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PREFACE 
 

The BEXUS programme is realised under a bilateral Agency Agreement between the German 
Aerospace Center (DLR) and the Swedish National Space Agency (SNSA). The Swedish share of 
the payload has been made available to students from other European countries through a 
collaboration with the European Space Agency (ESA). EuroLaunch, a cooperation between the 
Esrange Space Center of SSC and the Mobile Rocket Base (MORABA) of DLR, is responsible for 
the campaign management and operations of the launch vehicles. Experts from DLR, SSC, 
ZARM and ESA provide technical support to the student teams throughout the project. BEXUS 
is launched from SSC, Esrange Space Center in northern Sweden. 

The campaign management and launch vehicle operations are administered by EuroLaunch, 
cooperation between DLR’s Mobile Rocket Base (MORABA) and SSC’s Esrange Space Center in 
Northern Sweden. Technical support is provided to the student teams taking part in the 
project by experts from SSC, ZARM, ESA and DLR. 

This document is the final issue of the Student Experiment Documentation (SED) for the 
BAMMsat-on-BEXUS (BoB) experiment which includes the flight result.  BoB stands for 
Bioscience, Astrobiology, Medical and Materials on CubeSat. The experiment is a technology 
and operational demonstration of BAMMsat payload in preparation for future spaceflight 
opportunity. 
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ABSTRACT 
 

BAMMsat-on-BEXUS experiment aims to provide a thermally controlled and pressurised 
environment on board the BAMMsat payload relevant to maintaining viable biological 
samples in an extreme operational environment such as the Earth’s stratosphere. This was a 
technology and operational demonstration that consists of operating the BAMMsat payload 
in a spaceflight representative context to demonstrate the feasibility of future space missions. 
The future space mission would obtain data using C. elegans nematode worms as well as, but 
not limited to, the effects of microgravity and increased ionising radiation level. BoB was 
aimed at demonstrating the key BAMMsat ability to provide a controlled environment in an 
extreme operational environment. The mission was designed to note the behaviour of 16 
independent biological sub-samples of adult C. elegans nematode worms during the 
stratospheric balloon flight. During the flight, a total of 23 chambers was flown with C. elegans 
to increase the number of samples. During flight, the result demonstrated C. elegans mobility 
or motility or both at various stages of the experiment. The C. elegans was observed during 
the pre-flight, flight and post-flight stages. We anticipated that the experiment would lead to 
an increase in the technology readiness level (TRL) of the BAMMsat payload and further the 
research in space biology and human spaceflight. 
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 INTRODUCTION 

1.1. Scientific/Technical Background  
 

It is widely known that CubeSat platforms have a reduced barrier to perform experiments in 
space. CubeSats offer the potential to improve access with reduced development times, more 
frequent flight opportunities and reduced mission cost. BioCubeSats aim to leverage from the 
CubeSat platform to enable bioscience experiments in space to access microgravity and 
increased radiation levels. While mass and volume restrictions imposed by CubeSats would 
be challenging, several bioCubeSat missions have been successfully launched. To date (2020) 
six bioCubeSats have been launched into orbit; five bioCubeSats (GeneSat, PharmaSat, 
O/OREOS, SporeSat, EcAMSat) were developed by NASA and one (Dido-2) from a private 
company named SpacePharma. BioSentinel will be the seventh bioCubeSat launched by NASA 
and most likely one of the first biological experiments to be performed beyond LEO in more 
than four decades since the Apollo era.  All of them, except SporeSat, utilised microfluidics as 
the technology enabler. 

• GeneSat was the first 3U bioCubeSat to demonstrate the capability of bioCubeSat 
systems and operations to perform biology experiments in orbit. It was developed by 
NASA Ames primarily as a technology demonstration mission of a 3U CubeSat 
platform with sensors and actuators capable of characterising the behaviour of micro-
organisms in space. It had a 1U cube allocated for the spacecraft bus and 2U allocated 
for an experimental payload of a miniaturised “laboratory” containing Escherichia 
Coli, also known as E. coli, a common model organism. 

• PharmaSat was the second 3U bioCubeSat launched into orbit three years after 
GeneSat. It was reported to have been the first fully autonomous pharmaceutical 
drug dose-response bioanalytical system on a free-flying satellite. The scientific 
objective of PharmaSat was to measure and determine the effect of microgravity on 
S. cerevisiae (a well-studied brewer’s yeast) on the yeast’s resistance to the widely 
used antifungal drug Voriconazole. The drug was administered to the yeast to analyse 
the efficacy of the drug by documenting alteration in antimicrobial resistance in 
microgravity. PharmaSat built upon the knowledge of GeneSat and PRESat with added 
capabilities, particularly on its microfluidics subsystem. 

• O/OREOS stands for Organism/Organic Exposure to Orbital Stresses. It was the third 
3U bioCubeSat launched into orbit and the first bioCubeSats dedicated to 
astrobiological research under the NASA Astrobiological Payloads Program. The 
spacecraft is a combination of three 1U CubeSats and demonstrated the capability of 
a multi-payload CubeSat. The first cube is the 1U bus, and the two other 1U cubes 
were SESLO and SEVO experimental payloads. SESLO (Space Environment 
Survivability of Living Organisms) and SEVO (Space Environment Viability of Organics) 
were both independent and standalone experimental payloads. The scientific 
objective of O/OREOS was to analyse the survivability and metabolic activity of 
microorganisms (SESLO), and the photostability of organics and biomarkers (SEVO) in 
the cumulative nominal 6-month long-term ionising radiation exposure to the space 
environment. 

• SporeSat was a 3U CubeSat that studied the mechanism of plant cell gravity sensing 
by investigating the gravitational threshold of the calcium-ion channel and pump 
activation in the single-cell spore of fern, C. richardii. It was enabled by a combination 
of bioCD, a lab-on-chip device on top of a miniaturised centrifugal system to produce 
artificial gravity.  
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• Dido-2 was a privately launched 3U CubeSat by SpacePharma. The CubeSat was a 2U 
experiment payload and a 1U CubeSat bus. The 2U experiment payload is called 
SpacePharma microgravity lab (SPmglab). The SPmglab utilised microfluidics which 
performed four experiments from four different organisations. 

• EcAMSat is a 6U bioCubeSat from NASA launched to investigate the antibiotic 
resistance of E. coli in microgravity. The actual experiment payload is a 2U CubeSat 
and in essence, is re-flown hardware of PharmaSat. Some changes had to be made to 
accommodate different biology, i.e., E. coli instead of S. cerevisiae. The 6U CubeSat 
enhanced the capability of the satellite with more volume for solar panels, 
instruments and propulsion.  

• BioSentinel is currently a proposed 6U bioCubeSat that will be launched on-board the 
Space Launch System into a ~1AU heliocentric orbit. The science mission is to 
investigate the impact of deep space radiation on living organisms by measuring the 
damage and repair of the DNA double-strand break (DSB) events on S. cerevisiae.  
 

The BAMMsat concept (Bioscience, Astrobiology, Medical and Materials science on satellites) 
is a bioscience platform under development at Cranfield University for application in LEO and 
beyond LEO. This generic bioscience platform can be flown as a free-flying CubeSat or hosted 
as a payload on a larger spacecraft. The platform utilises readily available COTS miniaturised 
sensors, actuators and fluidic components to reproduce the features in a traditional 
laboratory into a miniaturised “laboratory”. At the same time, being compatible with the 
mass, volume, and power budget of a CubeSat payload. The hardware is designed to be 
flexible to host a broad range of biological samples such as microorganisms, nematode worms 
and mammalian cells cultures, including human cell cultures. The core features of BAMMsat 
are the ability to (i) house multiple samples, (ii) maintain samples in an appropriate local 
environment (iii) perturb samples fluidically, and (iv) monitor samples. Prior to the BoB 
campaign, an end-to-end BAMMsat breadboard had been developed with the ability to house 
32 discrete samples and observe these with a miniaturised optical/fluorescence microscope.  

Multicellular organisms have never been flown in a bioCubeSat. To do so would mark a 
significant milestone in spaceflight science. Having a method to fly C. elegans in a high-
throughput automated system allows in-flight observation to determine how microgravity 
and radiation affects C. elegans not only at an individual level but also across populations. C. 
elegans are well-suited for BAMMsat as they are a well-accepted model for human 
physiology.  

1.2. Mission Statement 
 

The proposed BAMMsat-on-BEXUS project was focused on advancing the development status 
of the BAMMsat payload that would increase the likelihood of gaining access to spaceflight 
opportunities in LEO and beyond, where it could deliver its expected final scientific returns. 
More specifically, a flight of BAMMsat-on-BEXUS was expected to (1) help develop and 
demonstrate the ability to handle, integrate and operate BAMMsat in a spaceflight 
representative context given the biological samples and associated complex pre-flight and 
post-flight handling. (2) Enable demonstration of a key BAMMsat feature of environmental 
control (especially thermal and fluidic control together with appropriate housekeeping 
sensing) relevant to maintaining viable biological samples in extreme operational 
environments. Third (3) aspect of the proposal is to complete the development of a 
spaceflight relevant model version of BAMMsat suitable for a flight on BEXUS. 
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1.3. Experiment Objectives 
 

1) Develop and demonstrate the ability to handle, integrate and operate BAMMsat in a 

spaceflight representative context  

a) Demonstrate the feasibility of creating exploitable data using C. elegans, nematode 

worms which are a well-established model organism for space biology studies. The C. 

elegans could be a biological payload in a bioCubeSat and as a hosted payload on a 

larger spacecraft such as ISS and the Bion satellite. 

b) Develop and implement the protocols to handle and integrate the biological payload 

into the mission and flight operations of a BAMMsat-on-BEXUS payload. 

i) Develop and implement appropriate pre-flight operations compatible with the 

BEXUS stratospheric balloon flight mission. 

ii) Develop and implement appropriate flight operations compatible with the BEXUS 

stratospheric balloon flight mission. 

iii) Develop and implement appropriate post-flight operations compatible with the 

BEXUS stratospheric balloon flight mission. 

 

The success of this objective is achieved by (i) demonstrating a nominal/baseline 24-hour pre-
flight handover to the launch provider. The operation will allow up to 96-hour launch delay 
by maintaining viable nematode samples with minimal physical interaction. (ii) Integration of 
biological payload producing live worms during flight while the imaging system records 
motility and the data on the C. elegans.  

The reason for 24-hours up to 96-hours handover time was to accommodate future flight 
opportunities, see Table 1-1. The flight of BAMMsat-on-BEXUS was used to develop a pre-
flight operation that is translatable to an orbital flight scenario. 

 

Table 1-1 Difference between late-access timing for various type of launch vehicle 

Types of 
launch 
vehicle 

Typical CubeSat 
launch 

BEXUS 
Hosted in larger 

spacecraft platform, i.e., 
ISS or Bion satellite 

New Space 
launcher 

Late access 
timing 

2 weeks* 

* Taken from the 
current example of 
another bioCubeSat, 
i.e. Dido-2 satellite 
from SpacePharma 
and ISIS, conversation 
with ISIS at the IAC 
2019 

24-hours up to 
96 hour**   

** Current 
proposed 
BEXUS pre-
launch 
procedure. 

8 to 10 hours – Bion 
satellite 

48-hours – ISS*** 

*** Taken from previous 
launch procedure 
performed for the recent 
Molecular Muscle 
Experiment which flew 
on the ISS 

8 hours to 
4 days – 
Blue Origin 
late access 
on New 
Shephard 

 

2) Demonstrate the key BAMMsat ability to provide a controlled environment relevant to 
maintain viable biological samples in extreme operational environments (specifically 
thermal and fluidic control together with appropriate housekeeping sensing). 

a) Demonstrate microfluidic operations and performance. 



- 16 - 

Page 16 BX30_BOB_SED_V5 

 

b) Demonstrate internal thermal control within the pressure vessel. During pre-flight, C. 
elegans shall be at a low metabolic rate temperature (i.e., 12°C ± 2 °C) and during 
flight operation the C. elegans shall be at 20°C ± 2 °C. 

c) Demonstrate housekeeping sensor functions – i.e., for internal pressure vessel 
environmental conditions and microfluidic operation. 

d) Demonstrate the ability to maintain a biological payload (C. elegans) in a viable state 
during flight. 

e) Demonstrate an autonomous control system. 
 

The success of this objective is achieved by demonstrating the ability to maintain a controlled 
environment (i.e., temperature and pressure environment, and the application of 
microfluidics). The results are confirmed by imaging the resultant changes in the C. elegans 
behaviour. 

During the ground handling phase, the demonstration of successful use of the microfluidics 
system injection will show if the C. elegans survive until the end of the experiment and are 
preserved on recovery. The Geneva drive, the microfluidics system injection, imaging and data 
recovery of these steps will be implemented both in pre-flight and in-flight.  

 

3) Complete the development of a spaceflight relevant model version of BAMMsat 
suitable for the flight on BEXUS 
a)  Repackaging and reconfiguring the existing laboratory breadboard into a 2U CubeSat 

payload format.  

b)  Re-configure the existing BAMMsat laboratory breadboard to be compatible with an 
operation inside the 2U environmentally controlled pressure vessel  

 
The success of this objective is based on making the configuration of a biological payload 
compatible with the standard 2U size CubeSat, ready for the launch on BEXUS. 

Note: The final CubeSat will have a 3U format with 1U being allocated for CubeSat bus based 
on the configuration of previous NASA and SpacePharma bioCubeSats. The final CubeSat 
version requires a pressurised, thermally controlled system to provide the internal atmosphere 
for O2 and CO2 exchange between the sample chamber and the localised environment inside 
the pressure vessel to ensure the survivability of the biological samples. Similarly, thermal 
control is required as biological samples can only survive a specific temperature range. 
Previous NASA bioCubeSats all had pressure vessels at 1 ATM and temperature-controlled at 
19/21oC (depending on the biology incorporated into the system). 
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1.4. Experiment Concept 
 

 

Figure 1-1 Block diagram overview of the BAMMsat-on-BEXUS system 

 

Figure 1-2 Exploded view of the BoB system. (Left) 2U pressure vessel; (Middle) 
experiment payload assembly; Right (1U BoB bus). 
 

Development of a miniature laboratory to house biological samples in the harsh environment 
of stratosphere or space flight is a complicated task. The biology needs to remain nourished 
and viable while being protected from the hazardous external environment. Multiple features 
have been custom designed within BAMMsat to meet these requirements. These features 
include a microfluidic system with a sensor subsystem and an imaging system, housed within 
an environmentally controlled pressure vessel, all controlled by bespoke software. 

 

• BAMMsat microfluidic and sensor subsystem  
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The existing BAMMsat microfluidic and sensor subsystem can house 32 independent 
biological samples in 32 independent cylindrical growth chambers of 3.5 mm diameter and a 
volume of ~21µl/21mm3. For nematode worms, these are capable of sustaining ~400-600 
worms in each chamber. The fluidic system allows the periodic replenishment/exchange of 
the growth media in the growth chambers and then switching to exchange with a preservative 
solution at the end of the experiment to allow a post-flight analysis of the worms at the 
University of Exeter without significant degradation. The sensor system allows the 
environmental monitoring of the fluidic system (i.e., flow rates, flow pressures, bubbles). 

A feature of the current BAMMsat microfluidic and sensor subsystem that has been modified 
from the previous BAMMsat-on-BEXUS payload application to BEXUS 18/19 is the ability to 
load biological samples into the 32-chamber fluidic disc and to remove and insert the disc into 
the BAMMsat microfluidic and sensor subsystem. The previous multi-chamber sample disc 
design was laser cut from polymer sheet material and laminated together to create the fluidic 
disc (heavily influenced by NASA bioCubeSats). The current design has been improved to allow 
convenient loading and unloading of the biological samples, pre-flight operations, late access 
handling, and post-flight analysis. A second version has been developed and manufactured 
with a design that mechanically clamps multiple layers together with re-usable elastomer 
seals (using a machined aluminium load spreader and multiple screw fixings); see later in 
section 4.1.1.1. 

 

• Biological samples – Nematode worms (C. elegans) 
C. elegans nematode worms are found in the soil worldwide and measure at approximately 
1mm in length and 80µm in diameter. The bioscience community has widely accepted them 
as a model organism for laboratory studies of multi-cellular organisms with many similarities 
at the cellular level with human cells. Therefore, they are widely used as a model of human 
biology for diverse studies, including fundamental biology and for developing pharmaceutical 
treatments. The space bioscience community has also adopted them and flown multiple times 
in space (including in experiments with Tim Etheridge from University of Exeter as a co-
investigator). 

For the BAMMsat-on-BEXUS payload and flight, it was intended that the nematode worms 
should be used as an example of a space-bioscience relevant biological payload so that the 
BAMMsat payload could demonstrate their viability and health maintenance during flight. 
This was assessed by observing the C. elegans movement rate behaviour, which is 
characteristic of their health, via the BAMMsat imaging system. Furthermore, the overall 
BEXUS flight and operations confirmed the ability to also handle nematode worm samples 
appropriately in pre-flight and post-flight situations.   

During pre-flight, worms were grown on agar growth media plates at +20°C (i.e., standard 
culturing conditions) for ~36-hours to reach larval stage 4. The worms were loaded into the 
BAMMsat 32-chamber fluidic disc and sealed appropriately with a transparent gas permeable 
membrane. The fluidic disk was inserted into the BAMMsat payload, and the chambers filled 
with growth media which provide an environment sufficient for the worms’ continued growth 
to adulthood. The subsequent behavioural/functional indices were monitored via optical 
video imaging at various time intervals during the flight. While it was planned to flush the 
growth chambers with a preservative solution before landing to maintain the worms in a 
preserved/inanimate state until additional laboratory analysis at the University of Exeter, this 
was not possible during the flight. During the preserved state, the temperature control 
requirement would have been relaxed, and it was foreseen that the cold temperature at 
ESRANGE could aid preservation. Various control samples of nematode worms were 
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prepared, including identical “ground control” samples that were monitored at the launch 
site but not flown.  

 

 

• COTS imaging system to confirm motility of C. elegans during flight 
For this flight, a low-cost COTS imaging system was used to collect visual data on C. elegans. 
The captured images and video files were used to confirm the survivability of the payload (C. 
elegans) and confirm if BAMMsat had achieved the objective of demonstrating the ability to 
maintain in a viable state a biological payload (C. elegans) during flight. The camera was 
focused on imaging the flat end faces of the cylindrical growth chambers where the nematode 
worms will be deposited. It imaged their movement rate, that preferentially was adjacent to 
the growth chamber walls/surfaces. The characteristic motility behaviour of the worms is an 
established indicator of their health status. 

 

• Environmentally controlled pressure vessel 
The BAMMsat microfluidic and sensor payload that house, maintain, perturb and observe 
biological samples was operated at a controlled temperature suitable for biological samples 
(typically fixed at a value in the range +18°C to +22°C) and in an atmosphere equivalent to 
Earth sea-level atmosphere composition and pressure of 101 kPa. Therefore, for this flight on 
the BEXUS stratospheric balloon and for future spaceflight, a controlled environment needs 
to be created to provide these conditions. As described earlier, the final CubeSat version 
requires a pressurised, thermally-controlled system to provide an internal atmosphere to 
enable O2 and CO2 gas exchange between the sample chamber and the localised environment 
inside the pressure vessel to ensure the survivability of the biological samples. 

The approach taken is like existing bioCubeSat designs and was based on the design that has 
been developed from a previous BAMMsat packaging exercise: 

• Have a cuboid aluminium alloy machined pressure vessel with two removable 
faces and with a pressure seal 

• Have internal mounting points for the microfluidics and sensor payload 

• Have an electrical feedthrough to connect sensors and actuators to payload 
electronics external to the pressure vessel 

• Have a cold-biased thermal control system with a passive thermal control to 
endure cold temperatures and active thermal control to increase the internal 
temperature. It will be comprised of: 

o Passive thermal control:  

Suitable surface coatings, insulating layers internally and externally (e.g., 
metallised Mylar film in the form of multi-layer insulation (MLI)) 

o Active thermal control: 

▪ Thin-film electric resistive heaters 

▪ Electric fan to internally circulate the pressure vessel atmosphere 
to distribute thermal energy (also to ensure no build-up of 
atmosphere diffusion gradients across gas-permeable 
membranes as part of the microfluidics system and where such 
membranes are required for gas exchange into the liquid 
biological growth media) 
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▪ Temperature sensors 

▪ Microcontroller-based feedback control loop to use temperature 
sensor data to control the thin-film heaters (e.g., use bang-bang, 
Proportional Integrate Derivative (PID) or another suitable 
control approach) and maintain a constant internal temperature 
within set tolerances 

• Have sensors to measure other internal environmental data – specifically internal 
absolute pressure and internal relative humidity  

 

• Electronics and software  
 

The 1U bus housed the avionics for our experiment, including the Raspberry Pi Zero (primary 
flight computer) and a secondary microcontroller. There were planned a total of 25 sensors 
which would be spread across 6 communication lines, although some were deselected. We 
initially decided to spread our sensors across these six protocols as an additional redundancy 
in case there is a component failure which may result in the disruption of the entire protocol, 
although in practise the protocols used were those defined by the most readily-available and 
suitable COTS components. Another significant aspect of the electronics design is the fact that 
all voltage lines were made uniform with each other at specific levels. This was required to 
minimise the number of wires passing through the hermetic feedthrough connector 
interfacing the 1U bus and Pressure Vessel. 

 

1.5. Team Details 

 Contact Point 

 

Name: Aqeel Shamsul  

Telephone: +447598262671 

Email: a.shamsul@cranfield.ac.uk 

Address: BAMMsat-on-BEXUS 

c/o Aqeel Shamsul,  

Building 83. 

Cranfield University, 

College Road,  

Cranfield, Bedfordshire,  

MK43 0AL, 

United Kingdom 
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 Team Members 

Table 1-2: BAMMsat-on-BEXUS team members 
 

Team member Degree undertaken Role Picture 

Giovanni Sinclair  MSc Astronautics 
and Space 
Engineering 19/20 

Team leader 

Electronics 

 

Aqeel Shamsul  PhD in Space 
Engineering 

Deputy team leader 

Experiment payload in 
fluidics, sensors and 
imaging system 

 

Adrien Bolliand  MSc Astronautics 
and Space 
Engineering 19/20 

Deputy team leader 

Systems engineering, 
experiment thermal 
design 

 

Mike Cooke PhD in Medicine  Biological payload 

 

Amin Chabi MSc Astronautics 
and Space 
Engineering 19/20 

Mechanical - Pressure 
vessel and interfaces 
to the 1U Bus, 
experiment, gondola 
and passive thermal 
design 
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Mateusz Zalasiewicz 

 

MSc Astronautics 
and Space 
Engineering 19/20 

Software 

 

Miguel Martinez de 
Bujo 

 

MSc Astronautics 
and Space 
Engineering 19/20 

Project Management 

 

Jesus Lucero MSc Astronautics 
and Space 
Engineering 19/20 

Community manager 
and outreach 

 

Nikita Shetti MSc Astronautics 
and Space 
Engineering 20/21 

Electronics, marketing 
and outreach  

 

Raj Panchal MSc Astronautics 
and Space 
Engineering 21/22 

Marketing and 
outreach 

 

Sathesh Raj BSc Biology and 
Physics  

Marketing and 
outreach 
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Romain Giraud MSc Astronautics 
and Space 
Engineering 20/21 

BoB external camera 

 

Hector Lleo MSc Astronautics 
and Space 
Engineering 20/21 

Electronics 
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 EXPERIMENT REQUIREMENTS AND CONSTRAINTS 
 

2.1. Definitions 

 Naming Convention 

 

The naming convention has been created to organise the requirements. It has the following 
format: 

• XX (2 consonants to define the type of requirement) 

• 00 000 (5 numbers to identify the requirements) 

• c (stands for condensed as this is a condensed version) 

• Main Requirement IDs are multiples of 10, sub-requirement IDs are multiples of 1 

• E.g. FC-01 100c for the 1st FunCtional condensed requirement 
 

 Nomenclature 

 

CHAMBERS 

 

REFERS TO THE INDIVIDUAL CHAMBERS INSIDE THE MULTI-
CHAMBER SAMPLE DISC (MCSD) WHERE C. ELEGANS WILL BE 
INCUBATED. 

 

FIGURE 2-1 MCSD DISC WITH FOUR CHAMBERS BEING 
HIGHLIGHTED 

EXPERIMENT 
OPERATION 

 

Start at launch and end during the float phase before the cut-off at 
“the end of operation”. The experiment was designed with a 
baseline operation to meet our experiment objectives within 1-
hour as per minimum float time. In the event of extended float 
time, we had an extended operations plan to perform other system 
performance verification. 

EXTERNAL 
ENVIRONMENT 
STATUS 

The term refers to temperature, absolute pressure outside the 
pressure vessel and solar illumination at a fixed time. 

FCT 
Flight Compatibility Test. After this event, the BoB team handover 
the experiment to the launch provider. 

GROWTH 
MEDIUM 

The term refers to a liquid medium, containing non-pathogenic 
OP50 E. coli, designed to support the growth of the C. elegans. 

HEALTH  
The team refers to the population status, mobility speed, motility 
speed, gross observable phenotypes and size of the C. elegans. 
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STATUS 

HOUSEKEEPING 
DATA 

Refer to internal and external environmental parameters. 

INTERNAL 
ENVIRONMENT 

Refers to the environmental parameters that C. elegans worms are 
experiencing at a fixed time. In other words, it is the environment 
inside the MCSD chambers and not necessarily the environment of 
the rest of the experiment. This includes:  

• Temperature 

• Absolute pressure 

• Humidity 

• Fluidic pressure 

• Fluidic volumetric flow rate 

MCSD Multi-chamber sample disc.  

PRE-FLIGHT 
OPERATIONS 

Start at loading of the worms to the MCSD and end at launch. 

SYSTEM 

Refers to the assembly of BAMMsat hardware that will be flying on 
BEXUS only. The “system” is composed of an experiment assembly 
or payload (C. elegans and a pressurised environment) and a bus 
(that will support the payload). 

 

2.2. Functional Requirements 
 

Requirement 
ID 

Description WP 

FC-01 100c The system shall provide a viable and nutritious internal environment to 
ensure the viability and a low metabolic rate of the C. elegans during the pre-
flight operations. 
 
The internal environment refers to the environmental parameters in which the 
C. elegans worms evolve. This includes temperature, absolute pressure, 
humidity, O2 concentration in fluids, fluidic pressure, fluidic volumetric. The 
required nutrients will be provided by a growth fluidic media. The system and 
pre-flight operation will be designed to be able to hand over the system with C. 
elegans to the launch provider  24 hours in the best case, to 96 hours in the 
worst case, before launch. 

2000/3000/
5000 

FC-01 200c The system shall provide a viable and nutritious internal environment to 
ensure the viability of the C. elegans during experiment operation.  

2000/3000/
5000 

FC-02 100c Deleted 
This requirement is expanded below 

 

FC-02 110c The system shall measure and log internal temperature during pre-flight and 
experiment operation. 

3000 

FC-02 130c The system shall measure and log internal pressure during pre-flight and 
experiment operation. 

3000 
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FC-02 140c The system shall measure and log internal relative humidity during pre-flight 
and experiment operation. 

3000 

FC-02 160c The system shall measure and log the fluid pressure during pre-flight and 
experiment operation. 

3000/5000 

FC-02 170c The system shall measure and log the fluidic volumetric rate during pre-flight 
and experiment operation. 

3000/5000 

FC-02 200c Deleted 
This requirement is expanded below 

3000 

FC-02 210c The system shall measure and log the external temperature during pre-flight 
and experiment operation.  

3000 

FC-02 220c The system shall measure and log the external absolute pressure during pre-
flight and experiment operation.  

3000 

FC-02 230c The system shall measure and log the external solar illumination during pre-
flight and experiment operation.  

3000 

FC-03 100c The system shall take and log static images and video of the C. elegans inside 
the MCSD via an imaging system during pre-flight operation and experiment 
operation to evaluate the health status of the C. elegans. 
 
The health status of the C. elegans can be defined by imaging its population 
density, mobility, motility, behaviour and size. The imaging system consists of a 
camera, imaging lenses, and illumination source. The pre-flight imaging is to 
confirm the viability of the C. elegans before starting the experiment and 
confirm the pre-flight experiment procedure 

5000 

FC-03 200c The system shall be able to take and log videos of a chamber while the media 
of this last one is being replaced.  
 
This will enable us to see in real-time the impact of the drug that we will pump it 
into the chamber. The drug is an anaesthetic; therefore, it is expected to see C. 
elegans slowing their movement. 

3000/5000 

FC-04 100c The system shall determine which side is being illuminated by the sun.  
 
To understand which side of the system is being heated up by the solar 
irradiance and evaluate the performance of the thermal regulation.  

3000 

FC-05-100c The system shall segregate the C. elegans population in chambers in the 
MCSD 

5000 

FC-05 200c The system shall pump different type of media inside the MCSD. 
 
To feed, give a drug or fix the C. elegans. Dye solutions are being considered. 

5000 

FC-05 300c The system shall pump different type of media out the MCSD into a fluidic 
waste reservoir.  

5000 

FC-05 400c The system shall measure and log the angular position of the MCSD in 
reference to the imaging system.  

5000 

FC-06 100c The system shall transmit internal and external status data to the ground 
station via the BEXUS E-Link during pre-flight operation and experiment 
operation. 

3000 

FC-06 200c The system shall be able to receive and execute commands from the ground 
station via the BEXUS E-Link. 

4000/3000 

FC-06 300c The ground support system shall have a user interface to display 
housekeeping information, operational sequences during pre-flight and 
experiment operation. 

4000/3000 
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FC-06 400c The ground support system shall have a user interface to transmit override 
commands sequence to the systems during pre-flight and experiment 
operation. 

4000/3000 

FC-07 100c The system shall rotate the MCSD via a Geneva drive to address independent 
chamber for fluidic and imaging.  

3000/5000 

FC-08 100c The Pressure vessel shall be able to contain a leak of media from the fluidic 
system that would happen after the FCT. 

2000/5000
0 

 

2.3. Performance Requirements 
 

Requirement 
ID 

Description WP 

PR-01 100 

The system shall segregate the C. elegans population into 16 groups of 10 ±5 L4 
stage C. elegans. 
 
5 strains/ conditions in total. Three chambers per strain which total to 16 chambers. 
One strain will the wild type control strain.  5000 

PR-02 100 Deleted  

PR-02 200 Deleted  

PR-02 300 Deleted  

PR-03 100 

The pressure vessel shall maintain the internal atmospheric pressure when closed 
at the ground in a range of ±0.2 bar during the pre-flight and experiment 
operation.  
 
The ~1 bar will be approximate to the atmospheric pressure at ESRANGE during the 
flight campaign. A margin of 0.2 bar will be safe for C. elegans and internal 
hardware.  3000/2000 

PR-04 100 The system shall measure the internal temperature between +0 °C and +30°C. 3000 

PR-04 110 The system shall measure and log the internal temperature at least every second. 3000 

PR-04 120 

The system shall measure the internal temperature with a ± 1 °C accuracy. 
 
Should be precise enough to enable thermal regulation and validate PR-02 10c, PR-
02 20c and PR-02 30c. 0.1oC is a common precision.  3000 

PR-04 200 The system shall measure the external temperature between -80 °C and +30 °C  3000 

PR-04 210 
The system shall measure and log the external temperature at least every 10 
seconds. 3000 

PR-04 220 

Deleted 
"The system shall measure the external temperature between ± 1 °C accuracy.” 
It was recognized that the system does not need to measure external temperature 
in order to fulfil its objectives. The requirement was rejected. 3000 

PR-05 100 

The system shall measure the internal absolute pressure between 500 hPa and 
2500 hPa. 
 
Shall be precise enough to validate PR-03 10c. Should be precise enough to validate 
PR-03 11c. 0.03hPa is a common precision 3000 

PR-05 110 The system shall measure the internal absolute pressure at least every second.  3000 
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PR-05 120 The system shall measure the internal absolute pressure with ± 200 Pa accuracy. 3000 

PR-05 200 

Deleted 
“The system shall measure the external absolute pressure between 1 hPa and 1500 
hPa.”  
It was recognized that the system does not need to measure the absolute external 
pressure in order to fulfil its objectives. The requirement was rejected. 3000 

PR-05 210 

Deleted 
“The system shall measure the external absolute pressure at least every 10 seconds.” 
It was recognized that the system does not need to measure the absolute external 
pressure in order to fulfil its objectives. The requirement was rejected. 3000 

PR-05 220 

Deleted 
“The system shall measure the external absolute pressure with ± 200 Pa accuracy.” 
It was recognized that the system does not need to measure the absolute external 
pressure in order to fulfil its objectives. The requirement was rejected. 3000 

PR-06 101 

The system should measure the relative humidity of the internal environment 
between 5% and 100%. 
 
The humidity and resultant condensation should not be a problem. It has been 
computed that the total volume of water trap in the vessel if the relative humidity is 
50 % at room temperature is around a quarter of a ml. But a dry environment could 
lead to some media evaporation, and it could be interesting to monitor the humidity 
even with a coarse precision of ± 5%. 3000/2000 

PR-06 111 
The system should measure the relative humidity of the internal environment at 
least every 60 sec. 3000/2000 

PR-06 121 
The system should measure the relative humidity of the internal environment with 
a 5% accuracy. 3000/2000 

PR-07 100 

The system shall take and log static images of the C. elegans with a resolution of 
0.025 mm over C. elegans with at least 3280 x 2464 pixels.  
 
The number of pixels was based on the Raspberry Pi camera capabilities 5000 

PR-07 200 

The system shall capture and log video with a minimum resolution of 0.075 mm 
over C. elegans with at least 1080 x 1920 pixels. 
 
 Numbers based on the Raspberry Pi camera capabilities 5000 

PR-07 210 

The system shall capture and log video with a minimum of 30 images per second. 
 
Shall be enough to identify C. elegans type of motility/mobility 5000 

PR-08 200 

The system shall measure the fluidic pressure between the inlet and outlet of the 
pump between 0 and 20 000 Pa. 
 
The pressure sensors are placed to measure the pressure difference across the pump 
for any sudden pressure lost 5000/3000 

PR-08 210 

The system shall measure and log the fluidic pressure between the inlet and outlet 
of the pump at least every second. 
 
Every second - to precisely detect a failure. 5000/3000 

PR-08 220 
The system shall measure the fluidic pressure between the inlet and outlet of the 
pump with a ±200 Pa accuracy for each chamber pumped.  5000/3000 

PR-08 300 
The system shall measure and log the fluidic mass flow rate passing through the 
multi-chamber sample disc between 0 µL/min and  1000 µL/min. 5000/3000 
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This allows us to fill the chamber with the right quantity of media  

PR-08 310 

The system shall measure and log the fluidic mass flow rate passing through the 
multi-chamber sample disc at least every second. 
 
every second - to precisely detect a failure 5000/3000 

PR-08 320 
The system shall measure and log the fluidic mass flow rate passing through the 
multi-chamber sample disc with a ± 50 µL/min accuracy. 5000/3000 

PR-09 100 

Once connected to the BEXUS E-Link, the system shall transmit via BEXUS E-Link 
housekeeping data from the internal environment at least every second except 
imaging data. 
 
 In case of failure, a detail dataset may be needed for accident investigation.  3000/4000 

PR-09 200 

Once connected to the BEXUS E-Link, the system shall transmit via BEXUS E-Link 
data from the external environment at least every 10 sec. 
 
Will be needed to evaluate the behaviour and performance of the thermal regulation 3000/4000 

PR-10 100 

The system shall carry on-board a minimum of 10 ml of media. ~ 6 ml of growth 
media + ~1 ml of fixative + margin. 
 
This is sufficient to validate all mission objectives 5000 

PR-10 101 

The system should carry on-board a minimum of 95 ml of media. ~ 80 ml of growth 
media + ~ 5 ml of drudged media + ~5 ml of fixative + margin. 
 
