to the
conclusion that due to the launch occurring
at 7 am, the incident angle of sunlight on
the payload window was not ideal. The sun
was low on the horizon, and as the balloon
gained altitude, the expected change in
incident angle of sunlight (0° being normal
to the payload window) was slowed due to
the rapid change in altitude. This reduced

the overall light exposure and resulted in
lower lux readings. This effect was likely
exacerbated by the extra insulation and
padding that was applied to the window
cap. Although the initial low light
conditions were anticipated, it was
originally assumed that the change in
relative position of the sun in the sky
during flight would be sufficient to allow
for a favorable incident angle of light upon
the window as the payload arrived at
maximum altitude. Another part of the
graph that supports this hypothesis is the
end points. The first lux reading was
smaller than the last lux reading, which
could be explained by the changing
incident angle of sunlight on the payload as
the day progressed. When the payload
landed, just over two hours had passed
since launch and the sun was higher in the
sky, resulting in a more favorable incident
angle with the payload window than at
launch. It is hypothesized that this issue
severely reduced the amount of UVC
exposure allowed to reach the samples.

Lux Readings on Flight day
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Fig. 7.4 : Lux reading on flight day
Algae Data

8 algae trials (4 from each algae species,
Fig 7.5) were conducted post flight:
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filtered from UVC light, unfiltered,
controlled, and UVC treated in the lab.

Fig. 7.5: Post flight algae trials

The first 2 trials were those inside of the
payload. The UVC treated trial consisted
of 2 8mL samples subjected to 5 minutes
of UVC radiation from a 25W bulb
positioned approximately 1” above the
quartz tubes as seen in figure 7.6.

Fig 7.6 UVC Trial

Temperature and pH

The pH and temperature values remained
relatively constant throughout the growth

period with AP samples ranging from 10.5
to 11 pH and CV samples ranging from 9.5
to 10. Temperature ranged from 22.8°C to
24.2°C, which is slightly under nominal
temperature for both species.

Biomass

The biomass yield test did not provide the
expected results (see Fig. 7.7). For both AP
and CV, there was no difference between
UVC filtered and unfiltered. The AP
control biomass was by far the highest at
0.3 gdew as compared to 0.17 (Filtered and
Unfiltered). The CV control biomass
slightly underperformed as compared to
filtered and unfiltered at 0.05 gdcw and
0.06 gdcw, respectively. The UVC biomass
yields were, surprisingly, only slightly
lower than the other tests; 0.16 gdcw for
AP and 0.04 gdcw for CV.

Final Biomass Yields of Post-Flight Trials
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Fig. 7.7: Biomass Yield

The data for optical density is plotted in
figure 7.8. This data is easier to analyze
once converted to concentration, which can
be found on page 29.

APF APU CVF Ccvu APC cvc APUVC CVUVC
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Fig. 7.8: Optical densities

Microscopy Preflight

Fig. 7.9: Preflight AP

Fig. 7.10: Preflight CV

Fig. 7.11: Preflight CV (cont.)

From the preflight pictures the algae looks
relatively normal and healthy with only a
couple sections of the CV flocculation
displaying high concentrations of
carotenoids.

Microscopy Postflight

Fig. 7.12: AP Filtered (day 1)

Fig. 7.13: AP Unfiltered (day 1)

27



Fig. 7.14: AP Control (day 1)

Fig. 7.15: AP UVC (day 1)

Fig. 7.16: CV Filtered (day 1)

Fig. 7.17: CV Unfiltered (day 1)

Fig. 7.18: CV Control (day 1)

Fig. 7.19: CV UVC (day 3)

The maximum irradiance value at our
maximum elevation of ~99k ft was
1,101.412 lux. Using the method as
outlined in the Quantifying UV C section,
the calculated UVC intensity was 1.1658
W/m?. This was much lower than expected,
likely due to the angle of incidence. Even
with a longer exposure time, this amount
of UVC light is much less than the study
cited on page 10 of this report (~155
W/m?) [14].

All postflight microscopy pictures shown
here were taken in the early stages of
growth in order to identify direct
morphological changes from flight. The
filtered and controlled trials appear
relatively normal and healthy. The
unfiltered AP trial shows some unusual
behavior with abnormally small
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hormogonium, lack of large trichomes, and
widespread ‘pools’ of cytoplasm. These
large pools of cytoplasm are hypothesized
to be caused by a literal dissolving of cells
from high energy radiation. These same
characteristics are amplified in the AP
UVC trial. The unfiltered CV trial shows
large areas of high carotenoid
concentration. However, the cells in this
trial generally seem unaffected due to their
retention of color and cell walls. The CV
UVC trial shows massive cell casualties as
evidenced by the lack of photosynthetic
pigments and desiccation. These
morphological changes are in line with the
initial experiment hypothesis.

The post-flight secchi stick measurements
were used to determine concentration vs
time to quantify growth. Starting with AP,
the data revealed almost identical growth
between both flight samples and the
ground control. The sample that was
exposed to a direct UVC lightbulb saw no
growth. It was determined that the AP
samples were exposed to little to no UVC
during the flight.