This would enable procedures for extensive testing of the system 5000 

PR-11 100 

Deleted 
“The system shall survive transient excitation of -10g vertically and ± 5 g horizontally 
during landing as specified in the BX_REF_BEXUS_User Manual_v7-4_04Dec18 [1].” 
See DG-11-400. 2000 

 

2.4. Design Requirements  
 

Requirement 
ID Description WP 

DG-01 100 The material used in MCSD shall be biocompatible with the C. elegans.  5100 

DG-01 200 

The system shall have a filter that retains the C. elegans within its chambers and 
allows fluid exchange. 
 
The system shall have a filter that retains the C. elegans within its chambers 5100 

DG-02 100 

The electric motor shall use an encoder. 
 
This combined with the abutment of the MCSD will allow the system to know which 
chamber is being analyzed by the imaging system and connected to the fluidic 
system 

3000/500
0 

DG-02 200 
The electric circuit for the motor driving the Geneva drive shall have safety circuit 
to prevent any voltage and current spike.  

3000/500
0 

DG-03 101 
The fluidic network should have a bubble trap to prevent bubbles from going 
inside the sample chamber.  5000 
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DG-03 201 

The plane side of the MCSD and the imaging plane should be perpendicular to the 
direction of gravity.  
 
In this orientation, the sedimentation doesn’t obstruct the imaging system 5000 

DG-03 300 

The Fluidic system below the MCSD shall be aligned with the imaging system.  This 
will enable FC-03 20c and allow us to see in real-time the impact of the drug that 
we will pump it into the chamber.  5000 

DG-04 100 

The dimension of the pressure vessel shall not exceed a 2U CubeSat format.   
 
A 2U CubeSat format is defined as 20cm×10cm×10cm  2000 

DG-04 200 

The pressure vessel shall be designed to statically hold the experiment assembly. 
 
Extra requirements likely to follow underneath 2000 

DG-04 300 

The system shall be rigidly mountable to the BEXUS gondola. The BEXUS manual 
[1] stated that stress calculation or load analysis needs to be shown that the 
mounting is strong enough.  2000 

DG-04 400 

deleted 
The pressure vessel shall be designed to comply with the Swedish Law AFS 2016:1. 
After studying the law, it was not applicable for the system.  

DG-04 500 
The pressure vessel shall be designed with at least 2 x safety factor as specified by 
the BEXUS organiser. 2000 

DG-05 100 

The dimension of the system shall not exceed a 3U CubeSat format.  
 
(2 U pressure vessel + 1U bus) A 3U CubeSat format is defined as 30cm×10cm×10cm 2000 

DG-06 100 

The system shall have a panel-mounted with a 4 pin, male, box mount receptacle 
MIL–C-26482P series 1 connector with an 8-4 insert arrangement (MS3112E8-4P) 
to connect the system to the BEXUS power bus. The specification is determined by 
the BX_REF_BEXUS_User Manual_v7-4_04Dec18 [1]. A suggested connector is 
Amphenol PT02E8-4P. Refer to Chapter 6.2 in the manual.  3000 

DG-07 100 

The system shall have a panel-mounted with RJF21B with a CODE A insert to 
connect to the BEXUS E-link via an RJ45 cable mated to the MIL-C-26482-MS3116F-
12-10P. Refer to BX_REF_BEXUS_User Manual_v7-4_04Dec18 [1] in Chapter 6.3. 
The RJ45 mated to the MIL-C-26482-MS3116F-12-10P will be provided by the SSC. 3000 

DG-07 200 

The system shall connect to the inside of the RJF21B using an RJ45 cable.  
 
This connection connects the experiment to a connector on the RJF21B which is 
connected to another RJ45 that connect to the BEXUS E-Link 3000 

DG-08 101 

The system except for the C. elegans, growth media and preservative should be 
reusable between testing phases and flight campaign. 
 
Reusable design is needed to perform tests at “low-cost.” 

5000/200
0/3000 

DG-09 100 

The system shall have an override function to control the system from the ground 
station. 
 
In the event non-nominal experiment operation 

4000/300
0 

DG-09 200 

A safe mode shall be implemented. 
 
In the case of failure, it will ensure reboot of the system, a minimal level of 
temperature regulation and that data is safe 4000 



- 31 - 

DG-10 100 

The temperature of the internal environment with C. elegans shall never be at a 
temperature below +10 C until end of experiment operation. 
 
Otherwise, the survival rate would be too low for the total number of worms. 
WARNING The CubeSat may be outside mounted on the gondola without any power 
for at least 30 min  2000 

DG-10 200 

The system shall maintain the internal environment at +12°C ±2°C during pre-flight 
operation. 
 
The medium-full life cycle of a C. elegans is around 15 days. At that low temperature, 
C. elegans would be in a low metabolic state, and they will age more slowly. This 
enables us to experiment on C. elegans at the stage that we want during operation 
while handing over the system with worms up to 96 hours before launch 2000 

DG-10 300 

The system shall maintain the internal environment at +20°C ±2°C during 
experiment operation.  
 
At this temperature, C. elegans metabolic rate is nominal and they behave normally 2000 

DG-11 100 

The experiment shall operate nominally within the temperature profile of a BEXUS 
flight as stated in BX_REF_BEXUS_User Manual_v7-4_04Dec18 [1] 
 
All system including the blanket 

2000/300
0 

DG-11 200 

The system should function and perform nominally in pressure environment 
between 1 bar and 5 mbar  as stated in BX_REF_BEXUS_User Manual_v7-
4_04Dec18 [1] 
 
the system excluding the blanket 

2000/300
0 

DG-11 300 

The system shall and perform nominally when the environment of DG-11 100 and 
DG-11 200 are combined as suggested in BX_REF_BEXUS_User Manual_v7-
4_04Dec18 [1] 
 
the system excluding the blanket 

2000/300
0 

DG-11 400 

The system shall be compatible with the pre-flight, count down, flight and post-
flight vibration environment as detailed in the BX_REF_BEXUS_User Manual_v7-
4_04Dec18 [1] 
 
the system excluding the blanket 

2000/300
0 

DG-11 500 

The system shall cope with a static load of  at least 10 times the weight of the 
functional system as stated in the BX_REF_BEXUS_User Manual_v7-4_04Dec18 [1] 
 
the system excluding the blanket 2000 

DG-12 100 

CubeSats materials shall have a Total Mass Loss (TML) < 1.0 % 
 
P POD requirement a list of NASA approved low out-gassing materials can be found 
at: http://outgassing.nasa.gov 2xxx 

DG-12 200 The 1 U bus shall accommodate ascent vent 
2000/300
0 

DG-13 100 Deleted  

DG-14 100 
Deleted 
The system shall have a filter that retain the C. elegans within its chambers  
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DG-15 100 The system shall not consume at any time more than 40 W. 
3000/500

0 

DG-15 110 
The average consumption of the system shall be less than 25 W during pre-flight 
and experiment operation 

3000/500
1 

DG-15 200 The system shall not consume at any time more than 2 A on the BEXUS battery 
3000/500
2 

DG-15 210 The systems shall not consume on average more than 1 A on the BEXUS battery 
3000/500
3 

DG-16 100 

Deleted 
“The pressure vessel shall accommodate a pressure inlet allowing to overpressure 
vessel to a minimum of 2 bar under atmospheric condition outside the system.” 
This inlet would be unpractical for the system. The inlet would have enable to verify 
the DG-04-500 using flight elements of BAMMsat exclusively, but it was decided to 
implement a lid with a pressure inlet only for test T 07, and BAMMsat will fly with a 
flat lid. 2000 

DG-17 100 

The material that will be in contact with a chemical or have to contain a leak shall 
be compatible with the chemical. This includes compatibility under operating 
shocks, vibration, pressure, temperature and reactivity as suggested in the Esrange 
Safety manual v8.1. 

2000/500
0 

 

2.5. Operational Requirements 
 

Requirement 
ID 

Description WP 

OP-01 100 

The operation and experiment procedure shall comply with any Swedish and UK 
law for handling and experimenting with C. elegans. 
Because a scientific experiment on living organisms can raise ethical concerns 
among the public, we would like to mention that there is no ethic guideline 
associated with C. elegans.  1000 

OP-01 200 
The design, test and qualification procedure for the pressure vessel shall be 
approved by the ESRANGE Safety Board: 1000 

OP-03 100 

The vibration of the system during transport shall be monitored from Cranfield to 
Esrange. 
 
To be able to testify the integrity of the hardware 1000 

OP-04 100 
On the ground, before launch and after integration, the system shall be able to 
evaluate the health status of C. elegans worms.  1000 

OP-06 100 
Any part of the system that will be in contact with the C. elegans shall be sterilised 
before assembly.  5000 

OP-07 100 
The system shall be mounted on the gondola behind the gondola frame for 
protection and to expose the system to dynamic solar irradiance. 1000 

OP-08 100 

The system shall be capable of actively heating the temperature of the internal 
environment before the start of the experiment.  
 
Heating-up the system changes the C. elegans from being in low metabolic phase to 
active phase to increase metabolic activity in preparation of experiment operation.  2000 

OP-09 100 
The system shall perform the nominal experiment sequence autonomously from 
the start of the experiment to the end of the experiment.  4000 
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OP-10 100 
At FCT the system shall be handed over to SSC and not physically access after until 
retrieval. Only applicable if the launch is performed on day 5 or 6 or 7 5000/1000 

 

2.6. Constrains 

Requirement 
ID 

Description WP 

CT-01 100 
The system described above shall be designed, manufactured, tested, operated by a 
team of students from Cranfield University and Exeter University. all 

CT-02 100 
The system described above shall be designed, manufactured, tested, operated 
between December 2019 and October 2020. all 

CT-03 100 
The system shall fit the outer dimensions of a 3 U CubeSat without the tuna can 
antenna. (300 * 100 *100 mm)  2000 
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 PROJECT PLANNING 

3.1. Work Breakdown Structure (WBS) 

 

Figure 3-1: Work breakdown structure and associated work packages (WP) for BAMMsat on BEXUS 
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3.2.  Schedule 
 

COVID-19 impacted the original scheduling at the start of the project. The UK government 
imposed a confinement in mid-March 2020 where both Cranfield University and Exeter 
University were closed from any further physical research activities. It halted the team’s 
ability to perform tests and progressing nominally. At first, coming into CDR in May 2020, the 
team viewed that the confinement would not have a significant impact on the project timeline 
providing that the confinement will last till mid-June 2020. It was seen that up till mid-June, 
the team should be able to test components at home. However, it may be true in some 
respect, the team had discovered further issues caused by COVID-19 and technological 
challenges. The lab at Cranfield and Exeter reopened on the week of the 20th of July 2020. The 
date is one month later than expected. It became apparent that after the CDR the team was 
missing lab equipment and facilities which limited their ability to perform any comprehensive 
and critical verification test.  

The second setback endured by the team was the delay in procurement. The delay came from 
restrictions placed by the university for purchasing goods and delay from the supplier. When 
the confinement began, the university has placed restriction in purchasing goods which meant 
that the team had to pass several red tapes before being able to complete any purchasing 
request as the team’s finances was being controlled and provided by the university. In 
combination with supplier’s delay. It caused a significant setback with most of the 
manufactured parts, sensors, actuator and electrical components arriving in the last week of 
July to mid-August 2020. It meant that most verification tests were performed in August 2020.  

It was decided in September 2020 that the BEXUS 30/31 launch campaign had been 
postponed to September 2021. The postponement did provide a relief to the team as the 
team was heavily impacted by the COVID disruption. The team also took the opportunity to 
improve the overall design of the experiment. One of the key work packages being improved 
was the electronic design; a second generation of the PCBs was designed and manufactured. 
Similarly, the fluidic systems were iterated to improve the build quality and mitigate leak. The 
on-going work does impact the verification testing of the experiments. The full system 
integration test and flight operation test was delayed mid-July 2021.  

In January 2021, the third lockdown was issued by the UK government. Following UK 
government advice, Cranfield implanted restricted access to the university. Only research 
students were allowed to work in the lab; this did not include MSc students or external 
contractors (previous MSc students). This had a major impact on the software subsystem 
testing as critical team members were unable to travel to the lab to perform hardware testing 
using flight software. Cranfield University reopened on the 8th of March and subsystem testing 
gradually resumed. 
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3.3.  Human resources 
 

The situation with the Covid-19 pandemic and the measures that the government has taken 
to mitigate the crisis affected our project schedule. The main effect can be noted in the delay 
in the biocompatibility test. This was the first test of the project, started in February with 
MCSD that was already manufactured at Cranfield University and shipped to the University of 
Exeter. The biological lab is based in Exeter. After beginning this test, it was realised that the 
MCSD had a leakage problem. At that point, testing was halted while the leakage problem 
was addressed. However, before the problem could be solved, at mid-March, the University 
of Exeter took the measure of closing its laboratories. This stopped the biocompatibility test 
indefinitely. The labs at both universities reopened 20th of July 2020. This was much later than 
expected and caused set-backs to the team; we had to make up for lost time. 

Luckily, this was the only noticeable change that this situation caused. At first, the closure of 
Cranfield’s laboratories had not imposed any significant delay because we were not expecting 
to conduct any tests before May. Team members were also able to take some of the 
laboratory tools to their homes, and it was be possible to carry out the first component tests 
away from the laboratory. However, the late reopening of the lab impacted the team’s ability 
to perform an end-to-end subsystem test in preparation for the IPR in July 2020. 

The quarantine situation had also made the team more aware of the importance of 
communication between team members and with the team mentors. For this reason, we 
started carrying out weekly online meetings where team members could inform the team 
about their progress, ask for feedback on their work and consult others for how to move 
forward in some topics. We also contacted out mentor Dr Pol Ribes weekly through video 
conferencing, and his feedback and advice helped the team move forward with the design, 
especially regarding the imaging system design. 
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Figure 3-2: Availability matrix for team members. In each cell, it is written the main task of the team member for every month. Colour code: green 
means full time availability, yellow mean part time availability and red means not available.   

 October 2019 November 2019 December 2019 January 2020 February 2020 March 2020 April 2020 May 2020 

Aqeel Proposal 
Selection 
workshop 

Fluidics 
reconfiguration 

Test MCSD / 
Imaging system 

2U assembly / 
Imaging system 

Solve leakage 
/ Imaging 

system 

Solve 
leakage /     

Test MCSD 
Test fluidics 

Mike Proposal 
Selection 
workshop 

Plan biological 
operations 

Plan 
biocompatibility 

test 

Biocompatibility 
test 

Biocompatibili
ty test 

Lab closed Lab closed 

Giovanni Proposal 
Selection 
workshop 

Electrical system 
requirements 

Electrical 
system design 

Electrical 
system design 

Electrical 
system design 

Electrical 
system 
design 

Finish 
electrical 
system 
design 

Adrien Proposal 
Selection 
workshop 

System 
requirements 

Operations 
design 

Thermal system 
design 

Thermal 
system design 

Thermal 
system 
design 

Thermal 
system 
design 

Amin Proposal 
Selection 
workshop 

Pressure vessel 
requirements 

Pressure vessel 
design 

Pressure vessel 
design 

Pressure 
vessel design 

Pressure 
vessel design 

Plan 
pressure 

vessel 
testing 

Mat Proposal 
Selection 
workshop 

Software 
planning 

Software 
planning 

Software design 
Software 

design 
Software 

development 
Software 

development 

Miguel 
 

Proposal 
Selection 
workshop 

Task definition 
and Gantt chart 

Cost budget 
definition 

Comic design 

Organise 
testing 

campaign 
tasks 

Feedthrough 
design 

Monitor 
component 

purchasing & 
inventory 

Jesus        
Introduction 

to team 
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 June 2020 July 2020 August 2020 
September 

2020 
October 2020 

November 
 2020 

December 
 2020 

Aqeel 
Purchase 

fluidic 
components 

Plan and begin 
testing 

Testing 
campaign 

Testing 
campaign 

Testing 
campaign 

Testing 
campaign 

Not available 

Mike Lab closed 
Biocompatibility 

test 
Biocompatibili

ty test 
Biocompatibili

ty test 
Biocompatibility 

test 
Biocompatibility 

test 
Biocompatibility 

test 

Giovanni 
Purchase 
electrical 

components 

Plan electrical 
testing 

PCB 
manufacturing 

PCB 
manufacturing 

Testing 
campaign 

Testing 
campaign 

Testing 
campaign 

Adrien 
Finish thermal 

system 
Plan and begin 

testing 
Testing 

campaign 
Testing 

campaign 
Testing 

campaign 
Testing 

campaign 
Not available 

Amin 
Mechanical 
components 
purchasing 

Plan mechanical 
tests 

Testing 
campaign 

Testing 
campaign 

Testing 
campaign 

Testing 
campaign 

Testing 
campaign 

Mat 
Software 

development 
Software 

development 
Testing 

campaign 
Testing 

campaign 
Testing 

campaign 
Testing 

campaign 
Testing 

campaign 

Miguel 

Monitor 
component 

purchasing & 
inventory 

Update 
documentation 

Testing 
campaign 

Testing 
campaign 

Testing 
campaign 

Not available Not available 

Jesus Outreach  Outreach  Outreach  Outreach  Outreach  Outreach  Outreach  

Hector 
     Induction  Training 

Gabrial 
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 January  2021 February  2021 March 2021 April  2021 May 2021 June  2021 July  2021 

Aqeel Not available Not available 
Testing 

campaign 
Testing 

campaign 
Testing 

campaign 

Testing 
campaign (Pre-

flight/flight test) 

Testing 
campaign 

Mike 
Biocompatibili

ty test 
Biocompatibility 

test 
Biocompatibility 

test 
Biocompatibili

ty test 
Biocompatibili

ty test 

Testing 
campaign (Pre-
flight/flight test 

Biocompatibility 
test 

Giovanni 
Purchase 
electrical 

components 

Plan electrical 
testing 

PCB 
manufacturing 

PCB 
manufacturing 

Testing 
campaign 

Testing 
campaign (Pre-
flight/flight test 

Testing 
campaign 

Adrien Not available Not available Not available Not available Repeat T03 
Testing 

campaign (Pre-
flight/flight test 

Testing 
campaign 

Amin 
Testing 

campaign 
Testing 

campaign 

Retesting 
pressure vessel 

with new rail 

Testing 
campaign 

Testing 
campaign 

Testing 
campaign (Pre-
flight/flight test 

Structural 
vibration test 

Mat 
Software 

development 
Software 

development 
Testing 

campaign 
Testing 

campaign 
Testing 

campaign 

Testing 
campaign (Pre-
flight/flight test 

Testing 
campaign 

Miguel Management Management Management Management Management Management Management 

Hector 

Pump 
electrical 
schematic 

design 

Pump electrical 
schematic 

design 

Pump PCB 
design 

Testing 
campaign 

Testing 
campaign 

Not available Not available 

Gabriel Not available Not available 
Testing 

campaign 
Testing 

campaign 
Testing 

campaign 
Testing 

campaign 
Testing 

campaign 

Nikita/ 
Sathesh/ 

Raj 
Outreach  Outreach  Outreach  Outreach  Outreach  Outreach  Outreach  
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 August 2021 September 2021 October 2021 
November 

2021 
December 2021 January 2022 

Aqeel 
Testing 

campaign 
Testing/Launch 

campaign 

Launch 
campaign   

BEXUS Experiments reports 

Mike 
Testing 

campaign 
Testing/Launch 

campaign 

Giovanni 
Testing 

campaign 
Testing/Launch 

campaign 

Adrien 
Testing 

campaign 
Testing/Launch 

campaign 

Amin 
Testing 

campaign 
Testing/Launch 

campaign 

Mat 
Testing 

campaign 
Testing/Launch 

campaign 

Miguel Management 
Testing/Launch 

campaign 
Hector TBD TBD 

Gabriel 
Testing 

campaign 
Testing/Launch 

campaign 

Nikita/ 
Sathesh/ 

Raj 
Outreach  Outreach  
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3.4.  Budget 
The total cost of the project was estimated to be at around £23,318. A breakdown of the costs 
by work package can be seen in Table 3-1, and by type of item in Table 3-2. It is important to 
notice that we have included in the total cost of the project the travel costs for all the team 
members for the flight campaign, estimated at £7,760. To estimate these costs, it was 
assumed that the travel cost would be 200 GBP per team member, the accommodation and 
maintenance would be 54 GBP and 23 GBP per night per team member for ten nights and that 
there would be eight team members attending the flight campaign.  
 
Table 3-1: Preliminary budget broken down by work packages 

WP Price (GBP) 
0000 Management £8084 
1000 System £0 
2000 Structure £5275 
3000 Electrical £3488 
4000 Software £0 
5000 Payload £6051 
6000 Outreach £420 
Total £23318 

 

Table 3-2: Preliminary budget broken down by type 

Type Price (GBP)  
Components £5739 
Manufacturing £9076 
Shipping £300 
Travel £7760 
Outreach £420 
Other £24 
Total £23318 

 
The travel and shipping costs were addressed through the ESA sponsorship of 4 team 
members and the IMechE grant for group projects. ESA sponsorship would account for £3,880 
according to our calculations, and the IMechE grant would be £4,000.  
 
Table 3-3: Sources of funding for travel and shipping 

Source of funds Amount (GBP) 
ImechE £4000 
ESA £3880 
Personal funds £180 

Total funds £8060 

Costs of shipping and travel – £8060 

Total 0 

 
 
The rest of the cost of the project was addressed partly by UK Space Agency (UKSA) with 
£5,000 and partially by Cranfield University with £10,000. These funds were secured and are 
being used for the purchasing of the components and manufacturing needed for the project. 
In Error! Reference source not found., it can be seen as a summary of the funds and costs of 
the project.  
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3.5.  External Support 
The team is supported by Cranfield University through the supervision of Prof. David Cullen 
and Exeter University through the supervision of Prof. Tim Etheridge.  

• Resources available at Cranfield University 
o Mechanical and electronics workshops equipped with a small vacuum chamber, 

several 3D printers, and other tools. 
o Cleanroom 
o Manufacturing facilities 
o 3U CubeSat vacuum chamber 

• Resources available at Exeter University 
o Bioscience laboratories 

• Other resources available 
o Thermal vacuum chamber at Open University  

3.6.  Outreach Approach 
To have a coherent and consistent outreach, the team used three top-level strategies: 

i. Content curation and digital outreach  

To reach out via thematic storytelling. The different contents and stories about the project 
would be organised into different themes focusing on “Bob, the wormnaut”, “the shoebox 
lab” and the “Faces of BOB” to facilitate the dissemination process better. 

ii. Space community and outreach events  

An online and offline strategy via community networking and engagement while presenting 
details of the project at such events to garner more followers. Webinars were planned for the 
members involved in the technical and research aspects of the project to share their insights 
and experiences to connect more with the public.   

iii. Social media management  

Prioritised content on a weekly or monthly basis and when and as needed. In addition, work 
was done to get the team members to be actively present in social media to communicate 
and amplify the stories about the project.  

With these different approaches, the objective or goal was to increase our project’s digital or 
online presence. For online presence, we acquired the domain name “bammsat.com” and set 
up a VPS to have a presence on the web where we can upload the details of our project. Also, 

we created accounts for Instagram (bammsat_on_bexus) and Twitter (bob_ze_wormnaut) 
that will link to our domain and contain highlights from our activities and content from the 
team’s travel and training weeks.  

At the beginning of the project, the small team of seven team members struggled with the 
outreach due to a lack of capacity and resources. To increase our outreach activity, we 
recruited two members to the team Jesus Lucero as a Community and Outreach Manager and 
Tommaso Tonina as an external advisor for marketing. The outreach team further grew with 
three new members. The new members looked at different aspects of the strategy to reach 
out to different individuals and groups. 

Increasing the team members dedicated to outreach increased our social media presence. The 
new team members created accounts on both LinkedIn and Facebook.  There has been a 

https://bammsat.com/
https://www.instagram.com/bammsat_on_bexus/
https://twitter.com/bob_ze_wormnaut
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continuous growth in followers and interactions with LinkedIn having better organic growth. 
The growth highlighted that our best target audience is within the technical and professional 
community. 

  

Figure 3-3. Example of the comic produced for outreach as an engaging story telling of a 
space mission. 
 

We had an agreement with a graphic designer that produced graphic comics about the 
adventures of “BoB the wormnaut” in the form of small comics. The comics were intended as 
an educational series and were released every month. The team oversaw the writing and the 
story of BoB. Around six comics were published across social media during the BEXUS 
programme. The published comics represented the lab activities and other project scenarios 
throughout BEXUS programme.  

We worked with Cranfield University’s media team and agreed to collaborate with them in 
multiple ways. First, we wrote a blog about our project on their website 
https://blogs.cranfield.ac.uk to promote BAMMsat-on-BEXUS. Cranfield University helped us 
by reposting our social media content. 

In response to the engagement gathered from the social media, to cater more to the technical 
and professional community, we organised a webinar and posted technical blogs on our 
website. Our webinar was held on the 24th of July 2020 on an introductory topic on BAMMsat 
and BAMMsat-on-BEXUS. The webinar was recorded and hosted on YouTube; see 
https://bit.ly/2BqYe7P. We have also presented the concept to the ESA CubeSat System Unit 
arranged by our ESA mentor. Additionally, we were invited to present at SpaceMates online, 
organised by SpaceSpecialist Ltd. 

We have participated in five online and physical conferences to date, i) Postgraduate Life 
Sciences Society Virtual Post Conference, ii) Virtual European Worm Meeting 2020, (iii) 34th 
Annual Small Satellite Conference, (iv) 35th Annual Small Satellite Conference, (v) BIS 
Reinventing Space Conference 2021. We have published posters and conference papers for 
these conferences and presented them at the conferences to share the project's status as the 
project developed. The work performed during this period resulted in a peer-reviewed 
publication in the Journal of British Interplanetary Society. At the time of writing, our papers 
have also been invited for presentation at the (i) 4th Symposium on Space Educational 
Activities, (ii) 25th ESA PAC Symposium, and (iii) IAC 2022.  

 

During the launch campaign, the team arranged an Instagram Take Over with the Cranfield 
University media department. The Instagram Take Over gave the BoB team access to the 

https://blogs.cranfield.ac.uk/
https://bit.ly/2BqYe7P
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Cranfield University Instagram account, which has 17,000 followers. The team took this 
opportunity to share our story, the BEXUS programme, and the experience during the flight 
campaign. Cranfield University had also kindly included the flight campaign and the BoB 
mission in its monthly newsletter.  

One of the biggest outreach successes was the in-flight image of the BEXUS platform and BoB 
experiments. The image was shared during the flight campaign with other teams and had a 
short burst of virality. The image is now published on BEXUS 30/31 teams’ social media, 
individual team members, university website and industrial company sponsors. 

 

 

Figure 3-4: In-flight image capture during the BEXUS 30/31 flight campaign 
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3.7. Risk Register 
Risk ID  

TC – technical/implementation  

MS – mission (operational performance)  

SF – safety  

VE – vehicle  

PE – personnel  

EN – environmental  

Probability (P)  

A. Minimum – Almost impossible to occur  

B. Low – Small chance to occur  

C. Medium – Reasonable chance to occur  

D. High – Quite likely to occur  

E. Maximum – Certain to occur, maybe more than once 

Severity (S)  

1. Negligible – Minimal or no impact  

2. Significant – Leads to reduced experiment performance  

3. Major – Leads to failure of subsystem or loss of flight data  

4. Critical – Leads to experiment failure or creates minor health hazards  

5. Catastrophic – Leads to termination of the BEXUS programme, damage to the vehicle or injury to personnel  
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The rankings for probability (P) and severity (S) are combined to assess the overall risk classification, ranging from very low to very high and being coloured 
green, yellow, orange or red according to the SED guidelines 

Table 3-4: Risk register colour code 

 

 

Note on risk register status 

The risks presented below are given in their final status just prior to the launch campaign, i.e., at the final review and before the team’s final departure to 
Esrange. This therefore maintains a record of the risks that were most relevant immediately prior to and during the launch campaign. 
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Table 3-5: Risk register 

ID WP Risk Consequence P S PxS Action 
Mitigated 

risk  
Personnel 

Responsible 

Status 
prior to 
launch 

campaign 

EN010 5100 Fluidic leak 

Experimental failure. C. 
elegans and biologically non-
viable freeze-dried OP50 are 
released into the 
environment. Loss of samples 
will result in objective failure. 
Increased hazard for retrieval. 
 
Up to 10 ml of Glutaraldehyde 
4% and 10 ml of sodium azide 
10mM (6.501mg) could be 
realised in the environment. It 
is a hazard for the 
environment and the BEXUS 
recovery team. 

B 3 B3 

Microfluidic system and pressure 
vessel are two barriers between the 
chemicals and the exterior. 
Cold temperatures and chemicals on 
board will kill the biological payload. 
Organisms flown are non-pathological 
and pose no risk to personnel. 
Chemicals are in low volume, and 
concentration will negate any 
environmental risk. 
Because of the possibility that the 
BEXUS recovery team has to retrieve a 
leaking experiment, a recovery 
procedure, involving the covering the 
experiment with a chemical waste bag 
have been implemented. See section 
6.4 and Appendix L. 

A1  Mike Active 

MS010 0100 

Delays in critical 
tasks of the project 
such as the pressure 
vessel design  

Experiment hardware may 
not be ready before flight 
campaign. 

C 3 C3 
Schedule critical tasks with enough 
margins. Be ready to allocate more 
personnel to certain tasks if needed. 

A3 Miguel Active 

MS011 0100 

Quarantine causes 
delays by restricting 
suppliers' activity 
and increasing lead 
time on 
components. 

Delay in assembly and testing 
campaign. Possible failure of 
IPR. 

C 2 C2 

Alternative routes for purchasing were 
investigated. Components will be 
ordered early. Quotes to be made to a 
wider range of manufacturers. Back-up 
possibility of manufacturing in-house 
for some components. 

C1 Miguel 

Retired 

Delayed 
launch 
and 
majority 
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of flight 
hardware 
already 
purchased 

MS012 0100 

Delay in purchasing 
components 
through University 
due to COVID-19 
situation 

Delay in assembly and testing 
campaign. Possible failure of 
IPR. 

D 2 D2 

Eliminate component testing to check 
the accuracies of the sensors. Carry 
out a review of the datasheet from the 
suppliers instead. This would save 
some time of pre-assembly testing, 
allowing to proceed with the assembly 
as soon as the parts are available.  

D1 Miguel Retired 

MS013 0100 

Delay in assembly, 
not being able to 
begin before IRP, 
caused because of 
the closure of the 
labs and because of 
the purchasing 
restrictions 

Possible failure of IPR. D 2 D2 

Mitigation: prepare to show advances 
in testing and preparation for 
assembly. Start some subsystem level 
test like imaging system test as soon as 
possible. Plan to carry out pre-tests 
that cannot verify requirement, but 
that can give a close approximation to 
ensure passing the full tests.  

D1 Miguel Retired 

MS020 0200 

Break the 
redundant MCSD or 
the pressure vessel 
during testing 

 The project may not be able 
to replace these items 
because of budget 
restrictions. With no spares, 
the risk of the project's failure 
is increased.  

B 3 B3 

Allocate enough contingency 
resources in the preliminary budget to 
be able to manufacture extra key 
parts. Carry out crowdfunding to raise 
extra funds. 

A3 Miguel Active 

MS021 0200 

Failure to secure 
enough funding to 
cover the project's 
budget 

Inability to purchase the 
components and, therefore, 
failure of the project. 

B 4 B4 

Finish preliminary budgets as soon as 
possible and use it to finalise the 
agreements with the UK Space Agency 
and with Cranfield University. Carry 
out crowdfunding to raise extra funds. 

A4 Miguel Retired 
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MS022 0200 
Fail to estimate the 
project's costs 
correctly 

Inability to purchase the 
components and, therefore, 
failure of the project. 

C 4 C4 
Introduce some margins in the price 
estimations. Carry out crowdfunding 
to raise extra funds. 

C2 Miguel Retired  

MS030 1700 

Failure of 
temperature 
regulation of the C. 
elegans before 
launch 

C. elegans either grow at an 
increased rate and exhaust 
food supply or are damaged 
from temperatures outside 
acceptable biological range 

C 3 C3 

Tests of temperature regulation 
system shall be done prior to the 
launch campaign. Keep multiple 
samples of C. elegans ready to be 
loaded in the CubeSat in different 
temperature regulated area. 

A3 Adrien Active 

MS040 4500 

Loss of 
communication 
with BAMMsat from 
ground 

Manual override not possible 
and streaming data for 
monitoring not available 

C 2 C2 

BAMMsat must be able to operate 
fully autonomous and must be able to 
re-establish communications once lost. 
Update: Less probable due to positive 
software tests re-establishing 
connection.  

B1 Mat Active 

MS050 4500 
Corruption of 
stored data 

More reliant on streamed 
data; potential loss of 
experiment data if both SDs 
fail or transfer fails 

B 2 B2 

Verify checksums regularly, ensure 
multiple data storage locations and 
regular and separate backups of data. 
Update: Less severe due to use of 
Journaling File System. Less severe if a 
single file is corrupted due to 
redundancy. Less probable due to use 
of thread-safe queues in code. Severity 
increased as currently trying to resolve 
issues with failing redundant SD – may 
swap to USB interface on Pi. 
Update 01/08/2021: Severity 
decreased as redundant USB storage 
now interfaced to primary computer. 
Critical data files now also written 
using atomic write operations (using 
temporary files). 

A1 Mat Active 
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MS051 4500 
Corruption of 
transmitted or 
received data 

No backup and reliant on 
stored data 

C 2 C2 

Verify checksums and include error 
detection and correction header data 
in communications. 
Update: Less probable due to use of 
error-checking in TCP streaming for 
experiment image data. UDP still 
possible to corrupt, however mitigated 
with frequent telemetry. Severity 
increased due to issues with 
redundant storage; though Journaling 
File System does still decrease 
severity. 

B2 Mat Active 

MS052 4500 

Failure or race 
conditions due to 
multithreading and 
multiprocessing 

Small or critical bugs in 
operation due to timing 
errors. These can range from 
software crash to actual miss-
ordered hardware operation, 
so race conditions are rather 
severe. 

B 3 B3 

Mitigated mainly by adequate testing; 
also, by ensuring that key software 
functionality is not dependent on or 
affected by race conditions. 
 
Update: Thread-safe queues will be 
used for all thread messaging 
operations. 
Update 01/08/2021: A second event 
loop controls the ADCs to prevent 
threading issues noted in testing. 

A1 Mat Active 

MS053 4500 
Failure in ground 
support software 

Manual override not possible 
and streaming data for 
monitoring not available 

B 3 B3 

BAMMsat must be able to operate 
fully autonomously. Ground support 
software must also be subject to 
intensive testing and trial runs. 
 
Update: Further defined autonomous 
operating modes; believed this will 
reduce severity of loss of ground 
support. Additionally, greater data 

A2 Mat Active 
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redundancy on BAMMsat due to 
Journaling File System. 
Update 01/08/2021: System passed 
full flight test sequence without issue, 
thus proving efficacy of autonomous 
operations software. Telecommand 
proved useful during test, so this risk 
will not be retired. 

MS054 4500 
Failure in ground 
support hardware 

Manual override not possible 
and streaming data for 
monitoring not available 

A 3 A3 
Ensure backup hardware is available 
with ground support software installed 
and ready. 

A3 Mat Active 

MS055 4500 
Human error in 
transmitting 
telecommands 

Experimental operations 
sequence altered 

B 4 B4 

Ground support software should 
employ good user interface/user 
experience design to minimise the risk 
of error due to misunderstanding. All 
telecommands should have warnings 
and explanations associated with 
them, confirmation presses required, 
and independent software checks to 
ensure that clearly erroneous 
commands are not sent without 
explicit user override. 
 
Update: Probability decreased due to 
new focus on reliability improvements 
and mitigating operator error (e.g. 
more software checks and bit-masks 
used, particularly for complex 
operations) with newly available time 
due to Covid-19 postponement. 

A1 Mat Active 
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MS056 4500 

Incorrect operations 
due to erroneous 
sensor data, 
particularly with 
temperature 
sensors and thermal 
control 

Experimental failure – 
potential to kill worms due to 
temperatures outside 
biological 

C 3 C3 

Key operations should either require 
multiple sensor agreement 
(particularly for thermal control) or 
should not be dependent on sensor 
readings (e.g. if commanded, camera 
observations or microfluidics drive 
control should occur regardless of 
sensor readings). 
 
Update 01/08/2021: Probability 
reduced to A as software now filters 
obvious bad readings to prevent 
errors, and we have increased 
confidence in sensing hardware after 
numerous tests. The ADC code has 
also been updated for increased 
reliability. 

A2 Mat Active 

MS057 4500 

Failure in data 
compression 
protocol either due 
to bug in module 
responsible for 
storing and 
compressing data or 
unexpectedly low 
compression 
efficiency in 
observations 

No backup and reliant on 
streamed data 

B 2 B2 

Available storage space should be 
monitored, and observation frequency 
tweaked to ensure the best possible 
use of remaining space in the event of 
a problem. Multiple compression 
methodologies should be available and 
tested in case of an unexpected bug in 
one open-source library. With 
redundant storage, if compression 
fails, there is still a significant volume 
of storage space available. 
 
Update: Compression tested 
extensively; no issues noted and using 
very common protocols. Aiming to 
retire risk by flight test with further 

A1 Mat Active 
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compression tests and full mission 
imaging data transmission tests in the 
flight test. 

MS060 4500 
Incorrectly 
switching to 
'emergency mode(s) 

Experiment failure – vessel 
not heated, samples 
die/freeze and 
chemicals/media freeze and 
data not collected. Added 
hazard for retrieval and 
dismantling of hardware 

B 4 B4 

Telecommands must be able to 
override. Where possible, emergency 
modes should still collect as much data 
as possible, including experiment 
observations. 
 
Update: No blocking emergency mode 
on primary flight computer; secondary 
flight computer does have recovery 
mode, but heartbeat interrupts from 
primary should prevent issue. 

A2 Mat Active 

MS061 4500 

Incorrectly 
switching to 
experiment 
operation mode(s) 

C. elegans either grow at an 
increased rate and exhaust 
food supply or are damages 
from temperatures outside 
the acceptable biological 
range. Data storage is filled 
with unneeded information. 

B 3 B3 

Telecommands must be able to 
override. Experiment protocol should 
ideally be such that a few early errors 
do not utilise all available experiment 
resources or that early 
commencement of experiment does 
not damage mechanisms. Could use 
parity in atmospheric 
pressure/temperature/GNSS readings 
and mission clock to determine 
whether experiment can commence, 
but only if this does not create 
additional failure modes. 
 
Update: Further definition of 
autonomous operation and 

B2 Mat Active 
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manual/automatic mode switching has 
been made. 
 
Update: Requesting altitude 
announcement in flight operations; 
should help team respond to any 
issues. 

MS062 4500 

Incorrect 
commands sent to 
experiment 
hardware 

Data storage is filled with 
unneeded information. 
Possible loss of experiment. 

B 4 B4 

Rigorous testing of software. Ground 
support software should display a 
clear overview of what BAMMsat flight 
software is autonomously doing. 

A3 Mat Active 

MS070 4500 
Required to swap 
computers last 
minute 

The experiment may have 
some errors during flight. 
Possible experiment failure. 

B 3 B3 

Ensure software is easily set up and 
readily available on the repository. 
Backup computers should have 
software pre-installed and ready for 
use. 
 
Update: Use of Git for versioning and 
headless Operating System means 
multiple computers can be prepared 
ahead of time. Selection of cheaper 
flight computers means more 
redundancy is available. 
 
Update: Probably reduced to B as each 
single Pi Zero used for software testing 
has operating without major issue for 
months and hardware has proven 
resilient to transportation, thermal 
tests, and electrical faults. 

B1 Mat Active 
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MS080 4500 Single Event Upset 
The experiment may have 
some errors during flight. 
Possible experiment failure. 

A 3 A3 
Highly unlikely due to relatively short 
mission duration and altitude. No 
mitigation deemed necessary. 

A3 Mat Retired 

MS090 5100 
Growth media 
contamination 

Contamination growth affect 
health of worms. reduced 
transparency of media 
reduces visibility of image and 
video capture 

C 2 C2 
If needed fresh media can be made if 
facilities are available or media can be 
filter cleaned/autoclaved 

A2 Mike Active 

MS100 1000 
Fail to pass some of 
the tests in the 
testing campaign.  

Redesign necessary B 4 B4 

Carry out estimations and analysis of 
the systems to be tested to ensure 
that they have the correct design to 
pass the tests. Carry out preliminary 
tests that will help ensure that the full 
tests will be passed. 

A4 Miguel Active 

MS101 1000 
Break any 
component during 
testing campaign  

If there are no spares, it is 
necessary to 
purchase/manufacture it 
again, but due to time 
constraints, it will probably 
not be possible. Hardware not 
available for launch 

B 4 B4 

Carry out structural tests with some 
kind of gradual application of force to 
ensure that there is no problem with 
the components. Work with large 
margins if possible. Take care when 
handling delicate components. 

A4 Miguel Active 

PE010 1700 

One of the Cranfield 
teammates can't 
come to launch 
campaign 

Lack of technical expertise for 
assembling and 
troubleshooting specific 
hardware components 

A 1 A2 

This could have a very high severity, 
but, training will be programmed to 
make sure that there is no monopoly 
of skills 

A1 Miguel Active 

PE011 1700 
Mike Cooke can't 
come to launch 
campaign 

Lack of technical expertise for 
preparing, handling and 
troubleshooting the biological 
and chemical components of 
the experiment 

A 3 A3 

Another teammate should learn how 
to handle C. elegans worms. At a 
minimum, Mike’s and Dr Tim 
Etheridge’s assistance via a video call 
system would be available for remote 
experimental guidance. 

A2 Miguel Active 
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PE020 4300 

Loss of software 
team leader and the 
inability of other 
team members to 
understand/develop 
software 

Lack of technical expertise for 
running and troubleshooting 
specific software issues 

A 4 A4 

Software and language choice must be 
understandable by at least one other 
team member, and comprehensive 
documentation made throughout 
development. 

A3 Miguel Active 

PE030 0100 

Team member falls 
ill or spreads 
disease to others 
during travel 
relating to the 
mission. 

Lack of technical expertise for 
assembling and 
troubleshooting specific 
hardware components 

B 4 B4 

Current UK regulations adhered to on 

social distancing and confinement. All 

unnecessary travel has been cancelled 
pending further information. It is likely 
that when we do travel for the 
mission, we will have to maintain 
increased social distancing. 

A3 Miguel Active 

PE040 0100 

Team member 
travelling to or from 
the home country 
while quarantine is 
required, 
generating possible 
delays in workshop 
tasks. 

Delays in assembling or 
testing. 

B 2 B2 

If a team member is travelling, make 
sure that he is not required to attend 
the workshop in the following weeks 
and that he can carry out his/her job 
from home. 

A2 Miguel Retired 

SF010 5100 
Internal chemical 
leak 

Experiment failure. Samples 
dehydrate if the air is pumped 
through the fluidics system. 
Experiment data could be 
compromised. Dismantling 
the system after retrieval 
becomes hazardous 

B 4 B4 

Microfluidic system is designed to hold 
the fluids properly. 
Chemicals are in such small volumes; 
there is a little risk but should be 
treated with caution (gloves and 
goggles). COSHH and MSDS sheet shall 
be provided (see Appendix M) and 
made available to all people handling 
the hardware/on-site. 
For dismantling the system post-flight 
– at ESRANGE – it will be assumed that 
a leak occurred when dismantling the 

A3 Mike Active 
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system and a procedure has been 
defined in 6.4.3. 

SF011 5100 
Chemical spill 
during pre-flight 
operations 

Potential threat for personal B 4 B4 

Chemicals are in small volumes; there 
is a low risk of large projections. 
Anyone manipulating BoB chemicals 
shall wear the relevant PPE: lab coat, 
gloves, safety glasses or face shield. 
Chemical spill kit shall be ready to use 
when chemicals are manipulated. 
COSHH and MSDS sheet shall be 
provided (see Appendix M) and made 
available to all people handling the 
hardware/on-site. 
The ESRANGE lab is already equipped 
with a safety shower station. 

B2 Mike Active 

TC010 1600 

Late delivery of 
hardware shipment 
necessary for the 
launch campaign 

Hardware not available for 
launch 

B 4 B4 
Shipment should be scheduled to 
arrive a few days before the launch 
campaign 

A1 Adrien Active 

TC011 1600 
Component or tool 
failure before 
launch 

Hardware not available for 
launch 

C 4 C4 
Every item should be at least shipped 
twice the quantity 

A4 Adrien Active 

TC012 3200 

Crucial experiment 
component 
compromised 
during testing 

Hardware not available for 
launch 

B 4 B4 
Extensive care will be taken when 
testing the electronics. Spares are 
accounted for in the cost budget. 

A2 Adrien Active 
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TC013 4500 
Unexpected bug in 
open-source 
libraries 

The experiment may have 
some errors during the flight. 
Possible experiment failure 

D 3 D3 

Rigorous testing of software. Use only 
open-source libraries with good 
community support and transparency 
of issues, evidence of regular patches, 
and avoid beta editions. 

A2 Mat Active 

TC020 2200 

Pressure vessel 
excessive leak of 
pressure during 
flight 

Experimental failure – loss of 
pressure causes loss of O2 and 
CO2 for sample use and 
thermal loss potentially killing 
the worms  

B 4 B4 

Manufacture the pressure vessel with 
minimum removable lids, high-quality 
gaskets or O-rings, and by 
manufacturers who are producing 
pressure vessels to ensure its 
standards. Perform extensive FEA to 
ensure structural integrity. 

A4 Amin Active 

TC030 2300 

Thermal control 
system unable to 
control 
temperature 

Experimental failure – 
potential to kill worms due to 
temperature outside 
biological safe range 

C 4 C4 

Calculating the heat produced 
internally using thermal equations, as 
well as using simulation software to 
minimize the overheating or thermal 
loss for the pressure vessel. 

A4 Adrien Active 

TC031 2300 

Flexible polyimide 
heater takes longer 
than expected to 
generate heat 
during flight 

The temperature could move 
outside of the accepted 
range. Small possibility of 
C.elegans dying, ending the 
experiment 

B 3 B3 
Need to make demonstrations of 
similar flight environment to measure 
the ΔT for the heat changes internally. 

A3 Adrien Active 

TC040 3100 

Due to some 
vibration, some 
electrical cables 
may disconnect 

Experiment failure – vessel 
not heated, samples 
die/freeze and 
chemicals/media freeze and 
data not collected 

B 4 B4 

Precise harnessing and 
implementation of zip ties will prevent 
major wire movement of the wires. 
Additional testing will cover this 
potential problem. 

A4 Giovanni Active 

TC041 3100 
Gondola power 
failure 

Experiment failure – vessel 
not heated, samples 
die/freeze and 
chemicals/media freeze and 
data not collected 

A 4 A4 Acceptable risk A4 Giovanni Active 
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TC050 3200 

Failure of 
electronics caused 
by temperatures 
outside operational 
limit 

Experiment may have some 
errors during flight. Possible 
experiment failure. 

B 3 B3 

Film heaters and a fan will be placed 
inside the pressure vessel and 
interface box to prevent this from 
happening. These will be controlled by 
the Raspberry Pi which will be 
connected to an internal temperature 
sensor 

A1 Giovanni Active 

TC051 3200 

Overloading and 
low pressure may 
lead to overheating 
of electronics 

Experiment failure – vessel 
not heated, samples 
die/freeze and 
chemicals/media freeze and 
data not collected 

C 4 C4 
Verification and extensive testing will 
be conducted before the launch 
campaign. 

A4 Giovanni Active 

TC060 3200 

Electrical 
component failure 
during the launch 
campaign 

Experiment failure – vessel 
not heated, samples 
die/freeze and 
chemicals/media freeze and 
data not collected 

B 4 B4 
Assembly, integration and testing will 
be checked and validated beforehand. 
Extensive testing will be done. 

A4 Giovanni Active 

TC070 3300 
Communication lost 
with the ground 

Manual override not possible 
and streaming data for 
monitoring not available  

A 2 A2 

The experiment will be fully 
autonomous. Software will be 
implemented to account for this 
potential risk. Data will be stored on 
an SD card and will not rely on a 
synchronous connection. 
 
Update: Data now stored on two SD 
cards for redundancy; further 
definition made on autonomous 
operations. 

A1 Mat Active 

TC080 4200 
Insufficient design 
requirements for 
software 

Software may not behave as 
expected 

C 3 C3 

Ensure all team members queried 
regarding software-relevant 
requirements. 
 

RETIRED Mat Retired 
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Update: Software design has been 
frozen; all actions from reviews have 
been addressed and it is believed 
design is sufficient; software is 
currently undergoing development 
and testing. 
 
Update: No significant changes 
required to frozen design after second 
review; assuming requirements 
sufficient and retiring risk. 

TC081 4200 

Inadequate choice 
of programming 
language and 
software 
frameworks 

Software may have bugs, 
development may be delayed 
due to insufficient 
information or community 
support 

C 2 C2 

Language choice generally less 
important than programming 
paradigms - however, choice should be 
of a language with sufficient maturity 
to avoid bugs in core framework or 
open-source libraries, with good 
community support and ease of 
understanding to simplify 
development. 
 
Update: Python has so far caused no 
language-specific problems in testing. 
Both Python and C++ (and node.js for 
OpenMCT ground support software) 
are available as specified in software 
design; these have so far been 
perfectly adequate for development 
and testing, and this risk is considered 
retired as there will be no further 
major changes to software design. 

RETIRED Mat Retired 
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TC082 4300 

Increase in scope 
and complexity of 
software 
development 

Experiment may have some 
errors during flight. Possible 
experiment failure. 

C 3 C3 

Design freeze deadlines must be 
respected unless not implementing 
late changes would lead to failure of 
experiment. 
 
Update: There have been no major 
increases in scope or complexity; 
actions addressed in CDR have been to 
better define systems or mitigate 
potential issues. Software design is 
considered frozen and this risk is 
considered to be retired. 

RETIRED Mat Retired 

TC090 4400 

Testing not 
representative of 
genuine conditions 
leading to 
unaddressed flaws 

Experiment may have some 
errors during flight. Possible 
experiment failure. 

C 3 C3 

Ensure key team members queried 
when designing and performing tests 
where software is relevant. Software-
only or unit testing should be 
comprehensive and involve all 
software modules. 
 
Update: Test campaign has been 
better defined, and several software 
modules have been unit tested. 
Continued testing proving that 
hardware is resilient to wide range of 
conditions. 

A3 Mat Active 

TC091 4400 

Inability to simulate 
or test certain 
conditions for 
software 

Experiment may have some 
errors during flight. Possible 
experiment failure. 

C 3 C3 

Make use of previous Master's thesis 
on hardware-in-the-loop BAMMsat 
simulation where possible. Software 
modules must be able to cope with a 
range of expected conditions. 
 
Update: In response to Covid 
pandemic, software development has 

C1 Mat Active 
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focused on areas that can be tested 
without hardware (e.g. 
communications); dummy data has 
been used successfully. 
 
Update: Lab now re-opened, though 
subject to change due to Covid-19 
developments. 

TC100 4500 
Failure in Operating 
System 

Experiment failure – vessel 
not heated, samples 
die/freeze and 
chemicals/media freeze and 
data not collected 

B 4 B4 

Use a mature Linux-based Operating 
System (preferably long-term service 
edition) and ensure only use of 
essential third-party software and 
drivers. Make use of heartbeat 
circuit/microcontroller designed to 
detect pulse from computer GPIO and 
force restart if not present. 
 
Update: Operating System choice has 
been stable so far and will not be 
changed. 

A1 Mat Active 

TC101 4500 
Failure in individual 
flight software 
module 

Experiment may have some 
errors. Possible experiment 
failure. 

C 3 C3 

Master control software module must-
have capability to detect errors and 
restart other flight software modules. 
Run watchdog services where possible 
- including to monitor master module. 
 
Update 01/08/2021: Any software 
errors are now caught on a more 
localised basis rather than restarting 
modules (which would not work well 
in Python). Watchdog on the 
secondary flight computer would 
respond to major errors. Extensive 

B1 Mat Active 
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testing has shown software resilience 
to localised errors. 

TC102 4500 
Widespread failure 
in flight software 
modules 

Experiment failure – vessel 
not heated, samples 
die/freeze and 
chemicals/media freeze and 
data not collected 

B 4 B4 

Watchdog services shall have the 
capability to detect system-wide 
software failure and force restart. 
 
Update: Secondary flight computer 
now has this capability for soft-
restarts. 
 
Update 01/08/2021: Secondary flight 
computer hard restarts has been 
tested successfully. Extensive testing 
has also shown this is unlikely to occur. 

A2 Mat Active 

TC103 4500 

Unexpected loss or 
throttling of 
processing power 
(e.g. due to 
overheating of 
central processing 
unit) 

Experiment may have some 
errors during flight. Possible 
experiment failure. 

B 3 B3 

Mitigation protocol to selectively 
disable non-critical software threads 
with high processing or memory 
requirements. 
 
Update: Believed this will not be 
necessary due Python’s threading 
system and Global Interpreter Lock 
ensuring these tasks are essentially 
asynchronous. Mitigation protocol as 
above will not be implemented due to 
difficulty in defining protocol, and it is 
considered unnecessary at this stage. 

A1 Mat Active 
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TC104 4500 
Hardware failure of 
BAMMsat 
computers 

Experiment failure – vessel 
not heated, samples 
die/freeze and 
chemicals/media freeze and 
data not collected 

A 4 B4 

This will be very difficult to recover 
from mid-flight; software must be 
written and tested to ensure that no 
control actions taken cause severe 
hardware damage, e.g. erroneously 
increasing heater output. If occurs 
during pre-flight, software must be 
rapidly deployable to backup hardware 
units. 
 
Update 01/08/2021: Backup hardware 
will be prepared prior to mission. 
Documentation details full setup 
procedure for both flight computers 
which has been tested on multiple 
units. 

A4 Mat Active 

TC110 4500 
Insufficient clock 
speed or memory 
capacity 

Experiment may have some 
errors during flight. Possible 
experiment failure. 

A 3 A3 

Mitigation protocol to selectively 
disable non-critical software threads 
with high processing or memory 
requirements. Rigorous testing to 
ensure all peak computing load within 
margins. Choice of hardware should 
mitigate most risks. 
 
Update: Believed this will not be 
necessary due Python’s threading 
system and Global Interpreter Lock 
ensuring these tasks are essentially 
asynchronous. Mitigation protocol as 
above will not be implemented due to 
difficulty in defining protocol, and it is 
considered unnecessary at this stage. 

A1 Mat Active 
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TC120 4500 

Insufficient storage 
for payload or 
BAMMsat 
sensor/log data 

Experiment ends early C 2 C2 

Use of data compression. Mission 
simulations and calculations to 
estimate data volume gathered.  
 
Update: Less probable due to use of 
redundant SD card. Retired as storage 
requirements and SD card + external 
USB storage capabilities better 
understood. 

RETIRED Mat Retired 

TC130 5100 
Pumping too cold 
growth media into 
chamber 

Experiment failure – Stressed 
biological samples 

D 4 D4 

Extensive testing of the thermal 
regulation system in a relevant 
environment. The trade-off to be 
made in order to understand if we 
need a heating system for the growth 
media. 

B4 Aqeel 

Retired 

A heater 
will be 
placed 

near the 
media 

TC131 5210 

Motor failure - 
power surge and 
short circuit on the 
motor  

Experiment failure – no 
media/chemical exchange 

B 4 B4 Add safety circuit. To be revised. B1 Giovanni Active 

TC132 5210 

Motor running on 
reverse due to 
reverse voltage and 
current 

Chambers monitored in an 
unexpected order, differences 
in C. elegans strains allow 
easy monitoring 

B 2 B2 

The plan is to include an encoder or a 
closed-loop motor system. If the 
motor works in reverse, it may be 
possible to detect with an encoder. 
Reverse polarity protection diode 
could also be added into the circuit. 

A1 Aqeel 

Retired 

The 
direction 

of the 
motor is 

controlled 
with a 

voltage 
signalling 

on a pin on 
the driver 
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TC133 5220 

Fluidic leaking - 
Fluidic connections 
are not sealed and 
could lead to short 
circuit when in 
contact with 
electrical units 

Experiment failure – vessel 
not heated, samples 
die/freeze and 
chemicals/media freeze and 
data not collected. Added 
hazard for retrieval and 
dismantling of hardware 

B 4 B4 

The risks exist in the multi-chamber 
sample disc and fluidic tubing. To 
mitigate risk, ensure fluidic tubing has 
the right connection and tightened 
properly. The layers between the 
laminated multi-chamber sample disc 
is sealed with elastomers. 

A4 Aqeel Active 

TC134 5220 

Fluidic pump failure 
- power surge and 
short circuit on the 
pump  

Experiment failure – vessel 
not heated, samples 
die/freeze and 
chemicals/media freeze and 
data not collected 

B 4 B4 

The mp6-OEM controller drives the 
mp6 pump; the Vpp can range from 85 
-270 V. Adequate soldering work and 
protection is required to avoid short 
circuit.  

A4 Aqeel Active 

TC135 5210 
Failure to align 
chamber during 
motor operations 

Unable to image samples or 
pump fluidics to affected 
chamber. 

C 3 C3 

Motor controller software now has 
two methods of tracking rotation 
(empirically derived timeout and 
photosensor readings), and error 
handling for this is being improved. 
Three potential fixes are being tested 
on Monday 2nd August 2021. Auto-
alignment is also possible and was 
tested one; and during a flight test 
ground control operations were able 
to resolve the issue using 
telecommand. 

A2 Mat Active 

VE010 2300 
An explosion of the 
pressure vessel in 
flight  

Experiment failure – vessel 
not heated, samples 
die/freeze and 
chemicals/media freeze and 
data not collected. Added 
hazard for retrieval and 
dismantling of hardware. 
Could lead to risk EN010. 

B 4 B4 

The pressure vessel have been 
designed to withstand two times the 
maximum operational differential 
pressure. 

A4 Amin Retired 
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VE011 2300 
Structure failure 
due to a hard 
landing 

Possible experimental failure 
– freezing rate increases 
affecting preservation of 
samples. Added hazard for 
retrieval and dismantling of 
hardware. Could lead to risk 
EN010. 

C 3 C1 

The mounting structures to the 
gondola have been designed with high 
strength and rigid mounting to reduce 
the risk of impact. 

A3 Amin Active 

VE012 2300 
Implosion of the 
pressure vessel 
during descent 

Experiment failure – freezing 
rate increases affecting 
preservation of samples. 
Added hazard for retrieval 
and dismantling of hardware. 
Could lead to risk EN010. 

A 4 A4 

Very unlikely. Because this would only 
happen if a significant leak occurred 
during the flight. If there is a leak, due 
to the slow descent of the gondola 
thanks to the parachute, the pressure 
vessel should then be repressurised 
during the descent. 

A4 Amin Retired 
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Table 3-6 Chemicals List 
In-flight Chemicals Components 

S-basal wt OP50 10ml 

Stored +4oC 

S-Basal – autoclaved 

NaCl – 58.8 mg 

KH2PO4 – 60 mg 

H2O – 10 ml 

Cholesterol/ethanol (5mg/ml) – 10 µL 

OP50 E. coli – freeze-dried 

OP50 – TBD 

Phosphate-Buffered Saline (PBS) 
wt 4% Glutaraldehyde 10ml 

Stored -20oC 

PBS – autoclaved 

NaCl – 80 mg 

KCl – 2 mg 

Na2HPO4 – 14.4 mg 

KH2PO4 – 2.4 mg 

Glutaraldehyde 

Glutaraldehyde (25%) in H2O - 1.6 ml 

S-basal wt 10mM Sodium Azide 
10ml 

Stored -4oC 

S-Basal – autoclaved 

NaCl – 58.8mg 

KH2PO4 – 60mg 

H2O – 10ml 

Cholesterol/ethanol (5mg/ml) – 10 µL 

Sodium Azide 

Sodium Azide – 6.501 mg 
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 EXPERIMENT DESCRIPTION 
 

The experiment was a technological demonstration of a miniaturised bio-laboratory to 
perform an automated experiment in harsh environment such as the stratosphere. On this 
flight, C. elegans, a nematode/roundworm was used as the biological sample to demonstrate 
the ability of the hardware to maintain a viable biological organism during (i) pre-flight 
operations and platform integration, and (ii) during flight via appropriate payload internal 
pressure and thermal control. Another key technology demonstration is microfluidics. In this 
flight, fluidic solutions were used to demonstrate the ability to pump fluidic mediums without 
critical cross-contamination between the fluidic lines. While it was desired to pump three 
different fluids to better demonstrate this, it was unfortunately not possible during flight. 

The experiment was designed to replicate the features available in a common bioscience 
laboratory into a miniaturised 2U (20cm x 10 cm x 10cm) CubeSats format. It revolved around 
the core features of having the ability to: 

I. House multiple samples 

The flight of BAMMsat-on-BEXUS had five strains of C. elegans incubated in 15 cylindrical 
3.5mm (diameter) x 3mm (depth) sample chambers. There were three replicates per 
strain and hence 15 chambers in total. The disc was designed to accommodate 32 
chambers. For the flight of BAMMsat-on-BEXUS, it was foreseen that the combination of 
three replicates of five strains (15) was sufficient to meet the experiment objectives.  

Table 4-1  C. elegans strain on-board BAMMsat-on-BEXUS flight 
 

Type of strain Comments 

Wild type (WT)  Primary data for the experiment, the WT behaviour was 
confirmed via comparison to the other strains  

Cha-1 Heat sensitive The phenotype reacts to temperature changes  
Dpy-13 Dumpy The phenotype grows shorter than WT, proving that 

BAMMsat can show changes in body size and mobility 
and motility movement  

Unc-54 Slow-moving The phenotype is used as a control to show that the WT 
is moving at the expected rate 

Unc-43 Fast-moving The phenotype is used as a control to show that the WT 
is moving at the expected rate 

 

II. Maintain samples in an appropriate local environment 
 

The experiment had a controlled pressure and temperature environment inside the 2U 
pressure vessel. The pressure vessel contained the ambient atmosphere on the ground with 
an acceptable leak rate. This ensured O2 and CO2 was contained and could be exchanged 
between the sample chambers and the trapped atmosphere for the C. elegans to use. The 
temperature was regulated within the acceptable range to ensure it did not get too hot or 
cold during pre-flight and flight/experiment phase, as that could be harmful to the worms. For 
this flight, it was required that the worms during the flight were maintained at a temperature 
of +20oC ± 2oC and kept in a low metabolic rate at a lower temperature during pre-flight (+12oC 
± 2oC The temperature control was provided by a combination of active and passive thermal 
control. 
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III. Perturb sample fluidically 
 

One of fundamental techniques of this experiment was microfluidics. Microfluidics enables 
maintenance of the C. elegans by replenishing, via pumping, new growth media for feeding. 
It also enabled the ability to change the state of the C. elegans by pumping in new reagents 
such as drugs and fixatives to perform various aspects of the science experiment. The 
microfluidic element comprised a combination of pump, solenoid valves, media reservoir 
bags, liquid flow sensor and fluidic pressure sensor.   

 

Table 4-2 Different Media used in BoB 
Type of media  Comments 

Growth media + OP50 A liquid solution designed to 
support/feed the growth of C. 
elegans   

Growth media + drugs (sodium azide)  Low concentration of anaesthetic 
Administration will stop movement.  

Fixative (glutaraldehyde/paraformaldehyde)  A chemical substance used to 
preserve or stabilise C. elegans. One 
of the few that do not contain any 
flammable substances   

 

IV. Monitor sample 
 

The monitoring features provided the ability to extract valuable experiment data. For this 
flight, the experiment included an imaging system to image the changes in behaviour in the 
WT strain in comparison to the other strains.  

 

4.1  Experiment Setup 
The experiment was designed to be assembled and ready to be handed over to the BEXUS 
launch provider from 24 hours with up to 96 hours delay before launch, see FC-01 100. The 
experiment setup was separated into two units. One was called the Experiment payload 
assembly which holds the microfluidics components (actuators and sensors), multi-chamber 
sample disc, Geneva drive and the imaging system. This experiment payload assembly was 
placed inside a 2U pressure vessel. The second unit was called the BAMMsat-on-BEXUS bus or 
BoB bus and located outside of the 2U pressure vessel. 
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Figure 4-1: Block diagram representing the different interfaces of the experiment. 
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 Experiment payload assembly 

 

Figure 4-2: CAD images representing the finalised mounting of the 2U (20cm x 20cm x 
10cm) experiment payload assembly with the pressure vessel covered removed. The 
assembly has been finalised since CDR. There are three custom PCBs placed inside the 
pressure vessel. Placement of the sensors had been moved around as further 
iteration/test demonstrated that the fluidic tubing requires more slacks. 
 

The experiment payload assembly was designed to be assembled and mounted inside a 2U 
CubeSat format pressure vessel to meet experiment objective 3. It comprised of fluidic 
sensors, fluidic pump, imaging system and the Geneva gear system. It had been configured to 
ensure the alignment of the imaging system to the imaging plane and to avoid misalignment 
of the gear system. Due to the limited time, the wire harness was not modelled. However, the 
wire direction and wire slacks were taken into design consideration. 

The mounting of the experiment has been refined to be representative of the final flight model 
in terms of manufacturability and assembly. The mounting frame has been simplified using 
four 5mm2 rails and bolted using M2 countersunk screw to reduce mass. Countersunk screws 
were used to reduce the volume that would be taken by other types of bolts. The mounting 
rails have an H7/h6 fit and were used as a reference point. This was designed as such for the 
mounting rail as it can be used to align the camera and Geneva gear to ensure the camera 
sensor is within the image plane and to avoid power loss on the Geneva gear system 
respectively. Another addition to the system was a miniaturised fan typically used in 
computers. The fan was included to mitigate the effect of gravity and hence buoyancy-driven 
convection which causes heavier air molecules to be saturated at the bottom. Having forced 
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convection from the fan improved the breathability by circulating O2 and CO2. Forced 
convection also provided an isothermal environment which helped in the thermal control 
aspect of the interior pressure vessel. 

 

 

Figure 4-3: Experiment frames and rails mounted on the pressure vessel lids. 
 

During the full integration process of the mechanical assembly, it was found that there was 
an issue with the rails where the length of the rails was the same length of the pressure vessel. 
Due to manufacturing tolerances, the rails were pushing against the pressure vessel lid and 
caused the rails to deform at its weakest point, see Figure 4-4. 

 

Figure 4-4: Rail issue identified during Assembly, Verification and Testing (AIV). New rails 
were manufactured with one end of the rails shortened (left side of the image). 
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Figure 4-5: Manufactured new rails. One end of the rail is shorter to avoid the face pushing 
the lid. Each of the rail and lid fittings were custom fit to accommodate any manufacturing 
error on each face and ease assembly. 
 

 

4.1.1.1. Microfluidics components 

 

Figure 4-6: Microfluidic flow path for BAMMsat-on-BEXUS. After CDR, further iteration 
highlighted that the design could be simplified with sensors reduction and integrated 
liquid flow sensor design. Instead of two pressure sensors at both end of the pump, only 
one differential pressure sensor was selected to reduce the number of sensors and wires. 
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The microfluidics components are made of COTS actuators and sensors. It controls and 
enables the fluidic network to transport growth media, drugs and fixative. Figure 4-6 above 
represents the microfluidic flow path. Each circle represents the solenoid valves assigned to 
an unpowered configuration. Examples of fluidic path operations can be found in Appendix C, 
section C.2. 

The placement of the components is carefully located. Referring to Figure 4-4, for example, 
the pump (mp6-hyb; Bartels Microtechnik) pulls the growth media and reagent from the 
reservoirs on the left. The various fluidic medium travels across the same pump; to avoid 
potential cross-contamination, the pump was placed at the end of the fluidic network where 
the state of the medium is no longer critical.  The pump was placed between differential 
pressure sensors to detect any potential pressure loses. Fluidic flow rate sensor was placed 
after the MCSD to measure the mass flow rate of the fluid pulled by the pump.  The immediate 
list of sensors and actuators is available in Table 4-3. The number of sensors was reduced to 
simplify the design. The O2 sensor has been removed, one bubble sensor was used instead of 
two, and a differential sensor was used instead of two absolute pressure sensors. 

The mp6-hyb pump has a dimension of 30 x 15 x 3.mm, which makes it a compact fluidic pump. 
A typical pump flow rate of 6ml/min can be achieved to pump water at ~50mW. For Bob, the 
previous test indicated an expected flow rate of 1 ml/min to pump a mixture of water and 
food colouring dye. This was primarily due to the inherent back-pressure from the fluidic 
network design. 

 

Table 4-3 List of fluidic components 
 

Component  Manufacturer   Model  

Pump Bartels Microtechnik Mp6-hyb 

Selector valves   Lee Valves  LHLA0511111H; 
LHLA0542311H 

Flow rate sensor  Sensirion   LPG10-1000 

Pressure sensor  Honeywell    ABPDRRT005PG2A5 

Liquid presence sensor/bubble 
sensor  

Optek/TT electronics  OPB350L062Z 

 

The direction flow path of the fluid was controlled by the selector valves manifold, see Figure 
4-6 and Figure 4-7. The selector valves manifold is made up of solenoid valves in between 
laminated layers of laser-cut polymethyl methacrylate (PMMA), commonly known as acrylic. 
The layers of acrylic were bonded together using laser-cut double-sided pressure-sensitive 
adhesive. Figure 4-13 represents an example of how different layers can be combined to 
create a fluidic network. The solenoid valves allowed the control of the fluidic path by either 
opening or closing the port. Two different Lee Products LHL series were used, which are 2/2 
(2 ports/2 positions) valves and 3/2 (3 port/ 2 position valves (see Appendix C, section C.2). 
The 2/2 valves were used to isolate (open/close) the fluidic system and the 3/2 valves were 
used to select between different fluid sources and the direction of the fluidic network. 
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Figure 4-7: Breadboard selector valves manifold made from laminated layer of PMMA 
 

 

Figure 4-8: Assembled selector valve manifold in breadboard configuration (70mm x 60mm 
x12.5mm) 
 

For the experiment payload assembly onboard BAMMsat-on-BEXUS, the selector valve 
manifold was reconfigured to a more integrated assembly to fit a 2U CubeSat format (see 
Figure 4-9. The manufacturing technique was the same as the current design where the 
PMMA were laser-cut and laminated to create the necessary fluidic channels. The fluidic 
network design was completed and can be viewed in Figure 4-8. The selector valve manifold 
is attached to a microfluidic connector (Diba Click-N-Seal 6-40 Micro fitting) which is 
connected to a 1/6” tube to transport fluids from reservoir bag to the waste bags. The Click-
N-Seal connector clicks when the right torque is achieved and avoid over-tightening the 
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system to make a secure seal. This helped with the assembly, integration and verification of 
the system during pre-flight. 

 

Figure 4-9: BAMMsat-on-BEXUS flight configuration with the finalised placement for the 
solenoid valves (121 mm x 87 mm). Further iteration since PDR, to reduce volume, the 
flow sensor was integrated on the manifold. 
 

 

Figure 4-10: (Left) Final assembly of sensors. One of the challenges with the design is 
fitting the reservoir bags (right) into the remaining available spaces. An area of 30 mm x 85 
mm x 85 mm was been allocated for the four bags. The previous plate design was 
discarded to create flexibility for the bags. (Right) Flexboy 2D bags (Sartorius) holds the 
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fluidics media and waste. The suspected volumes of fluid media are summarised in Table 
4-4. 
  

 

Table 4-4 Estimated volume of fluidic media. Actual volume will be dependent on 
biological testing 
 

Fluidic medium Volume (with margin) Fluidic bags 

Growth media (OP50) 40 ml 50 ml 

Growth media (OP50) + drugs (sodium 
Azide) 

2 ml 5 ml 

Growth media + fixative 
(glutaraldehyde/paraformaldehyde) 

2 ml 5 ml 

 

 

Figure 4-11: Flexboy fluidic media reservoir bags. On the left is the Sartorious commercial 
off-the-shelves 50 ml bags, the modification made to reduce the length of the fluidic 
tubing can be seen in the middle. For flight, only 5 ml bag with modified tubing will be 
used to contain the media. 