Spirulina Post-growth
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Fig. 7.20: AP concentration vs time

The CV showed similar results. Instead of
fully exponential growth, the CV started to

level off, indicating a harvest was needed
soon. This growth was seen between both
flight samples and the growth control. The
UVC exposed sample appeared to have
died as well. In the later half of the
experiment, some growth was seen from
that sample but it is hypothesized that
secchi stick cross-contamination may be
responsible for the late growth in this trial.
Again the unfiltered sample closely
matches the control samples rather than the
UVC bulb exposed, showing little to no
UVC exposure on flight day.
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Fig. 7.21: CV concentration vs time

8) Budget, Management, and
Schedule

Management

Throughout the duration of this project,
each team member assisted in the design
and manufacturing of each subsystem.
However, individuals did take a “focus” as
described in the following table:
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9 Structural testing
and
troubleshooting
electronics

10 Launch readiness

review and launch

Subsystem Team Member

Circuitry and Karla Rueda Perez

Arduino

Phycology Jacob Julius

Structural Justin Raffa and
Richard Nash

Schedule

Week Task

1 Brainstorming and
ordering parts

2 Preliminary design
review, CAD
designs, and
Arduino coding

3 Begin 3D printing
and electronics
assembly

4 Begin algae
growth
experiments and
manufacturing
prototypes

5 Critical design
review and
pressure testing
prototypes

6 Pressure testing
prototypes

7 Electronics and
payload assembly

8 Cold testing and
pressure testing

Financial and Mass Budgets

The team successfully stayed under the
budget and mass constraints. The allotted
mass was increased from 1500g to 1600g

upon request.

Subsystem Mass (g)
Electronics 336
Structural 1066
Algae 119
Total 1521
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Subsystem | Part Distributor Cost($) | Quantity

Carbon Fiber Tubing DragonPlate $197.15 1

PETG Filament Amazon $22.00 1

PETG Filament Donated $0.00 3

Quartz Sheet Techincal Glass Products $132.70 1

Pipe Insulation Donated $0.00 1

= HVAC Insulation Donated $0.00 1
2 Space Blanket Donated $0.00 1
2 Zip Tie Amazon $12.00 1
“ Polyethylene Tubing Donated $0.00 1
JB Weld Original Amazon $15.00 1

JB Weld Original Donated $0.00 2

Loctite Plastic Bonder Amazon $7.00 1
Grommets Amazon $20.00 1
Mounting Washers Home Depot $1.18 1
Arduino Uno Amazon $29.00 1

SD Shield Amazon $8.50 1

DHT11 Donated $0.00 1
BMP180 Donated $0.00 1
TSL12591 Amazon $8.00 b

4 Relay Amazon $5.00 1
%’ Heating pad Donated $0.00 3|
= Voltage Regulator Amazon $8.00 1
220 UF 25V Capicators Amazon $6.00 1

12V 4000mAH Battery Folk Battery $15.00 2

S11145 (Inconsistent) Amazon $16.00 1

Geiger Counter (Broke) Amazon $46.00 1

BMP 390 (Incompatible) Amazon $16.00 1
Spirulina Sample Amazon $26.00 1
Chlorella Sample Amazon $26.00 1

Media for Spirulina 5L Kit Algae Research and Supply $20.00 1

Fresh Water Media 5L Kit Algae Research and Supply $25.00 1

Sechi Sticks Donated $0.00 2

Plastic Test Tubes (50) Amazon $8.00 1

@ Quartz Test Tubes Techincal Glass Products $17.85 2|
;ﬁ Neoprene Spacers Donated $0.00 1
Aerator Amazon $21.00 1

Algae Storage Tanks Donated $0.00 1

Growth Lights Donated $0.00 1

Misc Lab Equipment Donated $0.00 1
Erlenmeyer Flask Set, 5 Sizes | Amazon $20.00 2

125 m| Erlenmeyer Flask Chemistry Stock Room CSU| $6.79 [

Rubber Stoppers Amazon $13.00 1

Flight Day  |Hotel Room Econo Lodge $121.00 1

Total $955.97

9) Conclusion

Overall, this experiment was deemed a
success. All systems remained functional
throughout the duration of the flight. The
electronics were able to successfully
regulate temperature and all sensors
gathered data for the entire flight. The
internal and external structural systems
were able to protect the window, algae, and
electronics against the impact force and net
kinetic forces. Lastly, although the light
sensor data was relatively inconclusive, the
post flight morphological analysis appears
to support the original hypothesis for the

effects of UVC radiation on the samples. In
contrast, the growth kinetics analysis did
not support the initial hypothesis as the
data showed significant growth in the
unfiltered samples.

Unfortunately, one major flaw in the
design of the payload window was realized
after the flight. The incident angle of light
rays on the payload window was not
considered and thus the majority of the
radiation did not come in contact with the
quartz tubes due to their centered position
in the payload. The unfiltered plastic tubes
received more radiation due to their
placement near the edges of the window.
The TSL2591 sensor was positioned under
the PETG “bridge” and thus the irradiance
readings were scattered, possibly due to the
rotation of the payload. This was likely the
reason behind the unexpected growth
kinetics analysis results. Upon reflection,
this 1ssue could be fixed by altering the
window design from flat to a dome
structure, which would allow for increased
radiation from a wider range of incident
angles.

Message to Next Year

If your project is to use biological samples,
be sure to look up environmental and
human toxicity prior to choosing the
species. If your project is to focus on
radiation effects, do not forget to take into
account the position of the sun/incident
angle of sunlight at the time of launch. Do
not be afraid to make mistakes; 90% of
ours ended up having relatively simple
fixes to them, but we lost a lot of time

31



sitting around thinking things through for
fear of making these mistakes instead of
doing and fixing. Finally, push the
boundaries with the goals of the project!
You will gain much more out of the
experience by challenging yourself and
incorporating unconventional ideas.
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