 

4.1.1.2. Multi-chamber sample disc (MCSD) and Rotary Valve (RV) 

 

The multi-chamber sample disc (MCSD) is a key component of BAMMsat and was developed 
and manufactured in-house at Cranfield University. The layers are mechanically bolted 
together to enable pre-flight late-access integration of biological samples. The sealing is 
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provided when compressing a layer of silicone elastomer between the layers to avoid the 
previous fluidic leaking problem. The full description of the disc is available in Appendix C, 
section C.1. The aluminium load spreader was manufactured using CNC to include the Geneva 
gear mechanism on the outer edges of the disc. The Geneva gear mechanism provides an 
inherent mechanical indexing capability to address and observe discrete samples and ensure 
alignment with the rotary valve.   

 

 

Figure 4-12: (Top right) Finite element analysis executed in ANSYS to visualise the pressure 
exerted from the bolt head to the aluminium load spreader. (Bottom right) Bolt placement 
on aluminium load spreader represented in the colour red. PEEK is represented with the 
colour beige. Materials were chosen to be autoclaved for ease of sterilisation 
 

 

Figure 4-13: Wireframe image of a single sample chamber. The fluidic path is highlighted 
with the red arrows. 
 



- 80 - 

Page 80 BX30_BoB_SED_v5_1 

 

  

Figure 4-14: (Left) Annotated rotary valve (RV) assembly. (Right) Manufactured and 
assembled rotary valve. 
 

The rotary valve is the interface between the disc and the rest of the fluidic system. The 
configuration of a stationary interface and the rotating interface allows the fluidic path to 
connect to one chamber at a time, which is selected by rotating the disc, while closing the 
fluid access to the other chambers. The combination of BAMMsat MCSD and RV provides the 
flexibility to perform a broad range of scientific experiments and biological systems. The 
rotating capability of the RV allows 96 valves (3 valves per chamber x 32 chambers) to be 
assembled in a compact configuration. For the BAMMsat-on-BEXUS flight, only 16 chambers 
(3 chambers per strain and 1 baseline chamber) were used instead of the full 32 chambers as 
this was sufficient to meet the experimental objectives.  

Since PDR, an issue was found with the leaking of the system, and this was due to the pressure 
provided by the bolt head being insufficient to provide a seal between two layers. This was 
because the pressure was localised and reduced as the distance from the bolt head increased. 
A feature called compression ridges was added to the MCSD (see Figure 4-15) to mitigate 
leaking. Compression ridges on the PEEK layer increased the contact pressure and sealing. An 
improved version of the disc was tested and the leakage issue was improved, though not 
entirely eliminated. 

 

Figure 4-15: Compression ridges on the PEEK layer to increase the contact pressure and 
sealing. 
 

Further investigation after the IPR had identified that the fluids in the MCSD sample chambers 
are prone to evaporation >24 hours. This was a challenge during pre-flight as the growth 
media and C. elegans had to be retained for the incubation period. Testing the MCSD 
identified that performing the pre-flight incubation period in an enclosed chamber with low 
headspace and high relative humidity improved the ability to retain fluids. For more 
information on the test, see Appendix under 1) Multi-Chamber Sample Disc (MCSD) Fluid 
Retention Test and 2) Multi-Chamber Sample Disc (MCSD) Water Retention Test. 
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Figure 4-16: Misalignment issue causing a leak when pumping the fluid media into the 
sample chamber. [Left] Leak often occurs on the side of the disc and bolt hole. [Right] 
Dowel pins being used to align the different layers. 
 

One of the persisting issues in the design was leaking. Leaking occurs when fluidic flow is 
restricted when pumping the media into the chambers. The MCSD was built by layering laser-
cut silicone elastomer between two layers of machined polycarbonate. The fluidic channel can 
be restricted when the layers are misaligned.  Misalignment of the fluidic channels on the 
MCSD occurred due to errors when laser cutting. The heating of the silicone elastomer caused 
it to bulge and contract, see Figure 4-17. Misalignment could also occur during assembly.  

 

 

 

Figure 4-17: [Left] Bulging of the silicone elastomer when laser cutting. [Right] Software 
controlled pre-defined laser cutting operations.  
 

After on-going iteration of laser cutting procedure, an optimised controlled laser cutting 
operation was developed. The method was achieved using a combination of pre-defined cuts 
and stop and starts to minimise bulging. It was found that the cutting profile and misalignment 
reduced. To avoid misalignment during assembly and rotation, a shorter dowel pin was also 
used to have a semi-permanent assembly. Further testing was performed to confirm whether 
the leaking issue persisted, however, leaks were still an ongoing issue throughout the flight 
campaign. 

For flight, the Rotary Valve was assembled via pressure sensitive adhesive as it was found that 
the small channels meant that it is difficult to verify the fluidic sealing. 
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4.1.1.3. Geneva gear system 

 

The Geneva gear mechanism was integrated into the MCSD because it provides intermittent 
motion (to move the disc between discrete positions) and locking the disc when in a position, 
see Figure 4-12. The aluminium load spreader has 40 Geneva gear teeth rotated at 9° from 
each other around the centre of the disc. The novel design of the MCSD requires a high-
pressure contact between the two PEEK layers to maintain a fluid-tight seal. This means a high 
torque is required to turn the MCSD. An experiment was performed to determine the torque 
and expected, including margin, of ~ 300mNm, this was the worst-case scenario (torque 
determination experiment performed at room temperature ~ 20°C).  

The MCSD is turned using a Geneva mechanism driven by a brushed DC motor. No motor with 
suitable power and volume specification could be found to provide a direct-drive 
configuration to the Gena mechanism. Further iteration on the motor design was made and 
highlighted that a brushless DC motor (Faulhaber 2232SR; 10mNm) instead of a stepper motor 
in conjunction with a Faulhaber planetary gearhead 20/1R (23:1) would be sufficient while 
reducing the volume of the system by 10mm in length. 

There are three stages of gear reduction in the system, refer to Figure 4-19. The first was from 
the Faulhaber planetary gearhead (20/1R), worm gear, and the Geneva gear.  The combination 
of gears creates a compound gear ratio of 13514:1. The worm gears are a compact way of 
achieving high torque ratio in designs that do not require high rotation speed. Another reason 
for using the worm gear is due to the limited space in a 2U pressure vessel. The worm gear 
provided the transmission of torque at 90 degrees enabling a compact design of the Geneva 
gear system. The configuration shown in Figure 4-13 has a 1:50 ratio worm gear (Reliance 
Precision G50B40R1 and W50SUR1B). It was calculated at worst-case efficiency the torque 
required to turn the disc is 6.7mNm which is below the 10mNm motor torque. It was also 
calculated the motor speed for this configuration is 4054 rpm which is under the rated speed 
of the motor which is 5420 rpm. 

 

Figure 4-18: CAD imaging on the Geneva drive pin. 
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Figure 4-19: Geneva gear system for the 2U BAMMsat-on-BEXUS configuration 
 

 

Figure 4-20: Manufactured Geneva gear system 
 

4.1.1.4. Imaging system 

 

The imaging system was based on the combination of Raspberry Pi V2.2 camera with Sony 
IM219 8MP sensor, custom lens mount, 1:1 image relay lens, and a surface mount LED. The 
Raspberry Pi (RPi) camera was chosen as it had been demonstrated to image C. elegans and 
flown in space. 

Since the PDR, the imaging system was designed and preliminarily tested. The camera had 
been criticised and traded-off, and further research had identified the benefit of using this 
camera. The design of the RPi camera and Pi Zero had been optimised. It is uncommon to find 
an 8MP camera in a packaging format as the RPi camera. The CSi interface and cabling 
provides a high-speed communication line and comparatively high-quality image. The Pi Zero 
has an encoder/hardware-accelerated compression chip which was beneficial for data budget. 
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For the reasons above, it was agreed that RPi camera was the most suited camera for this 
mission. 

. 

 

Figure 4-21: From left to right (i) RPi camera with lens removed to expose the sensor, (ii) 
1:1 image relay lens from Thorlabs (iii) Surface mount LED from Cree with a daylight colour 
temperature of 5500K, (iv) The camera sensor width and height against a 1:1 image of 
3.5mm diameter sample chamber. 
 

In Figure 4-21 (iv), a 1:1 image of the of a 3.5mm diameter sample chamber can be placed 
directly on top of the 3.674mm x 2.76mm sensors. Most of the image could be placed directly 
without any magnification. Further investigation had identified an image relay lens (Thorlabs; 
MAP051919-A) which collected the light and relayed a 1 to 1 image. The lens has a working 
distance and a focal length of 10.6mm and 19mm, respectively, which was ideal due to the 
volume limitation of the 2U pressure vessel.  A surface mount LED (Cree; CLN6A-WKW-
CJ0L0153) was selected to provide illumination, The LED was placed on a custom PCB board 
to miniaturise the design. The specification of the LED is similar to the one being used in 
University of Exeter’s biological lab with a luminous flux of 80 lumen. 

 

Figure 4-22: A CAD assembly of the imaging system in a 2U BAMMsat-on-BEXUS. A surface 
mount LED is being placed in the opposite side of the imaging system to provide 
illumination. 
 

The resolution of the imaging system was calculated to be 0.5 pixels/µm and could resolve an 
adult C. elegans that has a length of 1mm and diameter of 80µm. Iteration on the imaging 
system was made to represent the disc.  Variations of working distances and focal length were 
tested to see if the whole chamber of the disc can be imaged. The latest working distances 
was set at 14 mm and the focal length at 7.2 mm. The MCSD had chambers with a diameter 
of 3.5 mm.  
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Horizontal field of view, HFOV = (WD × Sensor width)/(focal length)   

HFOV =
14 mm × 3.674mm

7.2 mm
= 7.14 mm  

 

Resolution (pixels/mm) = (Number of pixelshorizontal)/(HFOV) 

Resolution =
3280

7.14
=   459 pixels/mm or 0.5 pixels/µm 

 

Figure 4-23: Experiment on BoB imaging system to image a microscopic slide with a 
division of 0.01mm or 10 microns. 
 

 

Figure 4-24: Imaging system setup using the previous Thorlabs MAP0519-19A lens.  
 
Further testing identified that the whole imaging system required an extra working distance 
of 5 mm to resolve the dried down C. elegans and provide the flexibility to resolve the worms 
when the full system was ready for test, see Figure 4-24. The problem was rectified by 
modifying the camera plate mount and modifying the lens tubes. The previous lens was taken 
out and shortened using a 3D printed part for initial tests. A custom lens was designed and 
manufactured for a more robust imaging system, see Figure 4-22. 
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Figure 4-25: [Right] Custom hard anodised aluminium lens housing, this will be referred to 
as BoB lens housing. Right – Thorlabs commercial off-the-shelves MAP051919-A. 
Modification was required increase the working distance and flexibility to resolve the C. 
elegans in the MCSD. [Left] Disassembled Thorlabs commercial off-the-shelves 
MAP051919-A. The two-retaining circlip (top) were removed to access the two AC127 
lenses. 
 

 

  

Figure 4-26: (Left) Custom hard anodised Raspberry Pi V2 camera mount, this will be 
referred to as BoB camera mount. Two AC127 lenses and 3.2 mm 3D printed grey spacer. 
The spacer is being used to hold the lens in place an avoid the surface of the lenses to 
come in contact. The lenses and spacer are then placed inside BoB lens housing. The 
complete assembly is then placed inside the BoB camera mount with a sliding fit. 
Previously, the manufacture had manufactured the hole in the BoB camera mount smaller 
than specified. (Right) The part has been disputed and the correct parts are now ready for 
assembly. 
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4.1.1.4.1. Imaging systems flown during the flight campaign 

 

Figure 4-27: Raspberry Pi V2 camera with factory fitted lens. The mounting was 
constructed using PCB spacers, 3D printed part and epoxy.  
 

The in-flight design of the imaging system was modified at the launch campaign. The 
modification was due to the imaging system not able to focus the C. elegans, see Figure 4-28. 
The issue was identified during the assembly, integration, and verification (AIV) at the launch 
site prior to launch. Due to the poor image, the decision was made to change the field-of-view 
and hence the magnification of the captured image. This was achieved by reverting the lens 
from a custom lens into the original, factory-fitted lens, see Figure 4-27. The difference 
between the image captured by the two lenses can be viewed in Figure 4-28 and Figure 4-29. 

 

 

Figure 4-28: Image captured during the AIV test during the flight campaign using the 
custom lens design and discussed in Figure 4-26.  The image shows a poor focused image 
of the C. elegans. 
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Figure 4-29: (Left) Image captured during the flight campaign using the custom lens design. 
(Right) Zoomed in image of the of the left image showing a resolved image of the C. 
elegans indicating a better focus. 
 

The poorly focused images were hypothesised to have been caused by the change of 
refraction once the system was fully assembled and pumped with the growth media. The 
custom lens also had a shallow depth-of-field. The issue was not picked up until the AIV 
because of the lack of testing of the imaging system with the C. elegans in the final flight 
configuration, including the fluidics system. The lack of testing was due to travelling 
restrictions due to COVID-19 since the hardware provider (Cranfield University) and biological 
provider (University of Exeter) were not in the same university. 

 

4.1.1.5. BAMMsat-on-BEXUS bus 

 

The BAMMsat-on-BEXUS bus provided the necessary support to the 2U experiment payload 
assembly. The bus was in a 1U CubeSat format that mounted the Raspberry Pi Zero, custom 
PCB, environmental sensors, Amphenol MS3112E8-4P, and Amphenol PCD RJF21B connector. 
The BAMMsat-on-BEXUS bus was mounted structurally to one end of the 2U pressure vessel. 
The sealed pressure vessel had an electrical hermetic feedthrough attached to an electrical 
connector on the bus.  
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Figure 4-30: Annotated exploded view of the 3U BAMMsat-on-BEXUS. 2U experiment 
payload assembly and 1U BAMMsat-on-BEXUS bus. 

 Final design of the experiment payload assembly for flight  

 

• Microfluidic components   

o ABPMRRV015PDAA5 pressure sensors were removed from the flight model 
due to the limited space. The fluidic T-junction (Figure 4-10) are large 
relatively to other hardware and two were required to enable the pressure 
sensors 

o The team came across issues with the valve manifold (Figure 4-9) where the 
diameter of the valve insert was too constrained, causing the valve not to go 
in and fail to provide a seal. It was also impossible to remove the solenoid 
valves. 

• Multi-chamber sample disc (MCSD) and rotary valve (RV)  

o The RV was instead built using pressure sensitive adhesive as leaking often 
occurred at the RV due difficulty of aligning 0.5 mm fluidic channels. 

• Geneva drive system 

o Completed and integrated to the flight hardware.  

• Imaging system 
o Completed and Integrated to the flight hardware. 
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4.2.  Experiment Interfaces 

 Electrical 

Our experiment required a connection both to the gondola battery assigned to our 
experiment, and the ethernet board. The power interface required the four pins, male, 
receptacle MIL-C-26482P series one connector. The connector had an 8-4 insert arrangement, 
as shown in Figure 4-31. 

The ethernet interface required the Amphenol RJF21B connector. This connector was split 
into three sections: 

1) An external shell to protect the cable from shock, cable traction, fluids and dust. 
2) A square flange female receptacle mounted on one external side of the 1U bus. This 

receptacle required four mounting holes. 
3) A female jam nut receptacle which received the ethernet cable from 2) and fed it 

through to the interior of the 1U bus. 
 

There was an asynchronous connection for uplink and downlink between the ground and our 
experiment. CODE A insert arrangement was adopted, as specified by the BEXUS user manual. 

 

Figure 4-31: Electrical interface between Gondola and 1U bus 
 

 Gondola Mounting Interface 

 

The objective of the mechanical interface for this experiment was to mount the experiment 
on to the gondola. The main driver for the position was OP-07-100c to expose the system to 
dynamic solar irradiance and having a varying external thermal load. According to 
timeanddate.com, the maximal elevation of the sun during the originally-planned launch 
campaign (October 2020, though also relevant for the actual final date) is 27.2° above the 
horizon. Therefore, the design had to consider positioning the experiment on a frame which 
could accommodate our operational requirements and safety of the experiment during the 
event of a hard landing. 

The CAD designs in Figure 4-32 were made to illustrate how the accommodation is on the 
Gondola. The details of the structures for accommodation are described in detail in Appendix 
H. 

https://www.timeanddate.com/
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Another requirement was to partially remove blankets from 2 sides of the Gondola, allowing 
the experiment to be exposed to the external environment.  

 

 

Figure 4-32: Gondola accommodation structure and position 
 

The Structure had been slightly modified to ease the manufacturability, which consists of 
different parts, as showed in Figure 4-33 with an exploded CAD view in Figure 4-34. 

The focus on designing the structure is based on a few different areas, such as: 

• Manufacturability: For the accommodation structure we decided to use Aluminium and 
perform a metal bending process, using the facilities and manufacturing department at 
Cranfield University, as well as having another external company (Aluminium Bending 
Specialists LTD) as our secondary resource in the event it was necessary. 

• Cost efficiency: The Gondola accommodation structure is a onetime structure and would 
not be reused after the BEXUS 30 flight. Therefore, to reduce the costs associated with 
manufacturing, they were kept at the minimum, so no special treatment or process was 
used. 

• Strength/Mass ratio: we used Aluminium 7075-T6, which is used on the experiment 
structure also for the accommodation structure as this type of aluminium has a higher 
strength than the other series of Aluminium while its mass is comparable. 

• Use of Silicone Rubber: in the design of Gondola structures, there were two parts where 
Silicone Rubber had been used, one sandwiched between the experiment and Gondola 
accommodation structure. This was used as a shock absorber for landing and further 
thermal insulation. Another rubber part was sandwiched between the U bolts and the 
metal rod of the Gondola to provide thermal insulation. 
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• Bolts/nuts: 24 bolts and nuts were used in the Gondola interface structure which are 
M6x22mm. The datasheets of the bolts are provided in Appendix H. 

 

 

Figure 4-33 Updated gondola accommodation structure 
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Figure 4-34 Gondola interface Exploded view 
It is important to note that the interface mass including the bolts and nuts was approximately 
1.4kg (±5%), which is 0.3 kg heavier than the previous mass, due to thickening the clamps by 
1 mm and the use of stainless steel 304 U clamps on the top. The structure was made of 
Aluminium 7075-T651 metal, which had been bought as sheet plate to make the parts from it 
in Cranfield University, using in house machining facilities. As illustrated in Figure 4-35, an 
added feature to the gondola accommodation was a placement for placing security wire 
around the experiment and mounting to the gondola, for extra security of the experiment, in 
the unlikely event of breakage of the U bolts and dismounting of experiment. 
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Figure 4-35 Attachment spots for fixating security cable 
 

Two types of nuts were used for mounting the M6 bolts: the first layer was a self-locking nut 
and the second nut was a regular steel nut with thread locking compound to ensure the 
closure. Furthermore, the bolts had safety wires wrapped around them, to ensure they did 
not loosen in the unlikely event of high vibration. 

A checklist for the gondola accommodation was provided, to ensure a sequence for all the 
steps has been followed and to ensure that the structure and the experiment had been 
mounted securely to the gondola. 

 

Figure 4-36 Electrical interface position with the gondola 
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Figure 4-37 Red light kill switch 
 

The side of the experiment facing to the inner area of the gondola had the power and e-link 
connection as illustrated in Figure 4-36, and a space of approximately 3 cm was provided 
between the two electrical components. Also, as illustrated in Figure 4-37, the kill switch with 
a red light was facing to the outside of the gondola.  

 

Figure 4-38 Jointed part between the clamp and rod 
 

For the jointed part between the clamp covering the experiment and the rod which connected 
to the gondola clamps, four bolts of M6 were joining both parts together. The thickness of the 
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plate from the clamp was 5 mm and the thickness for each plate from the rod was 3 mm as 
illustrated in Figure 4-38.  

To calculate the shear stress and bearing stress on the bolts and the plates, a hand calculation 
has been done which is shown below. This calculation is performed where the loads at 
interfaces needed to be checked. 

Force = 5 × 30 × 9.81 = 𝟏𝟒𝟕𝟏 𝑵/𝒎𝒎𝟐 (rounded to 1500 𝑵/𝒎𝒎𝟐): 5kg as the estimated 
total mass of the experiment, multiplied by 30 times, as the experiment was loaded upon 
static load test. 

Bolt diameter = 6 mm 

Bolt cross-sectional area = 
𝜋𝑑2

4
= 𝟐𝟖. 𝟐𝟕𝒎𝒎𝟐 

Plate thickness rod = 3 mm each 

Plate thickness clamp = 5 mm 

Ultimate Yield Strength of bolts = 940 MPa  

Shear stress; 

Force/2 x (bolt cross sectional area) = 
1500

2 ×28.27
= 𝟐𝟔. 𝟓𝟑 𝑵/𝒎𝒎𝟐 

Bearing Stress: 

Bearing on the rod plates: 
𝐹𝑜𝑟𝑐𝑒

2 ×𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ×𝑏𝑜𝑙𝑡 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
=  

1500

2 𝑥 3 𝑥 6
= 𝟒𝟏. 𝟔 𝑵/𝒎𝒎𝟐 

Bearing on the clamp plate: 
𝐹𝑜𝑟𝑐𝑒

𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ×𝑏𝑜𝑙𝑡 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
=  

1500

5 𝑥 6
= 𝟓𝟎 𝑵/𝒎𝒎𝟐 

Considering a safety factor of 3.5, the allowable stress is calculated below. 

940/3.5 = 268 𝑵/𝒎𝒎𝟐 which shows the current amount of stress on each bolt is in the range, 
as well as the Aluminium parts with Yield Strength of 503 MPa. 

Increasing the distance between the clamps and housing could result in a higher vibration. 

The final distance was is 50 mm, and though we performed analyses to determine whether it 

should have been changed to 75 mm. 

The other factors which have been considered while designing the structures were the 
mounting ability to the BEXUS Gondola during the launch campaign, the distance between 
BoB and other experiments in the Gondola, and the distance of reach from outer areas of the 
Gondola structure.  

Many FEA simulations using ANSYS were analysed to ensure that in a hard landing event, the 
structure would withstand the stress limits as described by BEXUS. A force of 1500 N which is 
equivalent to 30 g of BoB total mass had been applied from the bottom of the structure. The 
results are in Figure 4-39. 
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Figure 4-39 Force acting from the top clamp of the structure 
 

The result indicated stress of maximum 292.1 MPa roughly on the structure, which shows a 
safety factor of 1.72. 

(
Tensile Yield Strength

Design Limit stress
) =  

503 MPa

292.1 MPa
= 1.72 

To overcome the structural stress, 1 mm was added to the thickness of the upper clamp 
Figure 4-40, since the load was interfering that section. The highest stress pointed towards 
the lower corners of the rod attachment points as illustrated in Figure 4-39. 

In Figure 4-41, the deformation analysis of the structure was performed using ANSYS. The 
maximum deformation while placing a load of 1500 N from the top was at 0.76 mm, where 
the peak was at the corners of the clamp (in blue colour), since they faced an interaction 
when loads were placed on the top of the clamp.  

 

Figure 4-40 Top clamp thickness 
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Figure 4-41 Deformation analysis in Y axis of the structure 
 

 

 Gondola mounting interface AIV and test results 

The gondola mounting structure was machined by using Aluminium 7075-T6 plate using 
Cranfield University facilities.  

 

 

Figure 4-42 Gondola mounting structure after fabrication and assembly 
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As illustrated in Figure 4-42, the final design of the mounting structure was fabricated and 
assembled. The assembly had been verified to match the design intended outcome.  

The next step was to verify the integration of the 3U size CubeSat experiment, along with the 
silicone rubbers used for shock dampening and thermal conduction management, and the MLI 
placed around the pressure vessel, to determine that they fit properly with the 
accommodation. 

 

Figure 4-43 Full experiment assembled with mounting accommodation 
Figure 4-43 shows the full assembly of mounting accommodation, silicone rubber, MLI 
blankets, and the 3U experiment, all mounted together as the design intended with no 
structural issues. This assembly was the same version as intended for the final integration 
upon launch date. 

The next verification which was performed as part of the T08 was the structural safety, which 
was done by loading the experiment with 30 times mass of the overall anticipated experiment 
mass of 5.5 kg. This means the required mass for loading is 165 kg. 

This verification took place in 
Cranfield University’s Space Lab, 
and used a barbell and 
weightlifting plates as shown in 
Figure 4-44. The weight of the 
barbell was 18 kg, along with 2 
plates of 20 kg, 8 plates of 10 kg, 
4 plates of 5 kg, 2 plates of 2.5 kg, 
and 2 plates of 1.25 kg. The total 
loaded mass sum was 165.5 kg.  

The accommodation was 
assembled on a bar which had the 

similar dimensions of the BEXUS gondola bar and held in between two separate tables in the 
lab. The safety steel wires were passed through the dedicated holes, and the barbell was 
placed between the steel wires. The setup is shown in Figure 4-45. 

 

Figure 4-44 Weights and barbell from the gym 
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The test was performed by having 
two other colleagues involved 
assisting with the setup. The 
supervisor of the project was 
available on site to witness the test, 
as well as using two recording 
cameras placed in two different 
angles of the lab. The test started by 
placing the weights gradually 
building up to 165.5 kg. During the 
mass loading, which was in intervals 
of 20 kg, the displacement of the 
structure was measured using 
precision calipers and the 
deformation was visually inspected.  

 

 

 
Figure 4-45 Test setup 
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Figure 4-46 165.5 kg loaded on the assembly 
Figure 4-46 shows the structure after being loaded with 165.5 kg. The structure was under 
load for 60 seconds and meanwhile was visually inspected. From this image, there is clearly a 
small displacement in the structure left and right sides of the top housing. After measuring 
the displacement, the weights were unloaded with the same intervals of 20 kg each time, and 
the displacement was measured again using precision callipers.  

 

Figure 4-47 Static Load Test Results Chart 
 

The chart illustrated in Figure 4-47 shows that the displacement after being loaded with 
165.5 kg was about 2.23 mm, and after the mass was unloaded a 0.17 mm displacement was 
seen. This small amount of displacement after unloading, although it did not have the 
structure deformed, could have been due to the bolting loosening from their position during 
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the test. But overall, the test concluded successfully with no permanent deformation or 
failure in the structure.  

4.3. Experiment Components 
Note – the table below summarises the known experiment components, availability, and 
status as during the development campaign. It is not accurately dated, as it was used as an 
internal reference to keep track of part requirements. By the time of the launch campaign, all 
required parts had been sourced. 

 

Table 4-5 Experiment component list. 
Component  Supplier  Availability  Quantity

  
Unit 
Cost  

Cost  Status during 
development 
campaign  

Raspberry Pi Zero  ThePitHu
t   

5 days 
(£2.99 
shipping 
cost)   

3   £ 4.8  £ 14.4  In the lab  

Step-down switching 
voltage regulator 

Mouser 3 days 3 £ 3.11 £ 9.33 Many in the 
lab 

Ethernet connector Mouser 3 days 2 £ 24.61 £ 49.22 Two in the lab 
Molex Pico lock connector 
system 

Mouser 3 days 10 £ 1.75 £ 17.5 Many in the 
lab (re-
ordered) 

Molex NanoFit connector 
system 

Mouser 3 days 5 £ 0.82 £ 4.10 Many in the 
lab (partially 
re-ordered) 

Molex MegaFit connector 
system 

Mouser 3 days 2 £ 0.72 £ 1.44 In the lab (de-
selected) 

ESD protection diodes Mouser 3 days 2 £ 0.94 £ 1.88 Many in the 
lab 

Humidity sensor ( SHTW2) Mouser 3 days 2 £ 1.99 £ 3.98 In the lab (de-
selected) 

9-axis IMU Mouser 3 days 1 £ 7.96 £ 7.96 Many in the 
lab 

5A Current sensor Mouser 3 days 3 £ 3.41 £ 10.23 Many in the 
lab 

4.7 uF inductor RS-
online 

3 days 2 £ 2.83 £ 5.66 Many in the 
lab 

10-bit ADC RS-
online 

3 days 3 £ 4.31 £ 12.93 In the lab (de-
selected) 

Faulhaber SC 1801 P RS-
online  

10 days   2   £81  £ 162 Two in the lab 

Faulhaber series 2232 SR Faulhabe
r   

6 weeks  2   £416.00   £832   In the lab   

Faulhaber PE22-120  Faulhabe
r    

6 weeks 2   TBD   TBD   In the lab   

Worm gear (W50SUR)  Reliance 
Precision
   

2 weeks   2   £16.70   £33.4   In the lab   
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Worm gear (G50B40+R1)   Reliance 
Precision
   

2 weeks    2   £18.43   £36.86 
  

In the lab  

RTD p-100  class TBD  TBD 6 TBD TBD In the lab 
GNSS receiver and 
antenna  

U-blox 3 days 2 £22.1 £44.2 Many in the 
lab 

ADS1248 24-bit ADC 
 

RS 
Compon
ents  

10 days   5 £ 10.58   £ 52.9   Many in the 
lab (re-
ordered) 

Absolute Pressure Sensor 
(MS5611-01BA03)  

Mouser  10 days   4   £ 10.03  £ 
40.12  

Many in the 
lab (re-
ordered) 

Liquid Flow Sensor 
(LPG10-1000)   

Sensirion
   

10 days   20   TBD   TBD   Two in the lab  

Liquid Bubble Sensor ( 
OPB350L062Z)  

Digikey   10 days   4   £ 3.73   £ 
14.91   

Two in the lab  

Fluidic Pressure Sensor 
(ABPMRRV015PDAA5)   

Mouser   5 days   3   £13.53   £ 40.59 In the lab  

Raspberry Pi camera 
module V2  

RS-
online 

5 days 2   £ 20.33 £ 
£40.66  

Two in the lab  

4.4 V Surface mount 
LED  (CLN6A-WKW-
CJ0L0153) 

RS-
online 

4 days 3 £ 1.5 £ 4.5 Two in the lab  

Omron Electronics 
photomicrosensor EE-
SX3162-P 

Mouser  5 days  5 £3.16 £15.80 In the lab 

2/2 Solenoid 
valves  (LHLA0542311H) 

The Lee 
Compan
y   

5 days   4   £60.96   £243.8
4   
   

Many in the 
lab   

3/2 Solenoid 
valves  (LHLA0511111H) 

The Lee 
Compan
y   

5 days   2   £44.56   
   

£89.12 
  
   

Many in the 
lab 

Mp6 pump   Bartels   15 days   0 0 0 In the lab 
Mp6 pump OEM 
controller   

Bartels   15 days   5  £30 £150   Come in a set 
with the mp6 
pump. In the 
lab  

DC-DC converter 
(TR05S3V3 & TR05S05)   

Mouser 5 days   2   £ 12.56   £25.12 
  

Many in the 
lab (re-
ordered)  

Flexible polyimide heater. 
Circular, Diameter:  

≈ 
 85 mm, 169 ohms  

OMEGA  N/A  1  N/A   
   

N/A  
   

In the lab  

Flexible polyimide 
heater. rectangular 
 dimensions:  

≈ 
 95 * 65 mm  

OMEGA  unknow  2  TBD  TBD  In the lab  
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5V cooling fan (DC axial 
fan; RS Stock No. 144-
2028)   

Amazon   20 days   3   £ 3.02   £ 9.06   
  

In the lab   

Film heater driver  Unknow
n 

 10  TBD   TBD   In the lab  

64GB Micro-SD card 
(SanDisk)  

Amazon  4 days  2  £ 8.99  £ 
17.98  

In the lab  

Vacom Feedthrough 
51 pins DCDH-51SSBN - D 
Sub Connector, 

Farnell 5 days 3 £155 £ 558 In the lab 

Adafruit Itsy Bitsy Coolcomp
onents 

10 days 5 £ 8 £ 40 Many in the 
lab 

 

Table 4-6 Summarised the BAMMsat-on-BEXUS experiment mass and dimensions. 

Experiment mass (in kg): 3.36 kg 

• 2.245 kg for the experiment 

• 1.110 kg for the gondola mounting 

Experiment dimensions (in m): 0.3 m x 0.1 m x 0.1 m (max) 

Experiment expected COG (centre of gravity) 

position 

For the reference point see Figure 4-48 

 

 

 
Our goal was to not go above 5.5 kg as this was the heaviest 3U bioCubeSat from NASA. The 
3U dimension was reserved for the 2U experimental payload and 1U BAMMsat-on-BEXUS bus. 
Our design philosophy was to reduce mass and volume where possible, as to prepare for 
future spaceflight opportunity. 
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Figure 4-48 Determination of the Center of Gravity (CoG). The reference points the top 
corner of the interface with the gondola. 

4.4. Mechanical Design 

 Pressure Vessel Design 

The experiment payload assembly in section 4.1.1 was placed inside a 2U pressure vessel 

designed explicitly for BAMMsat-on-BEXUS. The pressure vessel was manufactured from 

Aluminium 7075-T6 chosen due to its high strength to weight ratio. Aluminium 7075-T6 

provided higher tensile and yield strength compared to other space-approved light-weight 
metals, which was highly advantageous for BoB experiment as we intended to have low 

mass to weight ratios as well as high strength to withstand the flight loads. The supplier we 
used, 3D Hubs, stocked aluminium 7075-T6 at a reasonable price, whereas it is just 5% more 

expensive than Al-6061-T6 (which has almost similar properties), but 5% cheaper than Al 
2017. Stainless steel was also considered in the preliminary design. However, considering 

BAMMsat’s future mission will be a flight in space, the mass was an essential factor, and 

aluminium was the preferred choice of material.   

The pressure vessel was pressurised at the ambient pressure at ESRANGE by assembling the 
pressure vessel and bolting it together. The vessel needed to maintain the required pressure 
for the operating life of the flight on BEXUS. The experiment payload assembly was assembled 
onto a sub-frame mounted to the vessel lids. The maximum internal dimension of the pressure 
vessel, including the sub-frame was 89 mm x 89 mm x 190 mm. An electrical feedthrough was 
attached through the lid facing the 1U bus. The mounting of the feedthrough systems was by 
bolting only and no welding was required. The vessel was sealed with an O-ring oriented in an 
axial configuration because there was not enough space for it to be mounted directly as a 
face-seal. Volume had been allocated for multi-layer insulation outside of the vessel as shown 
in Figure 4-49. Requirements of the P-Pod deployment system such as railings and chamfers 
on the trailing edges had been applied to aim for compatibility with the P-Pod deployer. Lastly, 
the heads of the Torx screws which were for mounting the lids to the pressure vessel were all 
designed as to be countersunk, which made the pressure vessel full outer dimensions 
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196x100x100 mm size (excluding P-Pod railing requirement which is placed on the lid of Z axis) 
as illustrated in Figure 4-49. The design of the pressure vessel was highly influenced by the 
latest successfully launched bioCubeSat by NASA i.e., EcAMsat. 

 

Figure 4-49 Image of the updated Pressure Vessel design 

 

Figure 4-50 Exploded view of Pressure Vessel updated design 
 

Few updates were made to the pressure vessel since CDR. The lid facing the 1U bus had 
different ports for integrating to the 1U bus structure. The pressure vessel replaced the 
gaskets with Nitrile rubber O-rings with 1.5 mm cross-sectional area. To accommodate the 
compression area of the O-rings, the outer lip of the pressure vessel main body was chamfered 
with 2 mm radius.  

An electrical feedthrough had been selected for the project, where it was installed on the lid 
facing the 1U bus. Therefore, to accommodate the feedthrough on the lid based on 
manufacturer specification, a mounting area was designed on the lid, where the feedthrough 
was mounted on as shown in Figure 4-53. The feedthrough was sealed by using a fluorosilicone 
O-ring. 
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The outer lip of the pressure vessel main body was chamfered for 2 mm radius to 
accommodate the compression area of the 1.5 mm cross-sectional area of the O-ring as shown 
in the right image of Figure 4-51. 

 

Figure 4-51 Updated lid design with for integrating to 1U bus and mounting the 
feedthrough (left), chamfered lip of the pressure vessel for O-ring compression (right) 
 

To justify the chamfered area, a calculation was performed based on Design Rule Book (A., 
2020) for engineering, which is as below. 

 

Figure 4-52 calculation of chamfered area for O-ring compression 
In this case, d is the cross-sectional area of the O-ring, which is 1.5 mm. 

1.5 x 1.32 = 1.98 mm (rounded to 2 mm) 

Therefore, the chamfered area against the O-ring compression was designed with a 2mm 
radius and 45-degree angle. 

A testing lid was designed with a mounting port for a pressure inlet valve to test the pressure 
vessel safety ratio. This lid was only used for testing purposes, and the flight module used the 
same lid as shown in Figure 4-50. 

The chosen feedthrough system was mounted on the lid using 2 4-40 UNC D Sub Jack screws, 
as illustrated in Figure 4-53. 
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Figure 4-53 Feedthrough mounted on the lid using jack screws (left), feedthrough mounted 
on the panel made on the lid, according to manufacturer specifications (right) 
 

The D Sub feedthrough has an O-ring placed around its structure, which while compressed to 
the lid, using the mounting jack screws, ensured an air-tight seal. Figure 4-54 shows the design 
of the feedthrough and the nitrile rubber O-ring. The lid area surrounding the feedthrough 
was slightly modified, milling around 0.7 mm on the 3 mm thick lid, and reduced the thickness 
to 2.3 mm, as requested by the manufacturer for panel mounting instructions. This is shown 
in the right image of Figure 4-53 Feedthrough mounted on the lid using jack screws (left), 
feedthrough mounted on the panel made on the lid, according to manufacturer specifications 
(right). 

 

Figure 4-54 Feedthrough with the blue Nitrile rubber O-ring 
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 Vibration sources in the experiment 

Regarding the vibration sources in the experiment, there are six valves, one motor and one 
pump, which are the sources for vibration in the entire assembly. The details of the parts are 
as below. 

Model/part number of parts: 

• Motor: Faulhaber 2232SR motor (1 item) 

• Pump: Bartels Mikrotechnik mp6-hyb (1 item) 

• Valves: 4 items of LHDB0542115H and 2 items of LHDA0511111H 
Characteristics of the parts: 

• DC motor: 
o 24 V 
o 0.2 A 
o 4054 rpm 
o Best case torque 2 mNm, worst case torque 7mNm 

• Pump: piezoelectric diaphragm pump 
o  250 Vpp (volt peak to peak) 
o 100 Hz 
o 50e-3 W 
o RPM and torque N/A 

• Solenoid valves LHDB0542115H: 
o 5 V 
o 0.18 A 

• Solenoid valves LHDA0511111H: 
o 5 V 
o 0.11 A 

An operational scenario for the parts: 

This scenario describes one determined prior to the launch campaign. During the ascent 
phase, there should be no activity from the items; during the float phase, the activity could 
have been as below. 

• Example of a timeline: 
o Motor start for 10 seconds 
o Motor stops 
o 2 to 3 valves + pump activated for 40 seconds 
o +1 valve (3 to 4 in total) + pump activated for 5 seconds 
o All valves deactivated 
o RESTART 

• The motor could rotate for 10 seconds, wait for 17 seconds and restart 5 times 
without the pump and valves activated. 

• The motor could rotate from 5 seconds to 60 seconds straight 
 
During the descent phase, no activity would take place. 

Any further element concerning actuators and vibration sources: 

• All values presented above were subject to, and did, change during the verification 
and launch campaigns 

• Start and stop procedures for the motor were not yet fully defined at the time of 
writing the initial operational scenarios. 

• The motor could rotate faster which results in higher rpm and shorter time, although 
this was not used in flight. 
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• The pump could be faster, which results in shorter pump and valves activation time. 
 

To conclude the above, the masses involved in all these vibration sources have a low mass and 
therefore the energy present in any resultant vibroacoustic emissions was low. 

 Pressure Vessel Analysis 

Comprehensive simulations were performed using NASTRAN/PATRAN to understand the 
concentrated stress region. The simulation was performed with a 2-bar internal pressure 
and 0 external, making a 2-bar pressure difference as a 2x safety factor. It can be seen in 
Figure 4-55 that the stress is primarily located on the centre of the 2 mm wall thick cube 
shape vessel, trying to convert it to a cylindrical shape, which is an expected reaction. The 
deformation is almost 1 mm as illustrated in Figure 4-56. Moreover, to clarify the 
simulation, the pressure vessel has been analysed with the same environment using 
ANSYS (Figure 4-57, Figure 4-58),where it shows the stress of 97 MPa and deformation of 
0.27 mm which is in close proximity to the MSC Nastran/Patran simulation (Figure 4-57 
and Figure 4-58). 

 

Figure 4-55 Simulated von-mises stress on 2U aluminium 7075-T6 pressure vessel 
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Figure 4-56 Simulated deformation on 2U aluminium 7075-T6 pressure vessel. 

 

Figure 4-57 ANSYS stress simulation for pressure vessel over pressurising with 2 bars 
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Figure 4-58 ANSYS deformation simulation for pressure vessel over pressurising with 2 
bars 
 

A further fillet of 2 mm radius was applied from the inner corners of the pressure vessel to 
reduce that stress. The simulation calculated a 109 N/mm2 (109 MPa) along the maximum 
stress location (marked in red colour) using MSC Nastran/Patran and 97 MPa using ANSYS. 
The limit of 503 MPa Tensile Yield Strength of Aluminium 7075-T6 and the simulated stress 
along the walls gave a margin of safety of 2.9.  

Margin of Safety =
Design allowable stress

Design Limit stress × Factor of safety
=

503 MPa

102 MPa × 1.25
− 1 = 2.9 

 

Note: The factor of safety of 1.25 is per ECSS-E-ST-32-10C standardisation for structural factors 
of safety for spaceflight hardware. Although the burst factor of safety is described as 1.5 in 
ECSS-E-ST-32-02C, but with the current margin of safety, the design was well within limits. 

The other consideration which had been carefully studied while designing the pressure vessel 
was the standardisations of Swedish Pressure Vessel law AFS 1999:6 and ASME BPVC VIII 
Division 1 which describes the requirements of pressure vessel manufacturing process and 
safety. There was an extensive design consideration as well on ECSS-E-ST-32-02C 
standardisation requirements, in terms of structural design and verification of pressurised 
hardware, mainly section 4.3 of Pressure Vessels under general requirements.  

Although it is mentioned in the same document of ECSS on clause (b) of section 4.3.2.1 on 
Development approach that ‘The failure mode shall be demonstrated by analysis or test or 
both’, we selected to do both analysis and test to demonstrate the safety of the pressure 
vessel development. Therefore, besides the FEA analysis, a method of testing was arranged 
for post-manufacturing of pressure vessel. The pressure vessel was placed in an atmospheric 
pressure and room temperature environment, pressure sensors were placed in the pressure 
vessel and both lids were bolted to the pressure vessel. From one end of the lids which was 
connected to an inlet pressure valve, the vessel was pressurised to 2 bars relative to the 
atmospheric pressure using air, then the valve was closed. This method provided us with the 
evidence that the structure was able to withstand the stress of 2 bars. The same method was 
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used to analyse the leak rate of the pressure vessel. As mentioned in our leak rate 
requirements PR-03-11c the leak rate could not exceed 0.2 mL/min.  

 

Figure 4-59 Pressure Vessel test assembly 
 

Furthermore, as the Pressure Vessel mass is 765 grams (±5%), an FEA analysis was applied 
using ANSYS to understand in an event of a static load of 225N, which represents 30g on the 
structural mass.  

 

Figure 4-60 Pressure Vessel 225-N ANSYS Static load deformation analysis 
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Figure 4-61 Pressure Vessel 225-N ANSYS Static load stress analysis 
 

A Force of 225 N was applied from the top of the pressure vessel, simulating a load of 30g and 
the stress which was revealed is 8.5MPa (Figure 4-61) and a deformation of 0.08mm (Figure 
4-60). 

 1U Bus Structure Design 

The 1U bus structure and design were made according to BoB experiment requirements and 
avionics. Facts such as mounting ability, strength to mass ratio, internal volume and P-Pod 
compatibility were taken into consideration while designing the structures. 

 

Figure 4-62 1U Bus CubeSat platform updated structure design 
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Figure 4-63 Exploded view of 1U Bus structure 
 

The 1U bus main frames (Figure 4-63) were modified upon CDR. The final design was a 
standalone structure independent of the pressure vessel; it could be assembled and 
integrated with flight avionics and electrical subsystems such as ethernet and power 
connection. After assembly, the 1U bus electronics could be tested and verified, then 
connected to the pressure vessel feedthrough system, and finally mounted on the pressure 
vessel lid. The mass of the 1U bus structure’s final design was 215 grams, resulting in 60 grams 
lower mass than the previous version. Note that upon integration to the pressure vessel, one 
of the lids had to be removed from the 1U bus to connect the electronics to the feedthrough 
system. 

The mounting of the parts together was made using M2 screws and nuts. The list of the parts 
and their IDs are mentioned in Appendix H. Torx screws were chosen for the 1U Bus, having 
nearly 760 MPa Tensile strength or higher. They were also designed to be countersunk to the 
structure, making the outer dimensions of the 1U bus structure exactly 100x100x100 𝑚𝑚3, 
as illustrated in Figure 4-62. This dimension excludes the railing design, which makes it 
compatible with P-Pod deployment system requirements. Moreover, the inner dimensions 
are 98x98x94 𝑚𝑚3, allowing the maximum area to be available for the avionics installed. 

The installation of the electronics was made by sliding the PCB boards into the allocated 
mounting areas. If it was deemed necessary to reduce the vibration on the PCB boards after 
testing, a bolting area could have been designed to mount the PCB boards directly to the 
frames; this was not required. 

The material selected for the 1U bus was the same material as for pressure vessel, which is 
Aluminium 7075-T6. The structure mass was measured to be 215 grams (±5%). The low mass 
was due to the 1 mm thickness of the walls. 
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To analyse the structural strength, FEA analysis was performed using ANSYS to analyse the 
stress and deformation of the structure. A force of 150 N was applied from the top of the 
structure which equals to 30 times of the 1U Bus mass including the assembly of the 
electronics.  

 

Figure 4-64 1U Bus Structure Deformation analysis 

 

Figure 4-65 1U Bus Structure Stress analysis 
 

As can be noticed in Figure 4-64, the image illustrates the deformation, which is 0.26 mm, 
and in Figure 4-65, the stress at the highest point is at 35.5 MPa. This factor is well in the 
range of acceptance for structural requirements of BEXUS and ECSS standardisation.  
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 Experiment Structure Configuration 

After reviewing and designing the structures of Pressure Vessel, 1U Bus, and the payload, a 
full configuration analysis of the experiment and the interfaces to each other was applied. 

 

Figure 4-66 Transparent view of fully assembled experiment 
 

The interfaces between the payload rails and the pressure vessel was made by designing a 
flange type area on the pressure vessel lids, where the rails were inserted and bolted to the 
lid (Figure 4-67). 

 

Figure 4-67 Flange and M2 bolts design on the structure 



- 118 - 

Page 118 BX30_BoB_SED_v5_1 

 

 

Figure 4-68 1U bus and pressure vessel integration port 
 

The interface between the pressure vessel and the 1U bus was made with 4 bolts of 
M2x10mm connecting the walls of the 1U bus to the pressure vessel (Figure 4-68). A 
calculation for the average shear stress was applied to the tension area to determine the 
strength of the bolts. As this was a double plane shear connection, the diameter of 1.9 mm 
bolt was been analysed with a 1720 N force acting on it, representing the 35 G force of a 
possible hard landing event. 

cross − sectional area =  
πd2

4
=

π0.00192

4
= 2.83 × 10−6 

 

shear average (τ) =
Force

Area
=  

1720

2.8 × 10−6
= 607.77 MPa 

 

shear on each bolt =  
τ

4
=

607.77 MPa

4
= 151.94 MPa 

 

Safety factor =  
Ultimate stress

Max stress
=

760 MPa

151.94 MPa
= 5 

 

Due to the high strength of 760 MPa of the bolts, the results of stress in that region 
appeared to be well within range, with a safety factor of 5.  

The installation of the electronics was made by sliding the PCB boards into the allocated 
mounting areas as illustrated in Figure 4-69, and if was necessary to reduce the vibration on 
the PCB boards after testing, a bolting area could have been designed to mount the PCB 
boards directly to the frames. There is a mounting area for the kill switch with an LED 
indicator, E-Link connector and a power plug on the other side lids as illustrated in Figure 
4-69.  
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Figure 4-69 Power, E-Link connector and Kill switch mounted on the 1U bus 
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 Pressure Vessel and 1U AIV and tests 

The pressure vessel was manufactured and inspected. The fabrication of the structure was 
performed by 3D Hubs. During the inspection, the overall electropolishing of the structure 
was not performed by the manufacturing company, but no other major issues were observed. 
The overall dimensions and fitting clearances were as the design required it to be. 

 

Figure 4-70 Pressure vessel fabricated 

4.4.6.1. Pressure Vessel 2x safety test 

The pressure vessel safety test as part of the T07 test was performed using Cranfield 
University’s space lab. The test was performed by mounting 
a lid which has been manufactured similarly to the flight 
hardware lids, but with a pressure inlet valve mounting port 
as shown in Figure 4-71.  

Through this port, connected to an air pump from the other 
end, the pressure vessel was pressurised to 2 bars relative to 
atmospheric pressure. Between the pressure valve and the 
air pump, a pressure gauge was used to show the pressure in 
the pressure vessel. Once the gauge illustrated the 2 bars 
relative pressure, the test concluded and after verifying the 
structure if any damages or deformations etc. as shown in 
Figure 4-72, the test was verified successful.  

 Figure 4-71 Pressure inlet lid 
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Figure 4-72 Pressure gauge illustrating 2 bars relative atmospheric pressure 
 

During this test, a colleague was present to help for the setup, a fixed camera was useful for 
investigation in an even of structural failure, and a leak detector spray was used to understand 
if there are any leaks in the test setup.  

4.4.6.2. Pressure Vessel leak test 

The leak test of the pressure vessel as part of the T02 test was verified according to the testing 
plans. Similar setup to the T07 test, the pressure vessel was pressurised to 2 bars absolute 
pressure, although in this verification, an absolute pressure sensor was mounted in the 
pressure vessel to produce the pressure variation over a 3-hour duration. The test setup is 
shown is the Figure 4-73, where at the left side of the pressure vessel, the data from the sensor 
was transmitted to a computer, and on the right side was the pressure inlet port using a non-
return valve. 
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Figure 4-73 Pressure leak test setup 
 

In this test, a fixed camera was in the lab, recording the test during the 3-hour duration, a leak 
detector spray was used to inspect if any possible leaks, and a thermometer to measure the 
room temperature changes during the 3-hour duration. 

The test concluded successfully with no leaks determined. Although the pressure did increase 
with 3% as shown in Figure 4-74, this was due to room temperature changes from 21.1 C to 
22 C over the 3-hour long test.  

 

 

Figure 4-74 Pressure leak test variation chart 
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4.4.6.3. 1U Bus structure verification 

The 1U bus structure was manufactured and verified successfully. The manufacturing of the 
1U bus structure was done by 3D Hubs company. The parts were assembled using the 
intended countersunk M2 screws as specified in the design. Some small adjustments were 
required to the lids which were subsequently verified and fixed using facilities in the lab.  

4.5. Electronics Design 

 General Electronics Design 

The electronics design went through a final revision after the CDR before the PCBs were 
finalised to their flight configuration. Updated electrical design schematics and PCB designs 
can be found in Appendix K. 

Our experiment used 24 sensors and featured six communication lines:  

• one I2C 

• three SPI  

• one UART 

• one CSI-2. 
 
The Raspberry Pi was the main flight computer and had control over the I2C as well as one SPI 
line, while the MCU (Adafruit Itsy Bitsy) controlled two SPI devices (ADC_1 and ADC_2). The 
UART protocol was used for communication between the Raspberry Pi and the MCU 
exclusively. 

The main power line powering the experiment was controlled by a mechanical ON/OFF kill 
switch. Therefore, the experiment could be safely turned off at any time. 

Both the film heater in the 1U bus and the heating coil inside the PV were controlled with 
PWM. The PWM signals individually controlled the gate of a MOSFET, and the voltage supplied 
to the heaters depended on the duty cycle, switching frequency and PWM steps of the signal. 
As such, the thermal system had independent control of the average power output of each 
heater. This electrical design allowed the flight computers to maintain vital heating 
throughout flight. 

 I2C 

The RPi supplied the I2C bus with a 3.3 V line which split in two parts using diodes, which 
protected the power lines from sensor failure which could disable the entire bus. 

From the feedback given to us by the judging panel at PDR, it was mentioned that the pull-up 
resistor values on the I2C protocol were extremely low (4.7 µΩ). Since then, these values have 
been changed to the correct units (kΩ), and a specific range of pull-up resistances was 
calculated based on the pull-up resistor equations: 

• Minimum pull-up resistance value: 
V_CC−V_OL

I_OL
 ; 

 

Where V_CC is the 3.3 V line on the I2C bus, V_OL is the low-level output 
voltage of the SDA and SCL lines, and I_OL is the leakage current 

 

• Maximum pull-up resistance value: 
t_r

0.8473∗C
 ; 
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Where t_r is the Rise time of the SDA and SCL lines, and C is the bus 
capacitance 

 

The calculated minimum and maximum values of pull-up resistance on the I2C bus are 966 Ω 
and 6.3 kΩ, respectively. For our experiment, we chose a low value of pull-up resistance for 
faster data rates and as a safety measure. No further iterations to bus capacitance were 
required. Any increase in bus capacitance could have driven the value of pull-up resistance 
down so that the maximum rise time on the bus would not be exceeded. 

 Electrical sub-systems 

There are six solenoid valves in our experiment, and the avionics had the ability to actuate all 
of them independently. Each solenoid valve had its actuating circuit with two NPN transistors 
to satisfy this requirement. We used a second transistor because the minimum voltage pulse 
needed to trigger the first NPN transistor is 5V. 

It was planned that the MCU would control and acquire data from the GNSS receiver via SPI 
communication. The GNSS receiver chip would connect to a low noise amplifier (LNA) which 
connects to a GNSS Ceramic Active Patch Antenna via a U.FL connector. The GNSS receiver 
operational limits are beyond the BEXUS flight specification, and it was confirmed that the 
module would not be restricted by its own altitude lock, dynamics or velocity limitations. One 
analogue to digital converter would have shared the SPI bus with the GNSS receiver, namely: 
the MOSI, MISO and SCLK lines. The Chip Select ports (SPI_CS) were assigned to each SPI slave 
individually using common GPIO ports and software SPI. Ultimately, the GNSS system was 
deselected and was not flown. 

ADC_1 was placed inside the 1U bus, where it received analogue inputs from two RTDs. It also 
received analogue inputs from three op-amps which amplified the reading of three 
photodiodes. Capacitors were also connected between AVDD, AVSS, DVDD and DGND for 
noise reduction and decoupling. 

The motor driver had speed, direction, and further functionality available to control the motor 
and the encoder. These pins were connected to the GPIO pins of a GPIO expander in the 2U 
Main PCB. The motor driver had two high voltage inputs, one to power itself, and the other to 
power the motor. It was originally designed that the encoder would communicate with the 
motor driver via two-channel lines to yield important information about the rotation of the 
motor; instead, a bespoke optical encoder was developed as the selected motor only provided 
incremental, not absolute, position encoding which would have been vulnerable to power 
cycles and data loss. The motor drove the gear system and MCSD and was placed along with 
the driver and encoder inside the pressure vessel. 

The camera required a flat ribbon cable to connect to the flight computer, however we 
realised that this cable is prone to breaking and therefore we decided to minimise the length 
of the cable to reduce this risk. A camera electromagnetic interference test was been 
performed in the lab to yield information of this potential risk especially for cables going 
through the feedthrough due to lack of shielding. The test was a success and the main 
outcomes were: 

• EMI is negligible especially with our specific camera module serial interface (i.e. CSI-2 
protocol) which spreads its power spectral density over a wide bandwidth to minimise 
any potential interference. 

• The camera cables and corresponding PCB routing were allowed to have significant 
length discrepancies between each other. 
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The remaining three ADCs were placed inside the Pressure Vessel and received four analogue 
signals from the Resistance Temperature Detectors (RTDs). Based on the temperature 
detected, the resistance across the RTD changes, and it was registered as the difference in the 
voltage between the two analog outputs. Small 1μF capacitors were used to filter the power 
lines. 

The fluidic pump was fixed inside the pressure vessel and connected to the pump PCB via a 
FPC connector. The amplitude and frequency of the micropump could be modified by 
changing the value of the external resistors connected to the pump driver by using the 
potential divider circuit; a variable resistor was placed in parallel to quickly change the 
resistances of the circuit during rapid testing. A wide range of resistors (for flight) and 
potentiometers (for testing) was purchased so that the amplitude of the pump could be tested 
fully before flight. 

Each thin film heater and coil heater had a separate driver (MOSFET) and could be operated 
independently with PWM. 

The solenoid valve actuating circuit used two N-channel mosfets and a relay to provide a 5V 
switching polarity input to actuate and to change the position of the valve. The mosfets were 
selected so that the solenoid valve is normally closed in order to reduce power consumption. 
The GPIOs operating the mosfets were protected from the potentially damaging reverse 
voltage spike, which could occur when closing the valve, by using a shunt regulator circuit and 
zener diodes. 

The photodiodes were connected to the operational amplifier as shown in Appendix K. The 
capacitor was used to reduce the rapid oscillation of the output voltage from the photodiode 
(i.e., blocks high frequency voltages) while maintaining the sensitivity of the measurement.  

Two Zener diodes were connected in parallel to the ground to protect the I2C SDA and SCL 
lines from transient voltage spikes which could occur due to electrostatic discharge. 

The Ethernet to SPI converter was connected to the Raspberry Pi via the SPI protocol, and it 
bridged all the E-link data transmissions. 

The LED for the imaging system was enabled through an N-channel MOSFET. When the 
MOSFET switched on, it completed the circuit with the ground and created a potential 
difference which results in current passing through the LED. The brightness of the light 
emitted from the LED depended on the value of the pull-up resistors. 

 EAR status and design of PCBs 

The old Pump PCB was manufactured with countersunk mounting holes for a better interface 
with the rails inside of the 2U PV. The FFC connector (centre) was carefully placed to provide 
a good electro-fluidic interface with the mp6 micropump. 

Initially the wrong footprint for the liquid pressure sensor was chosen (see Figure 4-75 top-
left), as the analogue variant of the sensor was purchased but the I2C variant was adopted on 
the PCB. Since the difference between the two variants was only in the communication and 
data transfer aspects and did not affect the performance or operation of the sensor, the Pump 
PCB was not re-designed. Furthermore, a new variant of the liquid pressure sensor was 
purchased which used a matching footprint to the one on the Pump PCB and could 
communicate with I2C. However, it was acknowledged that the new sensor is through-hole 
and therefore required some bending on the pins to be able to solder it successfully on SMD 
footprint on the PCB. 
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The new Pump PCB was completed and fully unit tested and integrated into the system. Some 
errors were made in the design of this PCB, however, each one was mitigated by the team. 
The errors include: 

- The BME680 humidity sensor was interfering with the rails holding the PCB 
o To mitigate this, we de-soldered the old sensor and soldered a new variant 

which did not have extra connectors and therefore could fit without any 
mechanical clash 

- The power line used to turn on the analogue liquid pressure sensor on the PCB was 
wrong and caused an anomalous reading from the sensor 

o For this reason, we decided to remove the sensor from the system and adjust 
the fluidics based on this change 

- The amplitude voltage reference supplied to the pump driver was too low and this 
was causing the pump not to work 

o To solve this problem, we altered the resistance ratios in the potential divider 
to get a higher voltage output 

 

Figure 4-75 (NEW) Pump PCB 
 

The new LED PCB was carefully engineered to fit in the very space constrained area next to 
the MCSD. The small extrusion (right) was made to house the LED which was placed directly 
underneath the chambers which are subject to imaging. 

When testing the old LED PCB, we observed a significant reduction in the brightness of the 
LED. It was later understood that the cause of this issue was the use of a bi-directional N-
channel MOSFET in a sub-optimal configuration which led to a significant voltage drop before 
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the LED. To solve this problem the LED PCB was re-designed using a standard N-channel 
MOSFET which was rigorously tested in the lab and proven to work with the LED. 

The new LED PCB was fully assembled, tested, and verified. The improved design featured the 
new MOSFET driver to minimise the voltage drop across the LED and three series resistors 
which allowed for adjustment of the resistance to get a nominal LED brightness. This 
adjustment was needed after the team saw that the LED brightness was too high and 
therefore saturated the images taken by the camera module. 

 

Figure 4-76 (NEW) LED PCB 
 

The new 2U Main PCB underwent component re-arrangement on the top layer, simplified 
routing, correction of component footprints, electrical design mistake correction and 
elimination of irrelevant components. The PCB was fully assembled, tested, verified, and 
integrated inside the 2U system. 

The Picolock connector was the most used connector in the 2U Main PCB as it is space-
efficient, easy to assemble, provides a strong connection and can support up to 12 
independent wires. Due to the space constraints most Picolock connector systems were 
placed in close proximity of each other or other devices to save board space. This led to 
inherent complications of the PCB building process since multiple parts need to be fitted when 
building and assembling a Picolock connector. The Picolock connector system is comprised of 
a right angle SMD pin header, a receptacle pin housing, 12 Picolock crimp terminals and 12 
AWG-32 wires. The wires are crimped to the Picolock terminals using a Picolock crimp tool 
(from Mouser) and are then plugged into the female side of the Picolock receptacle housing. 
Considering the space needed to push the receptacle housing into the right-angle pin header 
in addition to the minimum bending radius of AWG-32 wires, there needed to be a minimum 
clearance of 6 mm in front of the right-angle header for a successful installation. However, 
there is only 3 mm of space between Picolock 1 and 2 on the 2U Main PCB, as shown in Figure 
4-77. Therefore, to overcome this problem and to save time during the building process, the 
order in which the Picolock pin headers are soldered and assembled on the PCBs was of crucial 
importance. To make a successful installation of both Picolock 1 and 2 the pin header of 
Picolock 2 needs to be soldered first followed by the insertion of a fully assembled receptacle 
housing. Subsequently, the pin header for Picolock 1 could be soldered on the PCB and later 
connected to its own receptacle pin housing with relative ease. 
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Figure 4-77 Two Picolock pin headers placed in close vicinity of each other on the 2U Main 
PCB with the addition of the Picolock 1 assembly parts 
 

Some issues which were encountered when soldering the OLD 2U Main PCB include footprint 
size mismatches such as with the camera FPC cable connector where the PCB pads were 
completely covered by the connector pins. This caused the solder to not stick to both the PCB 
pad and connector pins. 

In Appendix K.2. showcases the design of the OLD 2U Main PCB which contains multiple planes 
both on the front (red) and back (green) copper layers of the PCB. The PCB implemented 
ground plane partitioning to reduce noise caused by digital-analogue crosstalk. The analogue 
and digital grounds were aligned with analogue and digital power supply planes, in red. The 
two ADC footprints were placed above the bridge over the power plane partition. Harnessing 
was also a priority when designing the 2U Main PCB as major connectors were strategically 
placed to shorten and simplify the 2U harness. Local subsystems which did not have priority 
on the 2U Main PCB were placed close by to avoid extremely long traces which would reduce 
the space available on the PCB layer. Camera bus traces were simulated on a breadboard to 
work while using varying lengths of wire and therefore these traces did not need to be straight 
or of equal length on the 2U Main PCB. 

 

Some mistakes were made on the second design iteration of the 2U Main PCB, namely: 

- The camera FFC cable connector pinout was wrong because it was inverted 
o We compensated by twisting the camera cable by 180 degrees 



- 129 - 

 

Figure 4-78 (NEW) 2U Main PCB with all the components assembled except the wire 
harness 
 

 

The updated Power PCB shown in Appendix K.2. implemented mixed signal board partitioning 
on both the copper layers. The current sensor, positioned in the centre-left part of the board, 
was sensitive to nearby power planes and traces since it measured the current going through 
it by measuring the strength of the electric field. The IMU was also sensitive to external electric 
fields and therefore was placed away from high current lines. The Molex NanoFit connector 
interfaced the main power line to the kill switch so that the experiment could be completely 
switched off when the switch was open, which simulated a standard Remove-Before-Flight 
switch. The kill switch was used by the BEXUS personnel to switch off the experiment for safety 
reasons when retrieving the gondola after landing. 
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Figure 4-79 (NEW) Power PCB with critical components assembled. Switching voltage 
regulator and IMU de-selected for flight 
 

The OBDH PCB was the last board to be designed and manufactured and for the first time, 
therefore the team acknowledged the higher risk involved with this PCB. 

Errors which were made on this PCB include: 

- The UART communication bus was wrongly connected inside the PCB 
o We solved this problem by cutting the traces on the top and bottom layers of 

the PCB and reconnecting them correctly with AWG32 cables 
- The camera connector on the PCB was wrongly connected 

o We compensated by twisting the cable by 180 degrees and connecting it 
between the main flight computer and the PCB camera connector 

- The secondary flight computer was missing a connection to correctly communicate 
with the analogue to digital converter 

o This was solved by bridging the two pins with insulated AWG 32 wire on the 
top side of the MCU 
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Figure 4-80 The OBDH (1U) Main PCB 
 

 Data budget  

It was possible to have an early estimation of the on-board memory and an estimate of the 
data rate using the operation timeline and the requirements. PR-09 100c states that “Once 
connected to the BEXUS E-Link, The system shall transmit via BEXUS E-Link housekeeping data 
from internal environment at least every second except imaging data”. The final designed data 
budget was relevant to the actual flight use, although uplink data budget had to be increased 
at EAR due to use of the TCP connection protocol for imaging data downlink. 

A quick recap of the sensors producing data: 

• Temperature sensor inside (x 6 estimations) 

• Temperature sensor outside (x2) 

• Pressure sensor inside (x2), redundancy is needed as the pressure inside has to be 
known to validate objectives) 

• Pressure sensors outside (x2) 

• Fluidic pressure sensor (x2) 

• Volumetric flow sensors (x1) 

• Humidity sensor (x1, non-critical) 

• Bubble sensors (x1) 

• Motor encoder (x1) 

• Photodiode outside (x3) 

• GPS (x1, non-critical) 

• Camera (x1 for picture and film, see PR-07 100c and PR-07 200c) 
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4.5.5.1. Total data generated 

Excluding the camera, the value of all sensors was saved approximately (the Raspberry Pi Zero 
was not a real-time system) every second in a telemetry packet of 4.472 bits (20% margin 
included). Telemetry packets are detailed in Appendix J. 

An “event packet” of 464 bits was planned to be created every second (20% margin included). 
The final flight packet was still 464 bits as no changes were required. 

A “telemetry packet” comprising all housekeeping telemetry excluding imaging data was 
planned to be 608 bits (20% margin included). The final flight telemetry packet was 696 bits 
to include additional housekeeping information. For the data budget, it was assumed that the 
system would receive commands every second to simplified, although, it was not the case in 
reality – this was understood during the design phase, but provided an appropriate margin of 
error. If everything happened nominally, the system would be completely autonomous, and 
it would not need to receive a command from the ground following balloon launch. In practice, 
both the autonomous operations worked nominally, and manual telecommands were also 
used for additional operations and thermal control system parameter modification. 

For the camera, according to a picture taken with the Raspberry Pi camera, an image could be 
up to 1 Mbit. For the films, a compression of 90% (http://kb.winzip.com/kb/entry/104/) [2] 
was applied. In practice, however, the additional compression with ineffective due to the 
imaging formats used, and camera images could be much larger (in the range of 24-32 Mbit). 

In Table 4-7 and Table 4-8, it can be seen that routine measurement imposed by PR_09_100c 
and all the pictures and films taken during and before the flight will require a memory space 
of 40 GB. This implied to purchase a 64 GB SD card. 

4.5.5.2. Downlink 

See downlink budget in Table 4-9 and Table 4-10 and telemetry packet are detailed in 
Appendix J. 

For the downlink data rate, according to the capability of the BEXUS E-Link system, it was 
difficult to downlink any video files. We believed that 13 images downlinked during the 1st 
hour of float phase should have been enough to detect a failure in the imaging system or the 
fluid system and be able to send an appropriate overwrite command. It would also enable us 
to assess the performance of the imaging system in case of the loss of the on-board memory. 
In practice, some videos were downlinked during flight, and many more images were 
downlinked both as part of the autonomous operations phase and the subsequent extended 
flight phase. This was possible largely in part due to the flight computers having capability to 
simultaneously manage multiple downlinks and operations, and for the bandwidth to be 
dynamically adjusted via telecommand; this feature was used during flight to increase 
downlink rate with permission from the payload manager. 

This implied an average data rate of 47.7 Kbits/sec, including telemetry. 

In the case of a non-nominal event, it was thought that an image downlink quickly could help 
with the troubleshooting. If an image had to be downlinked in 30 sec, alongside the telemetry 
and a high number of events, as this would be in case of a non-nominal event, the maximum 
data rate would be 404.4 Kbits/s. This data rate was accepted and a bandwidth of 400 Kbit/s 
was set as the system default, with capability to increase up to 512 Kbit/s (as additional margin 
was granted due to our implementation of dynamic bandwidth adjustment) was used in final 
flight.  



- 133 - 

Table 4-7 Designed data budget for sensor measuring and logging for non-stop for PR-09 
100c. 

  DATA PRODUCED 
NON-STOP 

Data per 
measurement 

Measure 
every (s): 

Data 
rata 
bit/s 

Data 
rate 

byte/sec 
Total data generated for 10 

h of 
operation 

bit byte bit bytes Mbit Mibi 

` 2472 309 1 2472 309 8.90E+07 1.11E+07 88.99 10.61 

Event packet 464 58 1 464 58 1.67E+07 2.09E+06 16.70 1.99 

Received 
telemetry 608 76 1 608 76 2.19E+07 2.74E+06 21.89 2.61 

          

    TOTAL data rate TOTAL DATA GENERATED 

    3544 443 1.28E+08 1.59E+07 127.58 15.21 

          

 

with 
margin of  2 7088 886 2.55E+08 3.19E+07 255.2 30.4184 

 

Table 4-8 Designed data budget for data generated during operation shown in the 
preliminary timeline. 

BY 
OPERATION 

Time for 1 
operation 

Data-rate 

Number of 
operation 

according to 
time 

line+operation 
on ground 

Total DATA generated for operations 

bit/s byte/sec bit bytes Gbits Gibi 

IMAGING N/A sec 8.00E+06 1.00E+06 79 6.E+08 8.E+07 1 ≈ 0 

FILMING  15 sec 1.49E+08 1.87E+07 74 2.E+11 2.E+10 166 19 

FILMING 5 sec 1.49E+08 1.87E+07 5 4.E+09 5.E+08 4 ≈ 0 

          

     TOTAL 2.E+11 2.E+10 170.1 19.8 

          

          

   with margin of  2 3.E+11 4.E+10 340.2 39.6 
 

Table 4-9 Break down of the average downlink data rate. 
Subsystem Data rate Comments 

Images 28888.9 bits/sec #Data rate for 13 images in 1 hour 

Telemetry 2472 bit/s 
 

Event 464 bit/s 
 

Average data 
31824.9 bit/sec 

 

31.8 Kbit/sec 
 

With margin 50 % 47.7 Kbit/sec  

 

Table 4-10 Break down of the peak data rate in case of non-nominal event 
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Subsystem Data rate Comments 

Image 266666.7 bits/sec # Peak Data rate for image, one image in 30 sec 

Telemetry 2472 bit/s  
Event 4640 bit/s # Peak Data rate for event 

PEAK DATA RATE 
269602.7 bits/sec  

269.6 Kbits sec  
with margin 50 % 404.4 Kbit/sec  

 

 Wire harness design 

The wire harness was constructed in bundles with connectors on each end where possible. 

Twisted wires were planned to be used where possible, as this significantly strengthened and 
protects the bundle, but was not required in the final flight hardware as most wires had 
individual destinations. PTFE-shielded cable sufficed and would also have minimised 
outgassing if dyes were to be avoided; there are no significant heat sources, and we were able 
to route the bundles without crossing sharp edges; therefore, additional heat shrinks were 
not necessary. 

Wires were marked on either end either with tape to aid installation. The three main PCB 
connector systems (i.e. Picolock, NanoFit and MegaFit) each used a board mount pin header, 
crimp housing, and crimped wires. Other board mount connectors included the FPC pump 
connector, U.FL connector for the GNSS antenna and camera FFC connector (Figure 4-81). The 
PicoLock wires were AWG 26 and AWG 28, NanoFit was AWG 20 and the MegaFit was AWG 
12. With this harness design we avoided wire-to-wire connections and unnecessary resistance 
discrepancies between the wires. 
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Figure 4-81 Electrical Harness Design 
 

4.5.6.1. Wire harness feedthrough 

A hermetically sealed feedthrough was required to pass electrical signal and power 
connections through the pressure vessel wall with minimal gas leakage. Due to the number of 
contacts and the required small form-factor, 51-contact Micro-D (Mil-DTL-83513) connectors 
were used. The sealing connector – a Cinch Dura-Con DCDH-51SSBN female pin connector – 
provided a hermetic seal using a glass-filled insulator compound and a fluorosilicone 
elastomer O-ring. Assembly and integration of this connector required a thickness milled out 
in the pressure vessel lid. This connector was assembled to the lid using torqued jackposts 
from the pressurised side, and the pressure differential provided a tight seal in operation. 

On the near-vacuum side in the avionics bus, a mating male pin connector was connected to 
the exposed female terminals and secured using a jackscrew pair. On both sides of the 
feedthrough, solder cups were available – supporting wires of AWG-26 – to solder electrical 
connections. Refer to figure Figure 4-54 for an image of the feedthrough. 

4.6.  Thermal Design 

 Introduction 

To validate the objectives, particularly objective 2), thermal regulation had to ensure an 
operable environment for the C. elegans worms during the flight (20oC ± 2oC) and keep them 
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in a low metabolic rate at a lower temperature during pre-flight (12oC ± 2oC). The performance 
requirement on the thermal system is stated in requirements: 

• PR-04 100c The system shall measure the internal temperature between +0 °C and 
+30°C 

• PR-04 110c The system shall measure and log the internal temperature at least every 
second. 

• PR-04 120c The system shall measure the internal temperature with a ± 1 °C accuracy. 

• PR-04 200c The system shall measure the external temperature between -80 °C and 
+30 °C with. 

• PR-04 210c The system shall measure and log the external temperature at least every 
10 second. 
 

To monitor and maintain the vessel at the required temperature, Resistance Thermometers – 
RTD PT 100 – were placed inside the vessel and were used to regulate two heaters to keep 
the temperature nominal. The pressurised environment means that heating could be achieved 
primarily by convection. The controller operated the heaters with Pulse Width Modulation 
(PWM) signals. 

Inside the MCSD, one of the five strains of C. elegans was a heat-sensitive strain. This means 
that if the thermal environment did not suit those C. elegans, they would coil if it was too hot 
or slow down if it was too cold. Thanks to the imaging system and this behaviour, we were 

able to assess the performance of the thermal system during operation and testing. 

A small computer fan was used to force air circulation inside the pressure vessel. This air 
circulation was needed to provide oxygen circulation between the air and the fluidic media 
for the C. elegans to breathe. The fan also made the temperature more uniform. 

 Modelling 

4.6.2.1. Spreadsheet 

A 1st hand calculation was done to have an early estimation of the power needed to keep the 
internal environment at the required temperature. 

The assumumptions used during the design phase were:  

• The pressure vessel has the following dimensions: 20 x 10 x 10 cm. 

• The pressure vessel is 2mm thick. 

• The pressure vessel is made of aluminium and has a thermal conductivity of 237 
W/m.K [3]. (p844 aluminium 2024T-6 at 300K) 

• The pressure vessel has an emissivity of 0.09. 

• The external convection coefficient was computed using a method described in [4], 
and the atmospheric parameters were found on atmospheric calculator [5] based on 
Standard atmosphere 1976 [6]. 

• The internal convection coefficient was been computed using [7], and the property of 
the air has been found in the same way than for the external coefficient. This method 
calculated the internal convection coefficient as if the shape was a cylinder. In this 
case, the inside is a cuboid, but for the external switching from the cylindrical model 
to the cuboid model had no significant impact. In order to save time, the convection 
coefficient of the inside was not modified. 

• As the two models need the surface temperature to compute the convection 
coefficient, this last one is determined by iteration until the error is less than 1 percent 
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between the surface temperature computed by the resistance model and the one 
given for the calculation of the convection coefficient. 

• On the ground, temperature inside: 12°C, the temperature outside: -5 °C 

• On float Phase, the temperature inside: 20 °C, the temperature outside: -50°C 

• On the ascent phase, with the worst thermal condition, the temperature inside: 20 °C, 
the temperature outside: -60°C 

• The temperature is in a steady state. 

• No fan inside the pressure vessel. A fan would make the convection coefficient harder 
to compute. 

 

Figure 4-82 The thermal model of the 2U pressure vessel 
 

Below, the result of the calculation on the float phase with nominal 20 °C inside: 

Internal surface temperature ≈ External surface temperature ≈ 13 °C 

Energy dissipation due to convection ≈ 6.9 W 

Energy dissipation due to radiation ≈ 3.4 W 

Total energy loss ≈ 10.3 W 

Below, the result of the calculation on the ground with a nominal 12 °C inside: 
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Internal surface temperature ≈ External surface temperature ≈  7 °C 

Energy dissipation due to convection ≈ 4 W 

Energy dissipation due to radiation ≈ 3.2 W 

Total energy loss ≈ 7.2W 

Below, the result of the calculation on the ascent with 20 °C inside: 

Internal surface temperature ≈ 15 °C 

External surface temperature ≈  − 48 °C 

Energy dissipation due to convection ≈ 14.4 W 

Energy dissipation due to radiation ≈ 1.3 W 

Total energy loss ≈ 15 .7 W 

 

In this model, the system was in a steady state; this meant that the total energy loss had to 
be compensated by internal heating to have a constant temperature. Those values were 
initially used for the power budget as a first estimation of the power consumed by the heat. 

If the system is illuminated by the sun and if we consider: 

• An absorptivity of 0.2 for polished aluminium. 

• A solar flux of 500 W/m² 

• The largest surface illuminated would be two large faces of 0.2 m² and one small face 
0.1 m², so 0.5 m² in total (this is not realistic, view factor coefficient should be applied. 
But it is just a rough estimation). 
 

The power input from the sun could be between 0 and 5 W, depending on which face is 
illuminated. 

This value changes drastically with a different surface with different absorptivity. This was 
reassuring. It meant that we could easily adapt the design to change the value of the solar 
input and make it smaller or larger, though this was not ultimately required. 

 Metrology 

4.6.3.1. Temperature sensor requirement and implications 

What the temperature measurement implies: 

• The temperature reading was used as a proof to validate part of objective 2) and 
requirement PR-04 100c: “The system shall measure the internal temperature with a 
± 1 °C accuracy”. 

• The temperature was used as an input of the thermal regulation 

• Additionally, the temperature reading of the strategic spot of the CubeSat could be 
used to understand the behaviour of the system in an extreme dynamic thermal 
environment. 

• The thermal behaviour of the system would be discussed in a potential scientific 
publication; therefore, the measurement had to allow the team to draw unambiguous 
conclusion about the behaviour of the system. 
 

The temperature sensor has the following main requirements set during the design phase: 
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• The measure shall be converted into an electric signal readable by the embedded 
microcomputer. 

• The accuracy shall be at the very least, ± 1 °C. A sensor with a better precision will be 
favoured in a trade-off. 

• The electric signal function of the temperature should be linear. It would work with a 
non-linear sensor, but it makes everything easier. 

• The sensors shall be calibrated at least by the BAMMsat team and possibly by a 
manufacturer. 

4.6.3.2. Selection 

4.6.3.2.1. Sensors 

Those requirements led to the trade-off of two types of sensors that validate the 
requirements: the thermocouple and the resistance thermometer (RTD). 

Table 4-11 Trade-off between thermocouple and RTD 
 Thermocouple RTD (PT 100 class A) 

Accuracy in the vessel 
temperature range 

≈± 0.86 °C ≈± 0.15 °C 

Size Very small small 

Ease to implement in the 
electronic design 

Needs for a circuit with 
amplification and reference, 

potentially special 
connector. 

Wheatstone bridge + 
amplifier. 

Or an ADC specialised for 
RTD 

Price + ++ 

Ease to calibrate + (water resistant) + (water resistant) 

 

The difference is tenuous, but it was decided that the gain in precision and the ease to 
implement of the RTD was worth the price difference. RTDs were used for the experiment. 

The RTD that were selected are the Thin-film RTD PT100 Class A From OMEGA [8]. 

The thin-film version of the RTD is appreciated for its fast response time compared to the 
response time of a thermocouple and its relatively small size, with its largest dimensions 
around ≈ 2 mm. 

It was estimated that six sensors would be required: 

• Two to measure the temperature on top of the MCSD where the temperature would 
be representative of the temperature inside the disc. 

• One to measure the temperature of a fluid reservoir. 

• One to measure fluidic tubing 

• One to measure the motor mount temperature 

• One to measure electronic temperature 
 
The sensors selected were the RTD PT 100 Class A from RS Component RS Stock No. 891-9148. 
They are 4 wire PT100 sensors, -50°C min +250°C max, 10mm Probe Length x 2mm Probe 
Diameter. We only needed three wires, so a white wire was cut off on the sensors. 
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Figure 4-83 Picture of the selected sensor 
 

4.6.3.2.2. Electronics 

The team used an analogue to digital converter with embedded amplifiers – The ADS 1248 
from Texas Instrument [9]. This item provides a small current passing through the RTD, but 
the manufacturers claim that the accuracy of the measurement could be around: ± 0.05 °C. 

 

Figure 4-52 Example of connection between an RTD and the ADS 124. Image from [9]. 
Therefore, the current expectation for accuracy is ≈± 0.2 °C on a temperature range between 
0 °C and 30 °C. 

With the ADS1248, it was possible to induce a small excitation current into the RTDs and 
perform a ratiometric measurement of the RTD resistance. The excitation current induced a 
voltage in the RTD that was an input of the analogue to digital converter and was used to 
generate a reference voltage. The voltage from the RTD and the reference voltage were 
compared by the ADS1248, and 24-bit readings were sent via an SPI line. This code was read 
and interpreted by the flight computers to deduce the temperature reading. 
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Figure 4-84 Simplified schematic of the ADS1248 reading one RDT sensor, performing a 
ratiometric measurement. 
 

The relation between the Resistance of an RTD and the temperature is established by the 
Callendar-Van Dusen Equation [8]: 

𝐼𝑓  𝑇 > 0°𝐶:   𝑅𝑅𝑇𝐷(𝑇) = [𝐵𝑇2 + 𝐴𝑇 + 1]𝑅0 
𝐼𝑓  𝑇 < 0°𝐶: 𝑅𝑅𝑇𝐷(𝑇) = [𝐶(𝑇 − 100)𝑇2 + 𝐵𝑇2 + 𝐴𝑇 + 1]𝑅0 
𝑤𝑖𝑡ℎ: 
        𝑅𝑅𝑇𝐷 = 𝑡ℎ𝑒 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑅𝑇𝐷 (𝛺) 
        𝑇 ∶  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑖𝑛 𝐶𝑒𝑙𝑐𝑖𝑢𝑠 (°𝐶) 
        A = 3.9083 × 10−3  𝛺−1 
        𝐵 =  −5.775 × 10−7  𝛺−2 
        𝐶 = −4.183 × 10−12 𝛺−3 
        𝑅0 = 100 𝛺 ∶  𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑎 𝑅𝑇𝐷 𝑃𝑇100 𝑎𝑡 0°𝐶 

Therefore, if the temperature is above 0°C – which was the case during the calibration – the 
temperature near the sensor can be deduced from the resistance solving a second-order 
polynomial equation: 

𝑇 =
−𝑅0𝐴 + √(𝑅0𝐴)2 − 4𝑅0𝐵(𝑅0 − 𝑅𝑅𝑇𝐷)

2𝑅0𝐵
 

The code – the digital output of the ADC – is composed of 24 bits. The value of the code is the 
proportion if 𝑉𝑅𝑇𝐷 × 𝐺  on 𝑉𝑟𝑒𝑓 . 𝑉𝑟𝑒𝑓  is known because it depends on 𝑅𝑅𝐸𝐹  and 𝐼𝑒𝑥𝑐  both 

known. If 𝑉𝑅𝑇𝐷 × 𝐺 = 𝑉𝑟𝑒𝑓  the output code would be 7𝐹𝐹𝐹𝐹𝐹|ℎ =  (223 − 1) |𝑑  and if 

𝑉𝑅𝑇𝐷 × 𝐺 = 0 the output code would be 000000|ℎ. 

To summarise: 

𝐶𝑜𝑑𝑒 =
𝑉𝑅𝑇𝐷  ×  𝐺

𝑉𝑟𝑒𝑓
× (223 − 1) 

𝐶𝑜𝑑𝑒 = 𝐺(223 − 1)
𝑅𝑅𝑇𝐷 𝐼𝑒𝑥𝑐

2𝑅𝑅𝐸𝐹𝐼𝑒𝑥𝑐
 

𝐶𝑜𝑑𝑒 = 𝐺(223 − 1)
𝑅𝑅𝑇𝐷

2𝑅𝑅𝐸𝐹
 

𝑅𝑅𝑇𝐷 =  
2𝑅𝑅𝐸𝐹𝐶𝑜𝑑𝑒

𝐺(223 − 1)
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Therefore, the temperature can be deduced: 

𝑇 =
−𝑅0𝐴 + √(𝑅0𝐴)2 − 4𝑅0𝐵 (𝑅0 −

2𝑅𝑅𝐸𝐹𝐶𝑜𝑑𝑒
𝐺(223 − 1)

)

2𝑅0𝐵
 

The two excitation currents going to the 1-wire side or the 2-wire side of the RTD were not 
exactly the same. This induced a significative error in the measurement. But this error was 
easily corrected by taking two measurements, swapping the current source between 
measurement, and averaging the results. This operation is called chopping the current source 
in the datasheet [9] and was performed for the BAMMsat measurements. 

Table 4-12 summerising the Impact of the different uncertainty 

 

After computing the uncertainty of the measurement in Table 4-12, the result found is 
comparable to the value of ± 0.2 °C in the ADS1248 datasheet [9]. 

The specific wiring is specified in the electronic design. 

4.6.3.3. Calibration 

The calibration aimed to verify the accuracy of the temperature reading of the BAMMsat 
hardware for BAMMsat on BEXUS. The sensors shall be at least ± 1 °C accurate around 20°C, 
the operational temperature of the C. elegans. The temperature reading was tested in an ice 
water bath and in a room-temperature water. 

min nominal max

Ro = 99.94 100.00 100.06 ± 0.06 ohm # Ro uncertainty

Treal = 20.00 # example of real temperature

Rrtd = 107.73 107.79 107.86 ± 0.0646761 # error of RTD resistance

Rmis = -0.01 0.00 0.01 ± 0.006 # mismatch resistance of the RTD wires

Rref = 819.75 820.00 820.25 ± 0.02 % ± 5 ppm/°C # uncertainty of the reference resistor

G = 7.996 8.00 8.004 ± 0.05 # Gain uncertainty

Code = 4404496 4410914 4417338 ± 6424 # error in the output code

Rread = 107.64 107.79 107.95 ± 0.16 # error in the deduced RTD resistance

C° read = 19.76 20.00 20.24 ± 0.237 # final error on the temperature measurement

ohm

°C

%

°C

tolerance

class A RTD PT100

ohms

ohm

increment
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Figure 4-85 Thermometer calibration setup 
 

Table 4-13 thermometers calibration results 

Results         

 

RTD_3 
(°C) 

RTD_4 
(°C) 

RTD_5 
(°C) 

RTD_6 
(°C) 

RTD_7 
(°C) 

RTD_8 
(°C) 

Calibrated 
reading 

(°C) 

# The names of the RTDs 
corresponds to the 
electrical schematic 
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 0,30 0,04 0,21 0,29 0,21 0,07 1,0 # In water and ice. The 
temperature should be 
0°C. It seems that the 

RTDs gave a more 
coherent measurement 

than the calibrated 
thermometer. 

 0,31 0,02 0,16 0,28 0,19 0,07 1,0 

 0,29 0,01 0,17 0,26 0,18 0,05 1,0 

 0,28 0,00 0,15 0,24 0,17 0,03 1,0 

 0,26 -0,01 0,15 0,23 0,15 0,04 1,0 

 0,25 -0,01 0,14 0,20 0,14 0,03 0,9 

         

 20,97 20,77 20,80 20,88 20,82 20,76 21,1 # In room temperature 
water. Reading of the 

RTDs and the calibrated 
thermometer were as 

expected. 

 20,95 20,78 20,83 20,93 20,85 20,75 21,1 

 20,94 20,78 20,82 20,92 20,83 20,75 21,1 

 20,95 20,78 20,82 20,93 20,85 20,75 21,1 

         

Error         

 0,70 0,96 0,79 0,71 0,79 0,93 # In water and ice. The Differences 
between the calibrated thermometer 
and RTDs are more than 0,37°C. But 

the RTDs readings are less than 0,37°C 
away of 0°C which should be the true 

temperature of the environment. 

 0,69 0,98 0,84 0,72 0,81 0,93 

 0,71 0,99 0,83 0,74 0,82 0,95 

 0,72 1,00 0,85 0,76 0,83 0,97 

 0,74 1,01 0,85 0,77 0,85 0,96 

 0,65 0,91 0,76 0,70 0,76 0,87 

         

 0,13 0,33 0,30 0,22 0,28 0,34 

# At room temperature, the absolute 
error systematically less than 0,37°C. 

 0,15 0,32 0,27 0,17 0,25 0,35 

 0,16 0,32 0,28 0,18 0,27 0,35 

 0,15 0,32 0,28 0,17 0,25 0,35 

 

At 21.1 °C the condition of verification was achieved. Near room temperature, the sensors 
were capable of reading a temperature with an accuracy of at least +- 1°C 

In the iced water, the condition of verification was not achieved. This ice bath did not follow 
the best guidelines – for example, the ice cubes are too big – so it can be expected that the 
thermometers would not read exactly 0°C in those conditions. But it seems that the RTD 
measurements were closer than the calibrated thermometer to the theoretical 0 °C of the 
mix. A water and ice bath should remove the need for a calibrated thermometer, but since 
the best guidelines where not followed, the accuracy of the RTDs at 0 °C could not be clearly 
established. 

Anyway, the RTDs that monitored the temperature regarding the biological payload (for which 
we need the +- 1 °C accuracy) read temperature near the room temperature. Therefore, the 
results obtained in the room-temperature water bath were sufficient to verify those sensors. 

The 2U PCB – with the ADS1248 and the RTDs – that were used for flight were also used for 
this test. All the sensors passed the condition of verification around 20 °C. This verified the 
requirement PR-04 120: “The system shall measure the internal temperature with a ± 1 °C 
accuracy”. 

This verification is detailed in the test plan T03: Testing of the temperature sensors accuracy. 
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4.6.3.4. Position of the sensors 

4.6.3.4.1. Monitoring the C. elegans temperature. 

A temperature measurement aimed to verify that the temperature of the C. elegans was 
within requirements: 20±2°C during flight and 12±2°C during the pre-flight phase. 

But, due to the position and the number of the chambers, it was not possible to directly 
monitor the temperature of each chamber with C. elegans. In addition, the disc rotates, so a 
thermometer could not be easily inserted into a chamber to measure the direct temperature. 
Otherwise, wires would collide with the rest of the system. 

Therefore, the measurement of the C. elegans temperature had to be indirect. One 
thermometer was placed on the top surface of the MCSD. The disc rotated below the fixed 
sensors. By measuring the temperature of the surface of the disc it was possible to keep the 
C. elegans temperature within requirements, assuming there were not additional 
complications. See preliminary test result section 4.6.6.2.1. 

 

Figure 4-86 3D printed support to keep the RTD on the surface of the MCSD 

4.6.3.4.2. The fluidic temperature 

Two thermometers were affixed with Kapton® tape and thermal paste on a fluidic bag to 
monitor and regulate the temperature around 15°C. 

4.6.3.4.3. The valve block temperature 

A thermometer was placed below the LED PCB on the valve block to monitor and regulate the 
temperature of this part where fluids are flowing. The sensor was kept in place with Kapton® 
tape and thermal paste. 

4.6.3.4.4. Motor temperature 

One thermometer was placed on the motor mount, held with Kapton ® and thermal paste, to 
monitor its temperature. It could have been used to understand potential failures. 
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 Heating system for the pressure vessel 

 

Figure 4-87 Schematic showing the thermal subsystem 
This part focus on the heating system on the inside of the pressure vessel only; the 1 U bus 
case was studied separately. 

Only three equations are required to understand this part: 

U = R × I 
P =  U × I 
P =  R ×  I2: The power dissipated by resistance by Joule effect. 
U: Voltage 
I: Current 
P: Power 

4.6.4.1.1. Disc heater 

The disc heater was located below the disc. It was an aluminium ring with a chromium-nickel 
heating wire placed inside and held in place with a high-temperature cement. The heating 
wire was selected to fit inside the ring’s rail (see Figure 4-89). It was a coiled nickel-chromium 
wire from OMEGA: the NIC80-010-093 [12] and had a resistivity of ~5.6 ohms/cm. The length 
of the rail ~ 22.6 cm so the resistance can be of ~123 ohms. As the wire is coiled, it could be 
extended to have a smaller resistance or doubled to make the resistance higher. And the wire 
was extended to have a 70-ohm resistor heating component to enable a higher power 
dissipation. 

The heating resistance was bonded to the aluminium ring with a high temperature, 
nonconductive cement, the OMGABOND® 600 [13]. 

The aluminium ring was screwed to the fluidic card with 3D printed spacers to lift it up as close 
as possible to the C. elegans chamber, around the MCSD. 

The heater was dimensioned so that it could deliver up to 8 W. 
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Figure 4-88 Showing the placement of the aluminium ring (red) and the spacers (yellow) 
below the MCSD. 

 

Figure 4-89 The aluminium ring that hosted the heating wire in high-temperature cement 
 

 

Figure 4-90 showing on the left, the bottom of the disc heater before potting the thermal 
cement, the coiled nickel-chromium wire is visible. On the right, the top of the heater is 
visible with a partial MCSD with AWG 32 PTFE insulted wired connected. 
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4.6.4.1.2. Fluidic heater 

The fluid heater was a Flexible Polyimide Heater (FPH). At the Cranfield lab, different types of 
thin-film heater were at the team’s disposal. They seemed to come from an old version of a 
kit of polyimide heater sold by OMEGA. See below links:  

• https://www.omega.com/en-us/industrial-heaters/flexible-heaters/kha-kit-
series/p/KHA-KIT 

• https://assets.omega.com/spec/KHA-KIT.pdf 

 

Figure 4-91 Different types of Flexible polyimide heater (FPH) found in the lab. In red, the 
one that was used to heat the fluidic reservoir. 
 

The heater selected was a rectangular 103.7 ohms FPH. Dimensions: ≈ 95 mm * 65 mm. The 
adhesive was removed, and it was screwed to a support. 

It could deliver up to 5 W. It was near the fluid reservoirs to make sure that the liquid entering 
the MCSD was not too cold and would not shock the C. elegans.  

For the mounting of the FPH, the team did not rely on the glue but used a 3D printed frame 
to hold the FPH and the reservoirs inside the pressure vessel and screw it. 
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Figure 4-92 Support hosting the fluid reservoirs with the heater screwed on and AWG 28 
silicone wires connected. 
 

4.6.4.1.3. Valve heater 

This heater was added because we realised during a thermal vacuum test that the fluids 
passing through the valve block could freeze. Indeed, the bottom surface of the valve block — 
where the fluids are passing – was very close to the surface of the pressure vessel. 

The valve heater was from the same batch of heater than the fluid heater. 

 

Figure 4-93 Valve heater selected 
 

The heater was glued below the valve block. It was then covered by an aluminium plate. Its 
power was regulated by an RTD above the valve block, just below the LED PCB. 
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Figure 4-94 Before and after valve heater integration 
 

4.6.4.1.4. Electric connection 

4.6.4.1.4.1. The disc heater connection 

 

Figure 4-95 Detail of the heater electrical connection 
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The connection had to protect the nickel-chromium wire from bending and breaking while 
allowing the light to pass through the ring slot and not protrude too much in front of the 
heater to not collide with other elements of the system, like the LED PCB. The LED illuminating 
the chamber for the imaging system was placed below the disc heater and to illuminate a 
chamber above. 

AWG32 PTFE insulated wire was crimped to the coiled nickel-chromium wire. The crimp was 
potted in the thermal cement to ensure a strong connection. 

The wires were connected to the power PCB via a PicoLock connector. 

4.6.4.1.4.2. The fluidic heater connection 

 

Figure 4-96 Showing the electrical connection of the fluidic heater 
 

The connection into the fluidic disc was a 28AWG wire bolted using a screw and two nuts. The 
connection was covered with heat shrink rubber. 

The wire was connected to the power PCB via PicoLock. 

4.6.4.1.4.3.  The valve heater connection 

This heater had to stay very slim to fit between the valve block and the aluminium plate on 
the bottom of the experiment. Wires were then connected to the electric pad of the heater 
with silver electrically conductive sliver epoxy. Soldering was not possible, as the wires would 
not have bonded to the heater metal. We used stamps as a thin strain relief solution. The 
heater was connected via jumper connectors to the rest of the wire harness. 
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Figure 4-97 Picture showing the valve heater and its electrical connection 

 Insulation 

The purpose of the internal passive insulation was to reduce the power consumed by the 
heaters to keep the internal environment at 20 °C ±2°C. It should also protect the payload 
from sun radiation and avoid a dramatic increase in temperature above 22 °C. The system was 
not equipped with an active cooling system. 

4.6.5.1. Passive external insulation 

In terms of passive thermal control of the structure’s surfaces, due to lack of time to further 
analyse and simulate our requirements for thermal regulations in the payload and 1U bus, 
broad measurements were used. The surface of the aluminium structure was polished, 
bringing the emissivity of our structures to 0.09. This helped to reduce the radiation of thermal 
energy. 

Following the surface finish, we decided to apply our coatings using common metallised tapes 
with different colours (high/low absorptivity/emissivity), where it was easier to install and 
remove, relatively inexpensive and had a longer useable lifetime compared to paint. The 
requirements for what colour tape to be used could have been better defined after further 
analysis, but in the end a standard tape was chosen. The supplier that we contacted to 
purchase the tapes is Sheldahl. They produce many different types of tapes and MLI blankets 
which are already in use by developed spacecrafts and CubeSats. 

4.6.5.2. Passive Thermal Management 

In order to have a passive thermal management of the pressure vessel, where the payload 
could be insulated from the thermal radiation, a MLI blanket was designed. After several tests 
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performed in the Cranfield University’s Space Lab, using a freezer with a temperature of -50C, 
it was understood that using such insulation can reduce the external thermal effects greatly. 
Therefore, for this purpose, a 12 layer of MLI was made, using 12 layers of Mylar space blanket 
(bought from Amazon), and 11 layers of polyester net in between the Mylar layers, in order 
to reduce the thermal conduction between the layers. Figure 4-98 shows the layers of the MLI. 

 

Figure 4-98 Mylar space blanket and polyester net used for MLI 
 

The configuration of these 2.2 mm thick MLI was around the external surfaces of the pressure 
vessel as the dedicated areas for MLI, and on the lids of the pressure vessel placed from 
internal area. Figure 4-99 shows how the MLI were placed around the external surfaces of the 
pressure vessel during testing and flight.  

 

Figure 4-99 MLI placed on the external faces of the pressure vessel 
 

During a thermal vacuum test, the temperature of the system went dramatically low. It 
appeared to be a software problem. But before understanding the problem, we decided to 
add an internal layer of aluminised Kapton® to keep the internal temperature higher. Since 
we set the parameter the of thermal controllers during the test with this additional protection, 
we decided to keep it for flight. 
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Figure 4-100 Additional aluminised Kapton® layer around the system without the pressure 
vessel. 

4.6.5.3. Blanket to cover the experiment on the gondola outside, the 
Remove Before Flight BoB cover 

During the Flight Compatibility Test (FCT) and while waiting for launch on the balloon pad, the 
experiment was outside in a cold environment between -5 °C to 15 °C. A blanket would also 
have protected the payload from solar radiation. 

To reduce the power consumption of the heater during those phases, the team proposed to 
implement a Remove Before Flight (RBF) BoB cover. It was shaped like a box around the BoB 
hardware while mounted on the gondola. It would have been held in place by sticky Velcro® 
so that it would be easy to place and remove by the launch officer before flight. See section 
6.1.6 for the accommodation requirement. 

Unfortunately, the manufactured thermal blanket was forgotten during travel arrangements; 
a substitute version was assembled at Esrange using what spare materials were available. This 
was not optimal, but sufficed. 
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Figure 4-101 The planned Remove before flight (RBF) BoB cover. Additional sticky Velcro® 
bands were added to make the cover easy to place and remove. The shape of the closed 
cover was a box. 

 Control 

4.6.6.1. Description 

It appeared that the dynamics of heating was a first-order response and very stable. 
Therefore, the control system could be relatedly simple with an on/off system. There was no 
need to design a multivariable PID controller. 

In the SED V2, the controller presented was taking into consideration all the sensors to 
regulate the temperature. This solution may have been overcomplicated, and a modified 
bang-bang controller was implemented. The previous bioCubSat have used similar controllers, 
and it was much easier and quicker to implement. 
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Figure 4-102 showing the different output of the controller – PWM value – for the 
regulated temperature. 
 

The controller was implemented in the software. The regulated temperature is an input and 
the controller output a PWM signal to a MOSFET that controlled the power delivered to the 
heater. 

 

Figure 4-103 Simplified electronic schematic of the implementation of the controller 
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For example, if the battery output voltage is 25 V, and the PWM value output is 100 % for both 
heaters, the heater would be at maximum power, and the disc heater would dissipate ~8.5 W 
and the fluid heater would dissipate ~ 6 W. For a total of ~15.5 W heat dissipation. 

4.6.6.2. Setting the controller parameters 

There were three heaters for the flight: a disc heater, a fluid heater and a valve heater. All 
were controlled by a different bang-bang controller. And each controller was fully defined by 
eight numbers (see Figure 4-102): 

• Four PWM possible value: 
o Extreme high PWM value (usually 100 % for max power possible) 
o High PWM value 
o Low PWM value 
o Extreme low PWM value (usually 0% for the heater to be complete OFF) 

• Four temperature thresholds at which the PWM out was updated: 
o Extreme high threshold temperature  
o High threshold temperature 
o Low threshold temperature 
o Extreme low threshold temperature 

 
Before the final verification of the system with a flight simulation, it was decided to perform 
a preliminary test of the heating system in order to pre-select the controller parameters. 
During the test, different sets of bang-bang parameters were tried to see which one delivered 
the best performance. 

4.6.6.2.1. The preliminary test setup 

The setup simulates a float phase. The pressure vessel was sealed and placed –with the 1U 
bus – in a vacuum chamber, which was placed in a lab freezer at -50 °C. The reduced pressure 
environment around the pressure vessel was around 20 mbar. 



- 158 - 

Page 158 BX30_BoB_SED_v5_1 

 

 

Figure 4-104 RTD placement for the test 
 

Flight hardware or spare elements of the flight hardware were used. The test did not include 
C. elegans. The temperature sensors were placed in a different configuration than for the 
flight. Two were inserted inside an empty chamber, this was not possible during the BEXUS 
flight because of the rotation of the disc hosting the chambers. 
 
We had to control the disc heater with the temperature of RTD6 to keep the C. elegans at 20± 
°C. We checked that the regulation worked with two temperature sensors (RTD 7 and 3) that 
were representative of what the C. elegans will experience. 
 
An additional electronic board was placed in the TVAC next to the BAMMsat system to 
monitor the pressure and temperature of the test. Unfortunately, this board failed during the 
test and the environment was unmonitored. But, by experience, we could expect the pressure 
to be around 10 to 20 mbar. 
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Figure 4-105 The test set up after the test, pulled out of the lab freezer 

4.6.6.2.1.1. Outcomes 

After two tests, the following bang-bang parameters were pre-set: 

 Disc heater Fluid heater Valve heater 

Extreme high PWM value (%) 100 100 100 

High PWM value (%) 90 70 80 

Low PWM value (%) 10 5 30 

Extreme low PWM value (%) 0 0 0 

    

Extreme high threshold temperature 
(°C) 

15.5 16.5 16 

High threshold temperature (°C) 15 16 15.5 

Low threshold temperature (°C) 14.5 15 14.5 

Extreme low threshold temperature 
(°C) 

13.5 14 13 
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On this plot, we can see that by regulating the temperature of the temperature sensor on the 
top of the disc (RTD6) between 14.5 °C and 15 °C we could keep the temperature of the 
chamber that will host C. elegans with the required temperature: 20 ± 2°C. We can also see 
that the temperature of the chambers below the motor and near the fluidic side – which are 
the hottest and the coolest chambers – have temperatures not significantly different. 

 

On this plot we can see that thanks to the fluid heater and the valve heater we could keep the 
part of the system that holds fluids warm and prevent them from freezing. 
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On this plot, the temperatures of the sensors controlling a heater have been plotted with the 
current consumption computed of that heater. 

We can see that the total energy used for the heater during this test was estimated at 0.79 Ah 
and the peak power around less than 0.7 A. 

 Challenges and the case of the 1 U bus 

The 1U bus was a 10*10*10 cm unpressurized box with most of the electronics inside. The 
thermal behaviour was not fully understood, and the survivability of the microcontroller was 
questioned. However, during flight there were no thermal issues with any of the avionics, 
despite low temperatures during the ascent phase. 

The Pi and later on the full 1 U bus with the power PCB and the OBDH PCB went through three 
tests in the TVAC chamber that we built, and the 1 U performed nominally every time. 

 Component thermal survivability 

Table 4-14 Components thermal ranges table 
Components Operating 

Temperature (°C) 
Survivable 

Temperature (°C) 
Power dissipated (W) 

Min Max Min Max Average Max 

Polyimide Heater -60 200 -60 200 N/A 8.6 
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DC-DC converter 
(ATA00B18S-L) 

-40 85 -50 125 3 3 

ADC (ADS1248) -40 125 -60 150 0.003 0.03 

External Absolute 
Pressure Sensor 
(BMP180) 

0 65 -40 85 0.0023 0.0036 

MS5611-
01BA03MS5611-
01BA03 - PRESSURE 
SENSOR 

* * * * * * 

Raspberry pi Zero 0 50 0 85 * * 

       

*Not well documented 

A component inside the 2 U pressure vessel where the temperature was controlled was 
removed between SED V1 and SED V2. 

 

Table 4-15 Summary of maximum and minimum of electronics 
Expected operating temperature of electronics 

Maximum  +50°C 

Minimum  +5°C 

Expected survivability temperature of electronics 

Maximum  +60°C 

Minimum  +0°C 

 

Table 4-16 Summary of the temperature range of C. elegans 
Dormant temperature during pre-flight phase of C. elegans 

Maximum  +16°C 

Minimum  +11°C 

Operating temperature during experiment phase of C. elegans 

Maximum  +25°C 

Minimum  +15°C 

 

4.7. Power System 

 Introduction and assumptions for the power budget 

The following power budget aimed to assess the feasibility of the experiment within the 
BEXUS power capabilities. Therefore, the power budget analysed the consumption of the 
system in the worst – but relevant – case scenarios to assess that the system would be able 
to fly nominally and be able to cope with unexpected system behaviour in challenging 
environments. 

This chapter focuses on the power budget when using gondola batteries. During most of the 
ground operations – where the system would be ON, but the system would not rely solely on 



- 163 - 

the batteries for its power input – it did not seem relevant to detail this part. The experiment 
was shut down during the flight float phase, before the cut-off. 

It was assumed that the experiment will be connected to a 13 Ah battery as specified in the 
BEXUS Manual [1] Chapter 6.2. 

Screens of the spreadsheet are displayed in Appendix I. 

4.7.1.1. Definitions and timeline assumptions 

In order to estimate the power consumed by the system while connected on the gondola 

battery, each component, besides the heaters, was associated with: 

• An ‘Operation time of duty cycle (s)’ which refers to the time taken to perform one 
cycle. E.g., to exchange fluids, the pump is activated for 45 sec. 

• ‘Number of duty cycle’ extracted for the experiment timeline. E.g., the pump is 
activated 59 times to exchange fluids. 
 

Thanks to those values, knowing the power consumption and the voltage of each component, 
an estimation of the power consumption of the experiment could be deduced. 

The following assumptions were made on the timeline: 

• “Waiting time”: 1.5 hours. 

• “Ascent time”: 1.5 hours [14] 

• “Flight operations”: 1 hour (see Appendix D) 
 

The “waiting time” refers to the time when the experience stayed outside, bolted on the 
gondola, waiting for launch, and relying on the battery to power the system. 

The “ascent time” refers to the part of the ascent when the system was exposed to the coldest 
external thermal condition. It started at launch and was expected to last 1 h 30 min [14]. 

The “flight operations” began at the end of the ascent and ended before cut-off when the 
experiment turns OFF. The detailed timeline is available in Appendix D. 

4.7.1.2. Margins and assumptions 

Aside from the heaters, the power consumption of the electrical components was established 
with their datasheets. But not all the passive components nor the DC/DC converters were 
included in the power budget. Therefore, to compensate, a systematic margin of 1.5 was 
applied to all the power consumption of the components. 

For the heaters, all the values of power consumption came from the spreadsheet thermal 
model detailed in 4.6.2.1. 
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Figure 4-106 Figures from the BEXUS manual extracted from:[15], showing the voltage of 
the battery cells under different temperature conditions and current. In red, are shown 
the voltage than could be expected out of one battery cells during the waiting time on the 
ground and during the flight phase (ascension and operations). 
 

The impact on the battery behaviours of the current and the environmental were taken into 
consideration in this power budget. It had been assumed that a battery comprised 8 cells of 
LSH 20. Given the current consumption during the different phases, the battery should have 
nominally delivered ~26.4 V on the ground and ~23.2 V during the flight. 

 Result for the waiting time on the ground 

If the system waited for 1.5 hours on the ground, the C. elegans would not have to be fed. The 
feeding of the C. elegans involves the activation of the DC motor, the fluidic system, and the 
imaging system. But for this power budget, it was assumed that those operations would be 
performed anyway to assess the feasibility in the worst power conditions for the power 
budget. Ultimately, the C. elegans did not have to be fed under battery power during ground 
operations. 

 

Table 4-17 The peak and average power and current drawn out of the battery on the 
ground before launch summarized. 

Peak power consumption 32.45 W Peak current consumption: 1.23 A 

Average Power consumption: 15.01 W Average current consumption 0.57 A 

The peak power occurs when all the actuators are used simultaneously, which is very unlikely, 
but it was an upper estimation. 

It should be noticed that the heaters were assumed to power continuously at 8 W and 
consume 0.3 A consistently. Hence the team request of placing a removable before flight 
insulation blanket on the system as long as possible before the flight. 

The energy consumed during those 1.5 hours was expected to be 0.85 Ah or 22.51 Wh. 

 Result for the flight phase combined with the ascent. 

To simplify, it has been assumed that at the moment of launch, the thermal system would 
consume as much as if it was in the worst thermal condition that is at 8,000 m with an external 
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temperature of -60 °C for 1 h 30 min. Then the heaters would consume as much as if the 
system was in the float phase at 25 000 m. 

During the ascension – the worst thermal condition – it was estimated that the heaters would 
consume 16 W with a current at 0.69 A. During the float phase, it was estimated that the 
heaters would consume 10 W with a current at 0.43 A. 

Table 4-18 The peak and average power and current drawn out of the battery during the 
ascent and the float phase summarized. 

Peak power consumption 35.45 W Peak current consumption: 1.53 A 

Average Power consumption: 26.82 W Average current consumption 1.16 A 

The peak power occurs when all the actuators are used simultaneously during the float phase, 
which is very unlikely, but it is an upper estimation. 

The energy consumed during those 2.5 hours is 2.89 Ah or 67.04 Wh. 

 Total power and energy consumption. 

After looking into at the ground and the flight phase, the overall power budgets – when 
connected to the BEXUS batteries – could be established. 

Table 4-19 The peak and average power and current drawn out of the battery on average 
summarized. 

Peak power consumption 35.45 W Peak current consumption: 1.53 A 

Average Power consumption: 19.73 W Average current consumption 0.8 A 

The expected energy consumed during those 4 hours the battery would have to deliver 89.55 
Wh or 3.74 Ah out of the battery. 

 Discussion of updates, limitations, and conclusion 

Since the SED v2 correction, the main changes in the power budget came the correction of 
errors and the consideration of the battery performance changes during flights. 

 

Figure 4-107 Figure from the BEXUS manual extracted from:[15], showing the battery cells 
capacity under different temperature condition and current. In red, are shown the 
capacity in Ah than can be expected out of the battery cells for the full utilisation of the 
battery. 
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Because the capacity of the battery was around ~5 Ah for BoB flight and the system should 
consume 3.57 Ah (see 4.7.4). The current state of the system and the operation seemed 
feasible. Indeed, there were no power problems during flight. 

In this model, there was potentially a significant weakness. The heating of the 1U bus was not 
yet considered as it was still unknown how this part would thermally behave. Thanks to the 
overestimation of the heating power budget, and because of the relatively low power that 
would be required to heat the electronic – thanks to the survivability of the electronic at low 
temperatures – this was not seen as a major concern. 

The main driver of power consumption was heating. The power required for the heaters was 
set thanks to a basic model on a spreadsheet of which the accuracy had not been 
demonstrated. Thanks to hands-on experiments on a simplistic model of the BoB and the 
studies of bioCubeSat with similar requirement than BoB, it was considered very likely that 
the power computed thanks to the simple spreadsheet is an overestimation. For example 
Genesat-1 and Pharmasat – two bioCubeSats developed by NASA – consumed around ~2 W 
to regulate the temperature to a stable value around respectively 34 °C and 27 °C [16,17] 

 

Figure 4-108 Image extracted for the power spreadsheet calculation. It shows the 
summary of the power consumption of the system if the heater would consume a more 
envisioned power of 4 W during the flight operations and on the grounds and 8 W during 
the ascension. 
 

If the heater would consume 4 W during the waiting time on the ground and during the 
operations and 8 W during the ascent – twice as much as the NASA’s Genesat-1 and Pharmasat 
bioCubeSat – the average current would be 0.48 A instead of 0.80 A and the experiment would 
have needed a battery capacity of 2.24 Ah instead of 3.57 Ah. 

This was reassuring and power consumption was not a major issue for the experiment. 

4.8. Software Design 

 Software design considerations  

The software architecture design was sensitive to each sub-system design, particularly of the 
payload experiment, electronics, and communications sub-systems. Therefore,  
considerations made were to ensure the use of appropriate software management, design, 
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and teamwork methodologies. Detailed designs were generated as the design specifications 
of each sub-system matured, ensuring better compatibility and consistency of software 
architecture and minimising design risks. For the Critical Design Review, the design 
specification included high-level system overviews; low-level state and process flow for each 
module; overall data flow; and class design for more complex modules. 

Procedures were defined for software documentation, version control, and the use of 
consistent style in programming to ensure that all required team members could work 
collaboratively while minimising misunderstandings. 

We considered the abilities of and time available to the team: where possible, programming 
languages were chosen where multiple team members had experience, minimising risks of 
the software design lead being unavailable and allowing for more collaborative work with 
other sub-system leads. Reliability, testability, and appropriateness of the chosen 
programming languages and programming paradigms was considered.  

A key approach to all software design was to ensure that all modules could be rigorously 
tested, whether by using individual unit tests, thorough logging, simulators, or other 
methods. Object-oriented programming principles have been adopted, particularly for more 
complex modules, to ensure classes can be developed and tested separately. The software 
architecture was divided into a series of clearly defined modules and their interfaces. 

Wider considerations relevant to the software architecture included software and electrical 
interfaces between different components onboard the CubeSat, and any configuration or 
mechanical issues this could have caused. Several changes were made to avionics hardware 
since the Preliminary Design Review; this had an impact on software architecture. 

 Purpose 

 

The flight software was principally responsible for on-board data handling (including sensors 
and observations), communications, systems monitoring, and control of the experiment and 
environmental hardware. 

Monitoring functions  

• Temperature: Monitor temperature information both internal environment 
and the BAMMsat-on-BEXUS interface.  

• Pressure: Monitor absolute pressure within the pressure vessel and 
interface.  

• Position and attitude: GPS coordinates and IMUs to determine the position 
and relative attitude to analyse solar flux. This was deselected. 

• Pump flow: Monitor pump flow through the microfluidics system.  

• Fluid pressure: Monitor fluidic pressure to detect any non-nominal event 
(leak, clog, etc.). This was deselected. 

• Oxygen fluidic concentration: it is one of the parameters that ensure the 
viability of the internal environment for C. elegans. This was deselected. 

• Fluid clarity: to detect bubbles in the fluidic system that could interfere with 
the imaging system. 

• The angular position of the MCSD relative to the imaging system: to know 
with confidence which chamber is in operating/imaging position.  

• Humidity inside the pressure vessel: Humidity was an expected issue for fluid 
evaporation and condensation. 
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• Illumination of the system from the sun: to assess the performance of the 
thermal regulation system we needed to know how it was illuminated by the 
sun. 
 

Control functions  

• Heaters: control the polyimide thin-film heaters. The heating system had the 
capability to control heaters individually separately for more precise thermal 
control. Control used pulse width modulation (PWM).  

• Geneva drive: actuate Geneva drive to rotate MCSD using a stepper motor 
using PWM. 

• Solenoid valves: actuate solenoid valves in the microfluidics system using 
GPIO pins. 

• Camera observations: enable the LED and take photo and video using a 
Raspberry Pi camera. 

• Pumps: actuate microfluidic system pumps using PWM.  
 

Communication and data functions 

• Heartbeat: transmit heartbeat messages to the secondary flight computer. 
Regular heartbeat to ground station was no longer necessary as telemetry 
served this purpose. 

• Receive: receive and decode data from the ground station (telecommands 
and heartbeat) 

• Transmit: encode and transmit data to the ground station (telemetry and 
experiment observations)  

• Data compression: compress observation and housekeeping data where 
possible to minimise required data transfer rate and use of onboard storage. 
This was not required as COTS hardware encoded compression was provided 
for imaging data by the primary flight computer. 

• Data storage: backup and store experiment and housekeeping data on 
multiple locations in SD storage card.  
 

Ground support software was required to enable communications to and from BAMMsat, 
including the ability to receive and display telemetry data, monitor experiment progress, and 
send telecommands. 

 

 Computer architecture 

The main computing module was a Raspberry Pi Zero microcomputer, running a robust Linux-
based Operating System. Most BAMMsat operations were controlled by this computer, 
designated the primary flight computer. The Raspberry Pi provided several interfaces, chiefly 
GPIO (General Purpose Input Output), UART, SPI, and I2C. 

A key change made since the Preliminary Design Review was the addition of a secondary flight 
computer: an Adafruit ItsyBitsy M4 Express (ATSAMD51 processor). It is a single-board 
microcontroller unit. The serial and ADC interfaces available on this unit made possible the 
integration of several additional required sensors; see section 4.5. 

The secondary flight computer was linked to the primary flight computer via UART. The 
secondary computer listened for a heartbeat from the primary to ensure that it was alive; in 
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the event of freeze or failure, both soft-reboots (using UART commands) and hard-reboots 
using power cycles could attempted to recover the primary flight computer. 

The primary flight computer was linked to the BEXUS Gondola’s communication system via 
Ethernet. Most operations were autonomous, with the majority of communication being 
experiment data and telemetry downlink. Telecommand over uplink was available and a 
comprehensive telecommand dictionary was defined. 

  

General and safety related concepts  

Possible errors could have impacted individual software modules or even been system wide. 
Additionally, they might have resulted from erroneous sensor reading, telecommands, etc. 
The risks table includes further information on possible software errors. 

Watchdog processes were used to monitor individual modules and identify erroneous 
behaviour or returned error codes. The software watchdog could reset stalled modules. It was 
possible to override erroneous autonomous operations by means of telecommand. 

Interfaces 

I2C – Used to monitor sensor data, allows for simplified wire harness and data collection 
module. 

ADC – Used to get sensor readings primarily from temperature sensors via the secondary flight 
computer’s interfaces. 

Ethernet – Interfaced with primary flight computer. Maximum expected bandwidth was 
404.4kbit/s. This could be dynamically modified during flight using bandwidth limits in the 
communications module. 

GPIO – General purpose input-output pins, primarily used to interface with sensors and to 
provide other interfaces (I2C/ADC) and provide other control operations required. 

SD card – Directly integrated with the primary flight computer. 

  

 Data acquisition and storage 

Sensor data acquisition was primarily handed using the I2C interface. The primary computer 
automatically made sensor readings at all stages of flight after initialisation. Where sensors 
were connected to the secondary microcontroller, the microcontroller was responsible for 
reading sensor data and forwarding it to the primary computer through the UART link. 

All housekeeping data was logged and stored in the SD card and redundant USB flash storage, 
along with experiment observations (photo and video file formats). Housekeeping telemetry 
was downlinked at regular intervals (nominally 1 second, with delays due to computing 
overhead); experiment observations were considered large files and were downlinked in 
fragmented packets so as not to exceed the maximum data rate. 

4.8.4.1. Stored file types 

Sensor and event data were stored in .log files on the primary flight computer’s SD card and 
redundant storage card using Python’s logging module. The data structure was simple, widely 
supported, used low volumes of file space, and is easily interpreted by both humans and other 
software. As this module is thread-safe, it was highly reliable and ensured good data backup 
which would not be affected by potential thread file-lock issues. Sensor data is slightly harder 
to read in .log format than in CSV data; whereas events are normally better as logs. Both 
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options were used for data redundancy and to ensure good readability for either scenario, as 
CSV logs were made on the ground station also. 

Imaging data from the Raspberry Pi Camera module were captured as either JPG for stills or 
H264 for video – both are common formats for high definition, yet compressed, media. While 
the sensor captures RAW data, storage in this format was not appropriate due to the high 
storage volumes required. 

4.8.4.2. Network protocols 

For downlink telemetry of small, single packets, UDP was used due to the lower overhead, 
connectionless protocol (no handshake required), and faster speed. This was the case for 
default telemetry and event telemetry packets. 

Telecommand – where the packets are sent from the ground station – used TCP, as the 
handshake protocol and extensive error checking mechanisms increased reliability. While the 
header size is larger, the packet size was still relatively very small. Experiment observations 
were also downlinked from BAMMsat using TCP, as the large files were more vulnerable to 
corruption when transmitted without error correction, socket acknowledgement, and without 
packet ordering – UDP was therefore unsuitable for this task. 

As the primary computer was Linux-based and therefore supported multithreading, it was 
possible to establish several server/client socket interfaces between the ground station and 
BAMMsat. These were assigned different ports on the same respective IP address. This 
structure ensured that essential telemetry or telecommand operations were not delayed due 
to the downlink of large files. The calculated data budget, therefore, assumed a worst-case 
scenario of all possible packet types being transmitted or received simultaneously. 

All packets included a global packet ID (relative to the sending system), local time (in 
milliseconds), and the packet type. The packet type allowed the communication module to 
rapidly forward data to the appropriate module, while packet ID and time facilitated error 
checking and analysis. 

4.8.4.2.1. Justification for using multiple network sockets 

In response to feedback from the Critical Design Review, we here provide our justification for 
using three to four (four only if FTP is used) network sockets. 

For telemetry, UDP ensured regular streaming with minimal overhead. 

For telecommand, confirmation of reception was essential, which was assured by TCP. A 
separate socket was needed so this process could run concurrently and asynchronously. Due 
to the complexity of our experiment, we believed highly responsive telecommand reception 
is essential. 

For experiment data transfer, the requirement was due to the relatively large files being 
downlinked. TCP ensured good delivery and minimised corruption risk. Using a separate 
socket on a separate thread ensured this network I/O operation did not block other software 
processes, as downlinks could take considerable lengths of time. It also minimised corruption 
risk as buffered data had to be carefully streamed and mixing this with telemetry and 
telecommand data could have caused file corruption. The fourth socket was only necessary if 
redundant FTP methods were required, as described in section 4.8.4.6.  

The total expected size of 1 UDP and 2-3 TCP headers is 48-68 bytes (384-544 bits), which was 
within the expected range. If all header options were present (which is rare and unexpected 
behaviour), this could increase to an absolute maximum of 200 bytes (1.6 kbits). Therefore, 
assuming all sockets communicate once per second (also very unlikely), the expected header 
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range was only ~0.8-1.1% of the average data rate and only 0.09-0.13% of the maximum 
defined data rate. Even in the worst-case and highly unlikely scenario of all header options 
being present, header data still only comprised 3.4% of the average and 0.4% of the maximum 
data rate (defined in section 4.5.5). 

Due to the relatively low percentage of data bandwidth that the headers comprised, we 
believed that the trade-off is suitable and that use of multiple sockets increased the reliability 
and flexibility of our communications system. If case there were issues with our data rate 
during flight, we implemented telecommand options to dynamically reduce bandwidth as 
specified in section 4.8.4.7. 

4.8.4.3. Default telemetry packets 

BAMMsat would, by default, send a standard telemetry packet to the ground station using 
UDP. Nominally, this would occur every second. The telemetry included information on the 
last self-health check, system uptime, CPU and memory status, the current operational modes 
(due to object-oriented architecture there can be several), sensor and control data, and 
confirmatory information on important telecommand variables such as the current thermal 
control scheme. 

The initial expected size of each packet was 257 bytes; 309 bytes with a margin of 20% applied. 
The final size was 87 bytes (696 bits). As telemetry would be nominally sent once per second, 
the load of this link was very low at 87 bytes per second. 

The telemetry packet structure is available in the appendices (section 9.4.1.1). 

4.8.4.4. Event telemetry packets 

Whenever a significant event occurs, BAMMsat would downlink the information via UDP. Four 
possible event types could be downlinked: 

• INFO: Includes information regarding the automatic process that have occurred, 
confirmation of manual processes, status updates on health checks, confirmation of 
TCP connections, and other relevant information. Mission milestone updates would 
all occur at this level. 

• WARN: Non-critical warnings could include sensor data going outside nominal 
bounds, early warning when ground station heartbeats are not received or when 
manual operations have been idle for too long (automatic mode would take over 
eventually, assuming ground station failure). 

• ERROR: Error that has occurred local to an operation or module. Examples include 
receiving unexpected or corrupted data, or unrecognised telecommand. Ground 
station might have been required to intervene. 

• CRITICAL: Error that threatens the mission, such as sensor or control system failure, 
or temperature/pressure readings falling outside of permissible ranges. Ground 
station intervention would have been highly likely. Depending on the error, redundant 
protocols may have been used and the scale of experiment operations limited. 
 

LOG-level information was additionally recorded locally to the flight computer; however, it 
was not be downlinked in regular telemetry packets to minimise bandwidth use and prevent 
confusion for ground station operators. This information was not relevant to the mission 
operations but were used during testing and post-flight analysis to better verify program 
operation and analyse the flight operations.  

Some events could require the ground station to return an acknowledgement packet to 
confirm reception, as UDP does not do this. 
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The event telemetry packet has a size of 48 bytes; 58 bytes with a margin of 20% applied. 

This packet type could request an acknowledgement message from the ground station. 

All packet type structures are available in appendix J.1.  

4.8.4.5. Telecommand packets 

Telecommand packets were sent from the ground station to BAMMsat using TCP. 
Telecommand packets included an identifying counter, dictionary ID, and two parameters 
which can be null. Use of TCP confirmed reception. 

The telecommand packets had an expected size of 63 bytes; 76 with a margin of 20% applied. 
This was 87 bytes by time of flight to accommodate additional housekeeping data. 

The telecommand packet structure is available in appendix J.1. 

4.8.4.6. Large file downlink 

Experiment observations (images and video files) are large, and their downlink had to be 
carefully controlled to both ensure reception and use appropriate bandwidth. Originally it was 
planned to compress files prior to downlink, but this made little difference and increased 
computational overhead so this operation was not performed.  

Two methods were available for this downlink: 

• Files would nominally stream through one TCP socket programmatically; in order to 
control data rate, streaming data was be sent in a buffer loop with sleep() delay 
functions implemented to meet the required data rate. This was the preferred 
solution as only overhead from one TCP socket is required, which would be almost 
negligible in comparison to the data being transferred. 

• If testing showed a high risk of corrupted files, or corrupted files were received during 
flight, the File Transfer Protocol (FTP) could instead be used manually. Linux’s proftpd 
FTP server software would be used to manually download data. This also required two 
sockets. Downlink data rate restriction for this is described in section 4.8.4.7. 
 

TCP was preferred for all large file downlink operations, as image and video files are easily 
corrupted with single bits of poor data. UDP has a slightly smaller header size but packet 
delivery is not verified, and transmission is not sequential, therefore UDP is unreliable and 
there is a very high risk of data corruption. As TCP is sequential and the protocol verifies packet 
order, delivery, and integrity, it is far more reliable and was worth the slightly greater header 
size (almost negligible in comparison to experiment data). 

The data budget was calculated such that the large file downlink should never interfere with 
bandwidth available to other teams, and the maximum transfer rate is limited to this value 
(20% margin is further applied in the budget). However, a telecommand is available to further 
limit the transfer rate to allow ground control operators to respond to an unexpected 
reduction in available bandwidth. 

The data budget calculations are available in section 4.5.5. The maximum expected data rate 
was 404.4kbit/s with a 20% margin applied to each element; the average expected was 
47.7kbit/s. These figures could be adjusted by modifying the maximum downlink rate limit. 

4.8.4.7. Influencing downlink rate 

In response to action 35 from the Critical Design Review feedback, further changes were made 
to ensure that the downlink data rate couldbe influenced. Telecommand IDs 12 and 13 allow 
a ground station user to set the default telemetry downlink rate (in seconds) and the 
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maximum data rate allowed (in kbps) for large file downlink used by the TCP system, 
respectively. Both ground station and flight software implemented a maximum integer check 
to prevent a too high value being commanded by user error. 

For redundant data transfer described in 4.8.4.6, the proftpd configuration was set to a value 
significantly lower than the maximum data rate, both to maintain margin and to ensure that 
the header overhead from the two required FTP sockets does not cause total data transfer to 
rise above the maximum allowed limit. It was particularly important that this value was lower 
than that for nominal transfer mode, as the proftpd configuration could not be altered mid-
flight without the use of SSH. The maximal value allowed was 80% of the nominal rate, to 
implement a further 20% subsystem-level margin on top of the margins already applied in 
data rate calculations. 

Telemetry packet data (IDs 71 and 72) were modified to provide further information on 
telemetry downlink rate and large file transfer data rate limit. This ensured users were aware 
of expected data rates and could verify that telecommands to influence data rates were 
successfully received. 

4.8.4.8. Data redundancy and backups 

As described in section 4.8.4.1, sensor and event data could be stored in both CSV and .log file 
formats, increasing redundancy. As files could be corrupted by interrupted write operations 
(for example, due to power fluctuation or threading issues), redundant copies were regularly 
made to otherwise non-accessed directories. 

A second, redundant SD card was originally included in the avionics design. While this could 
not boot a redundant Operating System (due to the Raspberry Pi’s hardware configuration), 
it was to be used for redundant data storage. Backups of sensor, event, and experiment data 
would regularly be made to this SD card. The final flight configuration instead implemented 
this using a USB flash drive. 

All downlinked data was stored on ground station computers in multiple file directories. 
Offline backups were made as soon as possible on external hard drives and flash drives. 

Post-recovery, a high priority for the team was to recover and back up the flight SD cards as 
soon as possible. 

4.8.4.9. Journaling File System and SD card reliability 

The Raspberry Pi operating system (derived from Linux Debian) supports the ext4 file system, 
which is a Journaling File System. This could therefore be used on both SD cards to increase 
OS and data reliability in the event of unexpected power cycles or system crash, as the journal 
minimises the risk of data corruption. 

Using a Journaling File System can slightly increase wear on SD cards due to increased write 
operations; modern SD cards compensate for this by using wear-levelling to spread write 
operations over the card’s empty space. This effect is greater when using larger SD cards, 
therefore SD cards with a high volume of storage space were used. Careful SD card selection 
ensured the cards used are robust and highly reliable, and from reputable suppliers. 

 Primary flight computer – software architecture 

The primary flight computer was responsible for all communications and mission operations. 
It was a fully-fledged computer running a Linux-based operating system (Raspbian); it had the 
capability to use multithreading to support parallel modules with objected-orientated 
architecture. 
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The primary computer was monitored by the secondary computer: a single-board 
microcontroller. Regular heartbeat signals were sent to the microcontroller. If these signals 
stopped, the microcontroller would continually attempt to cycle power to the primary 
computer and restart it. While the microcontroller was not capable of performing the entire 
experiment sequence, it was originally capable of maintaining minimum operating conditions 
within BAMMsat (temperature control) while the primary computer recovered; this feature 
was not present in the final flight hardware as the primary computer took over heater control. 

 

 

Figure 4-109 - Top-level software architecture of primary flight computer 
 

The primary software architecture describes the modular software architecture of the primary 
computer. Modules were developed and tested independently of each other; this approach 
reduced complexity and localised issues to within single modules. Similar sub-modules or 
classes were grouped together, e.g., within ‘experiment control’ are four separate, related 
modules. 

A key focus during development was on correctly implementing the interfaces between 
modules. Many interfaces were simple exposed classes or passed references to transfer data 
or access functions; more complex interfaces are described for modules where necessary. 
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4.8.5.1. Start-up and health checks 

 

Figure 4-110 - Start-up and health check process flow 
 

The start-up procedure was designed to determine the health of the system rapidly. The initial 
focus was on computer temperature, central processing unit, and memory usage; the next 
test checks BAMMsat’s interior temperature to ensure the thermal control system and 
insulation is working correctly. The priority was on quickly attempting to resolve and 
communicate major issues. 

This was a significant change to the design philosophy described in the first version of this 
document. Previously, failed health checks would trigger an emergency mode and halt 
operations while fixes were attempted. In response to feedback received at the Preliminary 
Design Review – that emergency modes are highly complicated and could cause the 
experiment to become unreachable – we re-examined this design philosophy and aligned the 
system with the panel’s advice. 

Instead, the revised focus was put on greater communication of any issues while still 
attempting to continue with the experiment. Therefore, even if health checks returned poor 
results on start-up, all other modules would be initiated, and the experiment would proceed 
as planned. No emergency mode would be triggered. 
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4.8.5.2. Thermal control 

 

Figure 4-111 - Thermal control module 
 

Thermal control was considered essential to mission success. The sub-system would very likely 
cause the failure of the avionics and experiment hardware and biology if it failed. The selected 
design philosophy was, therefore, to assume a worst-case scenario if sensor data was 
unavailable, and ensure heaters are enabled, and ground control informed. If sensor 
information was available, then thermal control parameters are selected according to the 
process described in section 4.6.6. 

The thin-film heaters were controlled using a pulse width modulation interface available on 
the secondary flight computer. This is described in further detail in section 4.8.5.8.  
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4.8.5.3. Motor control 

 

Figure 4-112 - Motor control process flow 
 

The motor used to rotate the Geneva drive was commanded via the primary flight computer’s 
GPIO interface. Additional functionality required to drive and position the motor correctly is 
described in Figure 4-112 – a photosensor and backup timeout set using empirical test data, 
along with positional information and feedback loops, were used to ensure experiment 
chambers are correctly selected. 

Minor update – 01/08/2021 

In the event of alignment failure (detected by comparing photosensor readings with expected 
values and confirming that set last, current, and target chamber position state data matches 
expected values, in the event of a power cycle), a series of pre-set operations would be 
followed that would then automatically attempt realignment. If this failed, a priority telemetry 
event would be sent to the ground station to request manual user intervention, and the 
automatic operations event loop would be paused.  
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4.8.5.4. Microfluidics control 

 

Figure 4-113 - Microfluidics control process flow 
 

Similar to the pump control system, the microfluidics control flow carefully monitored the 
state of valves (via Valves class) and the pump (using feedback from the flow rate sensor) to 
ensure the correct operation of the sub-system. It was expected that issues would be more 
likely to occur with the pump than the valves, as the latter are more simply actuated. In the 
event of an issue, ground station controllers would be notified via a telemetry event and could 
either take over via telecommand or continue the automated sequence. 
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4.8.5.5. Imaging system 

 

Figure 4-114 - Imaging system process flow 
 

The hardware acceleration noted in Figure 4-114 refers to a graphical process unit embedded 
on the primary flight computer. This is part of the commercial-off-the-shelf unit purchased 
and did not require any further implementation work. It significantly simplified the imaging 
process and ensures that highly compressed files were available without requiring high CPU 
processing cycles. 

Imaging requests could be made either by telecommand or automated operations. 

The pi-camera library noted is an open-source Python library that enabled full functionality of 
the Raspberry Pi camera hardware. It is well-documented, easy to use, and has a significant 
heritage in a variety of use cases. 
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4.8.5.6. Sensor modules and data interfaces 

 

 

Figure 4-115 - Sensor module process flow and class diagram 
 

The sensor module imports data from multiple sources. Multiple sources were required due 
to the hardware design and the interface requirements of different sensors. As such, this 
module accesses exposed interfaces to the I2C bus to the primary computer, and to the UART 
connection to the secondary flight computer.  

As the sensor buses were of different types, and some of the sensors themselves return 
different data types, the sensor module’s class architecture provided support for varied class 
and data types. 

Class multiplicity is strictly controlled in this instance to prevent data errors in this critical sub-
system. 

Several aspects of the sensor module and storage interface were extensively tested on a 
breadboard prior to full verification testing and the flight campaign. 
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4.8.5.7. Communication modules and data interfaces 

 

Figure 4-116 - Communications module process flow and class diagram 
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The communications module instantiates multiple connection types to the ground station. 
The selection of these specific protocols is explained in section 4.8.4.2. Further information 
on protocol choice and packet design can be found throughout section 4.8.4. 

The bandwidth limit applied when sending large files is based on data budget calculations, 
could be modified by telecommand in the event of unforeseen issues, and could be 
implemented via use of streaming TCP or the FTP protocol (through TCP), which enabled large 
files such as images or videos to be broken into chunks and safely transmitted. 

 

4.8.5.8. Local networking and heartbeat modules 

 

 

Figure 4-117 - Local network and heartbeat process flow 
 

Ensuring stable connection between the primary and secondary flight computers was critical, 
as several sensor and control interfaces were accessed through the secondary computer; the 
secondary computer also served as redundancy and a recovery method in case of a serious 
failure of the primary computer. As such, this connection and the recovery methods were 
extensively tested before flight. 
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4.8.5.9. Automatic and manual modes of operation 

 

 

Figure 4-118 - Automatic and manual mode determination 
 

While extensive effort and testing were applied to ensure a robust communications link 
between BAMMsat and the ground station, in order to mitigate any risks associated with 
connection loss, the operations software was designed such that the system could operate 
independently of human input. Figure 4-118 describes the several checks implemented to 
ensure that the correct mode would be selected depending on the situation, as originally 
designed. Various changes to this were made in flight, primarily as the GNSS sensor was 
deselected, but the general logic used was similar. This was extensively tested during 
operational trial runs to ensure that the correct mode would be consistently selected. 
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In response to action #38 from the Critical Design Review feedback, further revisions and 
clarifications were made to the autonomous operations plan. Figure 4-118 was updated to 
reflect any changes. 

Due to changes with sensor hardware, external pressure sensing was longer be used to 
determine autonomy – it was also deemed too risky as a single faulty sensor could have too 
high a weighting. External temperature sensors were also not be used as temperature may 
not be easily predictable within tight enough margins, and could be influenced by time of flight 
and the sensor frame’s orientation with respect to the sun. 

It was planned that altitude data from the GNSS module would be used, but this module was 
deselected at a late stage. 

If the system was set to manual mode or had been swapped to manual mode from automatic 
mode, an emergency timer would be initialised in a non-blocking thread to revert control back 
to autonomous operations. This was to mitigate risks of unexpected loss of communications 
through pre-flight, flight ascension, and flight float phases. Behaviour is described below for 
each flight phase: 

Pre-flight (manual) 

This is the default assumed phase when the system powers on, unless an internal 
configuration flag had been set by telecommand. 

If the flag was not set, pre-flight was assumed and temperature control would be maintained 
at pre-flight levels required. No other control operations occurred. 

Pre-flight (automatic) 

When the system was powered on – most likely in manual pre-flight stage – the mode timer 
(described below and in the schematic) cycled and monitored time since system arm to 
determine when to change to automatic mode. This time could be altered based on certain 
telecommands. 

Once automatic mode was triggered either by arming timer expiration or telecommand, 
operational sequences were be followed as described in appendix D. 

Ascension 

Originally, it was planned to have a distinct mode for the ascent phase. This was deselected 
for simplicity, and the standard arming timer was used alongside the option of telecommand 
to override. 

Float (manual) 

Manual float mode could only be entered by telecommand or in response to major system 
error as normally this is a very precise operations sequence and autonomy is preferred. If no 
telecommands or commanded heartbeats were received for 5 minutes (following the mode 
timer), the system would revert to automatic mode if as time was limited to perform the 
experiments. In practice, this was achieved by automatically re-priming the system arm timer 
when swapping to manual mode. 

Float (automatic) 

This mode would be entered at the end of the arm timer, or by telecommand. Experiment 
sequences as defined in appendix appendix D were followed. 

 

Issues with pure manual mode 



- 185 - 

A pure manual mode defines a system state in which experiment operation is only possible by 
telecommand; and where there is no timer or checks running to implement automatic 
operations or to swap modes.  

While this mode was useful for testing, it presented significant risks if included in the final 
flight software. If this mode was to be purposefully or inadvertently entered, and 
communications were subsequently lost, this could have put BAMMsat into an almost-
unrecoverable state. If communications were not re-established, while BAMMsat itself would 
likely still provide thermal control and perform sensor readings, without a timer to toggle the 
system to automatic modes no experiment would be perform and the mission would be 
classed as a failure.  

This scenario occurred during flight, as communications was lost for a significant length of 
time. However, this was completely mitigated by the planned autonomous operations 
sequence and system arm timer and the operations proceeded nominally. 

 

 

4.8.5.10. Implementation of experiment sequence 

 

Following automatic mode selection, experiment operation was controlled by a pre-defined 
sequence of events which called public methods exposed by other control modules. These 
same operations were also possible to implement via manual telecommand, though we 
expected it to be considerably more reliable and consistent if the entire sequence was 
implemented autonomously. 

Final implementation of this experiment sequence was subject to extensive testing and 
operational trials. However, all of the commands and control modules that implemented the 
experiment sequence were as described above and could be developed independently of the 
experiment sequence list. 

All automatic experiment sequences could be interrupted by ground control at any point, so 
long as the communications link was operational. 

When control actions occurred, flags were set corresponding to the stages in appendices 
Appendix D. These were additionally monitored by telemetry packets and events to inform 
ground station controllers of current events. These stages could be overridden using 
telecommands if necessary. 

 

4.8.5.11. Emergency operations 

In response to feedback from the Preliminary Design Review, the design philosophy was 
modified, and the dedicated emergency mode was removed in favour of increased 
communications, increased robustness of experiment operations and software architecture, 
and ensuring that the primary flight computer and avionics system as a whole was always 
reachable and recoverable. 

As such, no emergency mode was available. Failures would be generally isolated within their 
modules; these issues would always be communicated to the ground station using the event 
telemetry packets. Such issues could include sensor failure, temperature falling out of bounds, 
and communications loss: their respective module would handle all of these, and no single 
point of failure should cause total experiment failure. In flight, a couple of sensors did fail, 
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likely due to high humidity in the system or other temperature issues – the software mitigated 
and caught any sensor failure issues, so there was no wider system impact. 

  Telecommand dictionary 

 

A dictionary of available telecommands and the functionality was defined. The telecommands 
were separated by category, and each command could have up to two parameters. These 
parameters could be null. The parameter values were limited to the byte range of unsigned 
characters to minimise telecommand packet requirements, therefore reducing the data rate 
and decreasing the likelihood of lost or fragmented packets. Where necessary, true values 
were be mapped to paired values in the 0-255 unsigned character range of integers. 

The telecommand dictionary is available in the appendix J. 

 Secondary flight computer 

The secondary flight computer – a single-board microcontroller – primarily served as a 
watchdog to the primary computer and would attempt to restart it in the event of failure. 

Additionally, due to I2C, ADC, and PWM hardware limitations on the primary computer, some 
sensor information and control actions were routed through the secondary computer. 
Particularly important was thermal sensor data. It was originally planned that the secondary 
computer would also perform thermal control, but this was ultimately the responsibility of 
the primary computer. The design and software philosophy for the secondary computer is 
such that the hardware and software must both be highly reliable. 

Software on the secondary computer was kept as simple as possible to minimise the chances 
of bugs occurring. The secondary computer would also send its own heartbeat signal to the 
primary computer. 
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4.8.7.1. State flow 

 

 

Figure 4-119 - Secondary flight computer state and process flow (CDR design) 
 

The process flow was designed with recovery as the priority functionality. If a heartbeat signal 
was not regularly received from the primary flight computer, the secondary computer would 
attempt to recover and restart the primary computer in the safest way possible. 

Update 01/08/2021 – Thermal and valve control were removed from the secondary flight 
computer as all are now responsibility of the primary flight computer. This removed a possible 
failure link as the primary computer was already responsible for reading thermal sensor data, 
so the involvement of the secondary computer was an additional unnecessary link. 
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 Ground station 

 

 

Figure 4-120 - Ground station software overview 
 

The ground station was designed with a similar communications module to that on the 
BAMMsat primary flight computer, to simplify development and ensure compatibility. 

Processing of received data was done on the ground so as to minimise the required processing 
power of the primary flight computer, and to minimise the required data budget by ensuring 
that only essential data was transmitted. 

Backups of all flight data and telecommands were made, as storage space was not a concern 
on the ground station. 

It was originally planned to use NASA OpenMCT as the primary telemetry user interface. It is 
open-source software with good heritage in several previous space missions. The software 
has been tested and is considered suitable for the purposes of this mission. Configurable APIs 
are provided, and it is simple to implement new telemetry sources. As the software is open-
source, further modification is possible and is encouraged by the OpenMCT development 
team. 

However, in the end it was simpler and still highly effective to use a Command Line Interface 
for the user interface using Python. This allowed rapid development of prototype ground 
station code which could quickly be matured into the final ground station code. 

The telecommand CLI was developed separately using similar methodology, as was a CLI for 
handling image downlinks. 
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 Data flow summary 

 

 

Figure 4-121 - Data flow overview 
 

The entire simplified data flow is described in Figure 4-121 to provide better context and 
understanding of the modular software design architecture. Data flow was routed through a 
couple of key interfaces, and where possible, data was available from unified sources in order 
to avoid duplication and confusion. 

Update 01/08/2021 – Thermal and valve control removed from secondary flight computer 
field. 

 

 Modularisation 

Parent modules were initialised on system boot by bash scripts on the Linux-based Operating 
System. Other modules and classes were imported by the parent modules and were run 
selectively. The software framework followed the object-oriented programming paradigm 
where possible to facilitate a highly scalable design. Modules were designed so as to be 
independent of one another both in function and in development and testing. 
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 Implementation 

 

A headless Linux-based Operating System (Raspbian) was used. Desktops and graphical user 
interfaces were not necessary and would reduce the available processing power and storage 
available. 

Python was the main programming language chosen, though Bash scripts were also required. 
Python is a simple language with good community support, mitigating risks of having only one 
main software developer by making it easier for other team members to participate. 
Furthermore, Python has support for object-oriented paradigms and is widely considered 
quick to develop and suitable for prototyping.  

However, Python is an interpreted language, executed on runtime, and significant testing was 
required to locate any errors. C++ was also considered as a solution for critical software, as it 
is statically typed and compiled before runtime, minimising the risk of unnoticed errors during 
testing. It was used primarily for the secondary flight computer. However, the development 
period could be significantly greater, and only one team member had experience with C++. 

Ground support software used Python terminals to provide a robust yet easy-to-use 
command-line interface. 

 

 Documentation and style 

 

All code was strictly documented, and modules included an in-line header with module 
description, purpose, author, and version information. 

In-line comments were made throughout the code, particularly to describe the purpose, input, 
and output parameters of functions and classes. 

 

 Version control 

 

Git was used for version control of all code and documentation. Branching features enabled 
multiple team members to develop code concurrently for testing purpose, with the software 
lead eventually checking and merging any code additions to the main branch. 

 

 Additional services 

 

The Virtual Private Server currently used to host the BAMMsat team website also functioned 
as a backup Git repository. It was also be used as backup storage of experiment and test data. 

 

 Progress at the stage of EAR 

Immediately prior to the EAR, all software was functional, and all current modules had been 
extensively unit tested for both the primary and secondary flight computers. Software was 
also fully functional for the ground station, though that was still currently using Command 
Line Interface for all operation rather than any graphical interface. This was still the case 
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during flight, as it was determined that the CLI was highly reliable and easy to use by several 
team members. 

Unit testing, provided for each module using bespoke test scripts, had been used to validate 
both basic hardware operation and the more advanced operations routines. A combination of 
log data and visual hardware inspection were used to confirm software operated as intended. 
Several hardware and software issues had been identified and corrected using this method. 

Multiple partial operations tests and one single full flight test had been performed with the 
current software build by the time of EAR. Generally, the system performed nominally, with 
only one significant issue during the flight test: during a heavy downlink period using FTP 
(confirming video was working on the camera – this operation was not performed in this 
manner during flight) the MCSD lost chamber alignment as the motor did not stop in time. 
This was due to the computer OS being too busy to allocate sufficient resources to the 
photosensor reading thread. Fortunately, the overall system was robust enough that the 
caught errors did not impede any other operations, and ground station operators were able 
to manually override the system and return to normal operations. The cause and fixes for this 
issue were identified and are described below in Error! Reference source not found.. 
Otherwise, the system performed nominally. 

An overview of progress at the time of EAR and any next steps required before flight is 
available below: 

 

Subsystem Module Status Further info if required 

Communications Telemetry Functional  

 Telecommand Functional  

 Compression Functional  

 Imaging data Functional  

 Ethernet (SPI) Functional Ethernet now runs on auxiliary SPI bus 
– bandwidth throughput was tested 
again and works. 

 Bandwidth 
control 

Functional This has been extensively tested as 
feedback requested careful bandwidth 
control. 

Data logging Event logs Functional Python logging library handles most 
event logs and is thread-safe. OS logs 
also working and can be used to verify 
hardware connections. Major events 
are additionally downlinked. 

 Sensor logs Functional Logging library used, extremely 
reliable. Downlinked data is saved as 
CSV. 

 Imaging Functional 
Raspberry Pi camera access now uses 
direct shell access (via Python’s 
subprocess library) of the raspistill and 
raspivid commands, as the provided 
Python interface is too slow.  
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 File system Functional Now using EXT4 file system 
(Journaling). 

 Redundant 
storage 

Functional A USB flash drive has been added to the 
primary flight computer. Additionally, 
the MCU provides 4MB flash if 
required, but we do not intend to use 
this nominally as this is insufficient 
storage for imaging data. 

Interface 
management 

I2C Functional All interfaces routed via Interfaces 
class, which handles access via the 
underlying pigpio C layer. Verification 
checks and access control methods are 
provided to mitigate access conflicts 
due to multithreading. For SPI, 
additionally, a separate event loop and 
thread-safe queue is provided to 
ensure no conflicts in access between 
the thermal controller (accessing RTDs 
on SPI ADCs) and the motor controller 
(extremely rapidly accessing 
photosensor on SPI ADC2). 

 SPI Functional 

 GPIO (incl. 
PWM) 

Functional 

 UART Functional UART communication between the two 
flight computers has proven to be 
extremely reliable with no issues. 

 Access safety Functional The Interfaces class, a series of thread-
safe queues, and careful routing of all 
events through the EventLoop class 
ensures reliable access safety.  

 GPIO expander Functional Refactored into I2C_GPIO_Expander 
class which accesses the I2C interface 
exposed by the Interfaces class. User 
use is abstracted via the ControlActions 
class, and device and code has been 
tested extensively with unit tests. 

Control Thermal thin 
film heaters 

Functional Operated via ThermalController class. 

 Solenoid 
valves 

Functional Operated via ControlActions class 
(accessing I2C_GPIO_Expander) 

 Motor Functional Operated via Motor class for direct 
control of the MOSFET and direction, 
and MotorController class to perform 
automated chamber access and 
alignment operations. These methods 
switch the ADC event loop to rapid 
photosensor scanning mode. 

 Fluidic 
micropump 

Functional  
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Sensors ADC – Thermal 
sensors 

Functional  

 ADC – Misc. Functional Various 5V analogue sensors available. 

 Liquid flow 
rate sensor  

Functional 
(minor 
issues) 

Minor issues refer to an incorrectly 
computed checksum when checking a 
registry; however, the expected output 
still matches the datasheet, and it does 
not impact operation in any way.  

 BME680 PTHG 
sensor 

Functional Pressure, temperature, humidity 
readings taken. Volatile gas sensor 
readings are not taken as they are not 
a requirement. 

 GNSS Retired No time to integrate or test, and it is 
not a requirement for us.  

 Imaging Functional Testing shows GPU memory allocation 
should be set to 192MB to avoid issues 
when taking high resolution images. 

Microcontroller UART Functional  

 Thermal loop Retired Thermal control is now the 
responsibility of the primary flight 
computer. Two RTD readings are still 
made. 

 Heartbeat 
check 

Functional Regular scanning for heartbeat from 
primary flight computer, and auto-
transition to recovery modes if none 
are received. Heartbeat character 
determines the MCU mode (idle or 
sensor readings). 

Main loops Threading Functional No threading-related issues found so 
far; using thread-safe libraries and 
careful access checks where possible. 

 Event loop Functional Two separate event loops – one routing 
most functions, the other handling the 
ADCs. 

 Thermal 
control 
subroutines 

Functional Moved to the primary flight computer 
from the MCU. Thermal control 
subroutines are triggered between 
major operations, at sufficient 
frequency to ensure consistent thermal 
control. Note that the RTDs on the two 
ADCs cannot be read during motor 
movement operations due to a risk of 
SPI interface clashes. Fortunately, 
motor movement operations are 
sufficiently short their impact on 
thermal control is negligible; though 
just in case additional pauses have 
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been provided during motor 
operations to allow for extra thermal 
control loops. 

 Mode 
determination 

Functional GNSS hardware retired, thus 
telecommand and backup timer used.  

 Self-checks Functional Multiple modules now perform checks 
on initiation. Automatic retries 
provided for various sensors, but 
otherwise telemetry events can be 
sent. 

Recovery Internal 
watchdog 

Functional MCU now used for both soft and hard 
resets. Soft reset sends a command 
over UART to the Pi, which can be used 
as a software-driven restart trigger. 
However, it is unlikely this will be 
received if heartbeats have stopped, 
therefore the hard reset triggers a 
MOSFET to power cycle the Pi. 

 MCU Functional All MCU code has been integrated and 
it is now fully functional as secondary 
flight computer. Monitoring was 
performed using secondary USB serial 
console in the lab; this option is not 
possible during flight, though is 
unnecessary. 

Ground station Telecommands Functional  

 Telemetry 
reception 

Functional  

 Telemetry 
visualisation 

Functional CLI available to monitor incoming data. 
CLI performed nominally during the 
first full flight test. 

 Telecommand 
visualiser 

Functional CLI provided for telecommands and 
performed nominally during the first 
full flight test. 
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4.9. Ground Support Equipment 
 

The ground support plan was designed to support two concurrent operators monitoring 
BAMMsat operations. Two operators were required to reduce operator stress, risk of 
confusion, and risk of distraction. Particularly if BAMMsat had to be operated manually, then 
a second operator to check correct telecommand input and telemetry feedback was 
considered essential. Only one operator would be operating the ground support software; the 
second would be monitoring closely and ensuring operational procedures were being 
followed, particularly if manual telecommands had to be sent. This was critical during flight 
when thermal control loop parameters had to be manually updated quickly. 

The ground control software is described in detail in section 4.8.8. This section describes the 
equipment and procedures only. 

The following equipment was required: 

• At least two laptops with pre-configured ground support software; 

• At least two external hard drives are required for backup; 

• At least two USB flash drives; 

• At least four ethernet cables are required, for redundancy; 

• At least two spare monitors with HDMI connections; 

• At least two pre-written operational handbooks; 

• At least two paper copies of the telecommand dictionary. 

• At least two wired computer mice; 

• At least two wired computer keyboards; 

• At least two redundant power supply cables for the ground support laptops; 

• At least two redundant power supply cables for the ground support monitors. 
 

Ground support software backups were made available to all team members to minimise any 
possibility of losing equipment and software. Operational handbooks were written and 
refined during the experiment development and testing phases. 
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 EXPERIMENT VERIFICATION AND TESTING 
Note: Many of the entries in this section are presented as written at the time of EAR or 
immediately thereafter, as further verification tests did not occur during the flight campaign. 

The actual verification matrix conformed to guidelines and verification methods from ECSS-E-
ST-10-02C (Test, Inspection, Analysis, Review of design). 

Due to COVID-19, our lab was closed for over three months, and it set us back with verification 
tests. Our strategy going forward was to follow the ECSS protoflight model to test as close as 
possible to the final flight configuration. We also compiled the requirement verification in 
groups of tests, meaning each test campaign (T01, T02, T03, etc.) verified multiple 
requirements upon success.  Doing so will enabled us to perform all necessary tests and to 
verify the requirements within the remaining time prior to the flight campaign. 

5.1.   Verification Matrix 
Table 5-1: Verification matrix 

ID Requirement text Method status 

FC-01 100c 

The system shall provide a viable and nutritious 
internal environment to ensure the viability and a 

low metabolic rate of the C. elegans during the pre-
flight operations. 

Test T17: Check health status 
of C. elegans by verifying 
motility through imaging 

system 

V 

FC-01 200c 
The system shall provide a viable and nutritious 

internal environment to ensure the viability of the C. 
elegans during experiment operation. 

Test T18: Check health status 
of C. elegans by verifying 
motility through imaging 

system 

V 

FC-02 110c 
The system shall measure and log internal 

temperature during pre-flight and experiment 
operation. 

Test T11: Check that the 
temperature sensor is giving 

correct readings 
V 

FC-02 130c 
The system shall measure and log internal pressure 

during pre-flight and experiment operation. 

Test T12: Check that the 
pressure sensor is giving 

correct readings 
V 

FC-02 140c 
The system shall measure and log internal relative 

humidity during pre-flight and experiment 
operation. 

Test T13: Check that the 
humidity sensor is giving 

correct readings 
V 

FC-02 160c 
The system shall measure and log the fluid pressure 

during pre-flight and experiment operation. 

Test T13: Check that the fluid 
pressure sensor is giving 

correct readings 
Waived 

FC-02 170c 
The system shall measure and log fluidic volumetric 

rate during pre-flight and experiment operation. 

Test T13: Check that the fluidic 
volumetric rate sensor is 
giving correct readings 

V 

FC-02 210c 
The system shall measure and log the external 
temperature during pre-flight and experiment 

operation. 

Test T11: Check that the 
temperature sensor is giving 

correct readings 
V 
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FC-02 220c 
The system shall measure and log the external 

absolute pressure during pre-flight and experiment 
operation. 

Test T12: Check that the 
pressure sensor is giving 

correct readings 
Waived 

FC-02 230c 
The system shall measure and log the external solar 

illumination during pre-flight and experiment 
operation. 

Test T14: Check that the 
photodiodes are providing 

proper readings 

Verified – 
required 

repeat after 
fixing 

photosensor 
connection 

FC-03 100c 

The system shall take and log static images and 
video of the C. elegans inside the MCSD via an 
imaging system during pre-flight operation and 

experiment operation to evaluate the health status 
of the C. elegans. 

Test T17, Test T18: Check that 
the imaging system is 

providing images and video of 
C.elegans 

V 

FC-03 200c 
The system shall be able to take and log videos of a 
chamber while the media of this last one is being 

replaced. 

Test T17,Test T18: Check that 
the imaging system is 

providing images and video of 
media replacement 

V 

FC-04 100c 
The system shall determine which side is being 

illuminated by the sun. 

Test T14: Compare the 
position of the Sun with the 
readings of the photodiodes 

Waived  

FC-05-100c 
The system shall segregate the C. elegans population 

in chambers in the MCSD 

Review that the design is 
suitable to segregate C. 

elegans in chambers. Test T06: 
Check that the system is able 
to properly segregate the C. 

elegans in the chambers. 

V 

FC-05 200c 
The system shall pump different type of media inside 

the MCSD. 

Test T05: Check that the fluidic 
system is capable of pumping 
different types of media into 

the chambers 

Waived  

FC-05 300c 
The system shall pump different type of media out 

the MCSD into a fluidic waste reservoir. 

Test T05: Check that the fluidic 
system is capable of pumping 

different types of media out of 
the chambers into a fluidic 

waste reservoir 

Waived 

FC-05 400c 
The system shall measure and log the angular 

position of the MCSD in reference to the imaging 
system. 

Test T05: Check that position 
of the MCSD calculated by the 

system represents the 
position of the MCSD 

V 

FC-06 100c 

The system shall transmit internal and external 
status data to the ground station via the BEXUS E-
Link during pre-flight operation and experiment 

operation. 

Test T15: Check the 
transmission of the data to the 

ground station 
V 
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FC-06 200c 
The system shall be able to receive and execute 

commands from the ground station via the BEXUS E-
Link. 

Test T15: Check that the 
commands sent from the 

ground station are received 
and executed 

V 

FC-06 300c 

The ground support system shall have a user 
interface to display housekeeping information, 

operational sequences during pre-flight and 
experiment operation. 

Review that the design of the 
ground support system 

includes a user interface to 
display housekeeping 

information, operational 
sequences during pre-flight 

and experiment 
operation. Test T16: Check 

that the ground support 
system displays correctly 

housekeeping information, 
operational sequences during 

pre-flight and experiment 
operation. Note – currently 

only using command line user 
interface. 

V 

FC-06 400c 

The ground support system shall have a user 
interface to transmit override commands sequence 

to the systems during pre-flight and experiment 
operation. 

Review that the design of the 
ground support system 

includes a user interface to 
transmit override commands. 

Test T16: Check that the 
override functionality of the 

ground support system works 

V 

FC-07 100c 
The system shall rotate the MCSD via a Geneva drive 

to address independent chamber for fluidic and 
imaging.  

Test T05: Check that the 
system can rotate the Geneva 
drive to address independent 

chamber for fluidic and 
imaging 

V 

FC-08 100 
The Pressure vessel shall be able to contain a leak of 

media from the fluidic system that would happen 
after the FCT. 

Review of the design of the 
pressure vessel, ensuring can 

contain a leak 

V 

PR-01 100 
The system shall segregate the C. elegans population 

into 16 groups of 10 ±5 L4 stage C. elegans. 

Verification by inspection that 
the MCSD includes at least 16 

individual chambers. 
Inspection was to be 

performed at launch site 
during biological integration 
with flight hardware. Check 

that the amount of C. elegans 
contained in each chamber is 
in the range 10±5 in each well 

NV prior to 
EAR – 

checked to 
some 

degree 
during EAR 

and fully 
during 
launch 

campaign 

PR-03 100 The pressure vessel shall maintain the internal 
atmospheric pressure when closed at the ground in 

Test T02: Check that the 
pressure vessel can maintain 
the internal pressure when 

V 
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a range of ±0.2 bar during the pre-flight and 
experiment operation. 

closed in a range of 1±0.2 bar 
while inside a vacuum 

chamber. Test T17, Test T18: 
Check that the internal 

pressure is maintained in a 
range of ±0.2 bar during the 

pre-flight and experiment 
operation. 

PR-04 100 
The system shall measure the internal temperature 

between +0 °C and +30°C. 

Review of the range of 
operation of the temperature 

sensors within the 
specifications provided by the 

supplier 

V 

PR-04 110 
The system shall measure and log the internal 

temperature at least every second. 

Review of the software for the 
measurement and log of the 
temperature sensors. Test 

T11: Check that the 
temperature is measured and 
logged at least every second. 

Partially 
verified – 
occasional 

lapse due to 
primary 

computer 
overhead 

PR-04 120 
The system shall measure the internal temperature 

with a ± 1 °C accuracy. 

Test T03: Check that the 
temperature sensors are 

capable of measuring 
temperature with an accuracy 

of ± 1 °C 

V 

PR-04 200 
The system shall measure the external temperature 

between -80 °C and +30 °C with. 

Review of the range of 
operation of the temperature 

sensors within the 
specifications provided by the 

supplier 

V 

PR-04 210 
The system shall measure and log the external 

temperature at least every 10 second. 

Review of the software for the 
measurement and log of the 
temperature sensors. Test 

T11: Check that the 
temperature is measured and 

logged at least every 10 
seconds. 

V 

PR-05 100 
The system shall measure the internal absolute 

pressure between 500 hPa and 2500 hPa. 

Review of the range of 
operation of the pressure 

sensors within the 
specifications provided by the 

supplier 

V 

PR-05 110 
The system shall measure the internal absolute 

pressure at least every second. 

Review of the software for the 
measurement and log of the 
pressure sensors. Test T12: 
Check that the pressure is 

Partially 
verified 
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measured and logged at least 
every second. 

PR-05 120 
The system shall measure the internal absolute 

pressure with ± 200 Pa accuracy. 

Review of the accuracy of the 
pressure sensors within the 

specifications provided by the 
supplier 

Waived 

PR-06 101 
The system should measure the relative humidity of 

the internal environment between 5% and 100%. 

Review of the range of 
operation of the humidity 

sensors within the 
specifications provided by the 

supplier 

V 

PR-06 111 
The system should measure the relative humidity of 

the internal environment at least every 60 sec. 

Review of the software for the 
measurement and log of the 
humidity sensors. Test T13: 
Check that the humidity is 

measured and logged at least 
every 60 seconds. 

V 

PR-06 121 
The system should measure the relative humidity of 

the internal environment with a 5% accuracy. 

Review of the accuracy of the 
humidity sensors within the 

specifications provided by the 
supplier 

V 

PR-07 100 
The system shall take and log static images of the C. 

elegans with a resolution of 0.025 mm over C. 
elegans with at least 3280 x 2464 pixels. 

Test T06: Check that the 
imaging system can take and 

log static images of the C. 
elegans with a resolution of 

0.025 mm over C. elegans with 
at least 3280 x 2464 pixels. 

V 

PR-07 200 
The system shall capture and log video with a 

minimum resolution of 0.075 mm over C. elegans 
with at least 1080 x 1920 pixels. 

Test T06: Check that the 
imaging system can capture 

and log video with a minimum 
resolution of 0.075 mm over 

C. elegans with at least 1080 x 
1920 pixels. 

V 

PR-07 210 
The system shall capture and log video with a 

minimum of 30 images per second. 

Test T04: Check that the 
imaging system can capture 

and log video with a minimum 
of 30 images per second. 

V 

PR-08 200 
The system shall measure the fluidic pressure 

between the inlet and outlet of the pump between 0 
and 20 000 Pa. 

Review of the range of 
operation of the fluidic 

pressure sensors within the 
specifications provided by the 

supplier 

V 

PR-08 210 
The system shall measure and log the fluidic 

pressure between the inlet and outlet of the pump 
at least every second. 

Review of the software for the 
measurement and log of the 
fluidic pressure sensors. Test 

T13: Check that the fluidic 

V 
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pressure is measured and 
logged at least every second. 

PR-08 220 
The system shall measure the fluidic pressure 

between the inlet and outlet of the pump with a 
±200 Pa accuracy for each chamber pumped. 

Review of the accuracy of the 
fluidic pressure sensors within 
the specifications provided by 

the supplier 

Waived 

PR-08 300 
The system shall measure and log the fluidic mass 

flow rate passing through the multi-chamber sample 
disc between 0 µL/min and 1000 µL/min. 

Review of the range of 
operation of the fluidic mass 
flow rate sensors within the 

specifications provided by the 
supplier 

V 

PR-08 310 
The system shall measure and log the fluidic mass 

flow rate passing through the multi-chamber sample 
disc at least every second. 

Review of the software for the 
measurement and log of the 
mass flow rate sensors. Test 

T13: Check that the mass flow 
rate is measured and logged at 

least every second. 

V 

PR-08 320 
The system shall measure and log the fluidic mass 

flow rate passing through the multi-chamber sample 
disc with a ± 50 µL/min accuracy. 

Review of the accuracy of the 
fluidic mass flow rate sensors 

within the specifications 
provided by the supplier 

Waived 

PR-09 100 

Once connected to the BEXUS E-Link, the system 
shall transmit via BEXUS E-Link housekeeping data 
from internal environment at least every second 

except imaging data. 

Review of the design of the 
software for the transmission 

of data of the internal 
environment. Test T15: Check 
that the system can transmit 

housekeeping data from 
internal environment at least 
every second except imaging 

data. 

V 

PR-09 200 
Once connected to the BEXUS E-Link, the system 

shall transmit via BEXUS E-Link data from external 
environment at least every 10 sec. 

Review of the design of the 
software for the transmission 

of data of the external 
environment. Test T15: Check 
that the system can transmit 

housekeeping data from 
external environment at least 

every 10 sec. 

V 

PR-10 100 
The system shall carry on-board a minimum of 10 ml 
of media. ~ 6 ml of growth media + ~1 ml of fixative 

+ margin. 

Review of the design to ensure 
that the system can carry a 

minimum of 10 mL of media. 
Inspection of the quantity of 

media that the system is 
capable of carrying. 

V 

PR-10 101 
The system should carry on-board a minimum of 95 

ml of media. ~ 80 ml of growth media + ~ 5 ml of 
drudged media + ~5 ml of fixative + margin. 

Review of the design to ensure 
that the system can carry a 

minimum of 95 mL of media. 

Waived 
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Inspection of the amount of 
the media that the system is 

capable of carrying. 

PR-11 100 

The system shall survive transient excitation of -10g 
vertically and ± 5 g horizontally during landing as 
specified in the BX_REF_BEXUS_User Manual_v7-

4_04Dec18 [1]. 

Test T10: Check that the 
system is capable of 

withstanding a transient 
excitation of -10g vertically 

and ± 5 g horizontally 

Waived 

DG-01 100 
The material used in MCSD shall be biocompatible 

with the C. elegans. 
Test T01: Check the 

biocompatibility of the MCSD 
V 

DG-01 200 
The system shall have a filter that retains the C. 

elegans within its chambers and allows fluid 
exchange. 

Review by design R02, Design 
review and Test T05. Check 

that the pore size of the filter 
is capable of retaining the C. 
elegans within the chamber 

while allowing fluid exchange. 

Waived 

DG-02 100 The electric motor shall use an encoder. 
Review of the design of the 

motor to ensure that it has an 
encoder 

V 

DG-02 200 
The electric circuit for the motor driving the Geneva 
drive shall have safety circuit to prevent any voltage 

and current spike. 

Review of the design of the 
electric circuit for the motor 

driving the Geneva drive, 
ensuring that it has a safety 

circuit 

V 

DG-03 101 
The fluidic network should have a bubble trap to 

prevent bubble coming inside the sample chamber. 

Review of the design of the 
fluidics, making sure that it 
includes a bubble trap to 

prevent bubble coming inside 
the sample chamber. 

Waived 

DG-03 201 
The plane side of the MCSD and the imaging plane 
should be perpendicular to the direction of gravity. 

Review of the design of the 
positioning of the MCSD and 
the imaging plane. Inspection 

of the positioning of the MCSD 
and the imaging plane with 
respect to the direction of 

gravity. 

V 

DG-03 300 

The Fluidic system below the MCSD shall be aligned 
with the imaging system.  This will enable FC-03 20c 

and allow us to see in real time the impact of the 
drug that we will pump it into the chamber. 

Review of the positioning of 
the fluidic system. Inspection 

of the positioning of the fluidic 
system, making sure that it is 
below the MCSD and aligned 

with the imaging system. 

V 

DG-04 100 
The dimension of the pressure vessel shall not 

exceed a 2U CubeSat format. 
Review of the dimensions of 

the pressure vessel 
V 
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DG-04 200 
The pressure vessel shall be designed to statically 

hold the experiment assembly. 

Review of the mechanical 
design of the pressure vessel. 

Analysis using FEA of the static 
stresses and deformations of 

the pressure vessel 

V 

DG-04 300 

The system shall be rigidly mountable to the BEXUS 
gondola. BX_REF_BEXUS_User Manual_v7-

4_04Dec18 [1] stated that stress calculation or load 
analysis needs to be shown that the mounting is 

strong enough. 

Review of the mechanical 
design of the gondola 

mounting structure. Analysis 
using FEA of the static stresses 

and deformations of the full 
system, including the gondola 

mounting structure 

V 

DG-04 500 
The pressure vessel shall be designed with at least 2 
x safety factor as specified by the BEXUS organiser. 

Test T07: Check that the 
pressure vessel can withstand 

an overpressure of 2x the 
nominal pressure difference 

during flight 

V 

DG-05 100 
The dimension of the system shall not exceed a 3U 

CubeSat format. 
Review of the dimensions of 

the system 
V 

DG-06 100 

The system shall have a panel mounted with a 4 pin, 
male, box mount receptacle MIL–C-26482P series 1 

connector with an 8-4 insert arrangement 
(MS3112E8-4P) to connect the system to the BEXUS 
power bus. The specification is determined by the 
BX_REF_BEXUS_User Manual_v7-4_04Dec18 [1]. A 
suggested connector is Amphenol PT02E8-4P. Refer 

to Chapter 6.2 in the manual. 

Review of the design of the 
BEXUS power bus connection. 

Inspection of the BEXUS 
power bus connection. 

V 

DG-07 100 

The system shall have a panel mounted with RJF21B 
with a CODE A insert to connect to the BEXUS E-link 

via an RJ45 cable mated to the MIL-C-26482-
MS3116F-12-10P. Refer to BX_REF_BEXUS_User 

Manual_v7-4_04Dec18 [1] in Chapter 6.3. The RJ45 
mated to the MIL-C-26482-MS3116F-12-10P will be 

provided by the SSC. 

Review of the design of the 
BEXUS E-link connection. 

Inspection of the BEXUS E-link 
connection. 

V 

DG-07 200 
The system shall connect to the inside of the RJF21B 

using an RJ45 cable. 

Review of the design of the 
connection to the inside of the 

RJF21B. Inspection of the 
connection to the inside of the 

RJF21B. 

V 

DG-08 101 
The system except the C. elegans, growth media and 

preservative should be reusable between testing 
phases and flight campaign. 

Review of the design of the 
system elements, ensuring 

their reusability 
V 

DG-09 100 
The system shall have an override function to 
control the system from the ground station. 

Review of the software, 
ensuring that an override 

function is implemented. T19: 
Check that the override 

function can successfully 

V 
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control the experiment from 
the ground support system 

DG-09 200 A safe mode shall be implemented. 

Review of the software, 
ensuring that a safe mode is 

implemented. T19: Check that 
the safe mode has been 
implemented correctly 

V 

DG-10 100 
The temperature of the internal environment with C. 
elegans shall never be at a temperature below +10 

oC until end of experiment operation. 

Test T17, Test T18: Check that 
the temperature of the 

internal environment with C. 
elegans is never at a 

temperature below +10 C. 
Thermal analysis of the 
experiment operation 

including the thermal control 
system to ensure the 

capability to control the 
temperature to maintain it in 

the required range 

V 

DG-10 200 
The system shall maintain the internal environment 

at +12°C ±2°C during pre-flight operation. 

Test T17: Check that the 
temperature of the internal 

environment is maintained at 
+12°C ±2°C during pre-flight 

operation. Thermal analysis of 
the pre-flight operation 

including the thermal control 
system to ensure the 

capability to control the 
temperature to maintain it at 

+12°C ±2°C 

V 

DG-10 300 
The system shall maintain the internal environment 

at +20°C ±2°C during experiment operation. 

Test T18: Check that the 
temperature of the internal 

environment is maintained at 
+20°C ±2°C during flight 

operation. Thermal analysis of 
the flight operation including 
the thermal control system to 

ensure the capability to 
control the temperature to 
maintain it at +20°C ±2°C 

V 

DG-11 100 
The experiment shall operate nominally within the 
temperature profile of a BEXUS flight as stated in 
BX_REF_BEXUS_User Manual_v7-4_04Dec18 [1] 

Test T18: Check that the 
experiment can operate 

nominally within the 
temperature profile of a 
BEXUS flight as stated in 

BX_REF_BEXUS_User 
Manual_v7-4_04Dec18 [1]. 

Thermal analysis of the flight 
operation including the 

V 
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thermal control system to 
ensure the capability to 
control the temperature 

within the temperature profile 
of a BEXUS flight as stated in 

BX_REF_BEXUS_User 
Manual_v7-4_04Dec18 [1] 

DG-11 200 

The system should function and perform nominally 
in pressure a environment between 1 bar and 5 

mbar as stated in BX_REF_BEXUS_User Manual_v7-
4_04Dec18 [1] 

Test T18: Check that the 
experiment can operate 

nominally within the pressure 
profile of a BEXUS flight as 

stated in BX_REF_BEXUS_User 
Manual_v7-4_04Dec18 [1]. 
Mechanical analysis of the 
flight operation within the 
pressure profile of a BEXUS 

flight as stated in 
BX_REF_BEXUS_User 

Manual_v7-4_04Dec18 [1] 

V 

DG-11 300 

The system shall perform nominally when 
environment of DG-11 100 and DG-11 200 are 

combined as suggested in BX_REF_BEXUS_User 
Manual_v7-4_04Dec18 [1] 

Test T18: Check that the 
system can perform nominally 
when environment of DG-11 

100 and DG-11 200 are 
combined 

V 

DG-11 400 

The system shall be compatible with the pre-flight, 
count down, flight and post flight vibration 

environment as detailed in the BX_REF_BEXUS_User 
Manual_v7-4_04Dec18 [1] 

Test T09: Check that the 
mounted system is compatible 

with the pre-flight, count 
down, flight and post flight 

vibration environment. 

V 

DG-11 500 
The system shall cope with a static load of at least 10 
time the weight of the functional system as stated in 
the BX_REF_BEXUS_User Manual_v7-4_04Dec18 [1] 

Test T08: Check that the 
system can cope with a static 

load of at least 30 time the 
weight of the functional 

system 

V 

DG-12 100 
CubeSats materials shall have a Total Mass Loss 

(TML) < 1.0 % 

Similarity analysis of the 
materials used in for the 

system, comparing them with 
materials used in previous 

missions 

Waived 

DG-12 200 The 1 U bus shall accommodate ascent vent 

Review of the design of the 1U 
bus, ensuring that it 

accommodates an ascent 
vent. Inspection of the 1U bus, 

ensuring that it 
accommodates an ascent vent 

V 

DG-15 100 
The system shall not consume at any time more than 

40 W. 

Test T17, Test T18: Check the 
instantaneous power 

consumption during pre-flight 

V 



- 206 - 

Page 206 BX30_BoB_SED_v5_1 

 

and flight operations, ensuring 
it does not surpass 40 W. 

Analysis of the peak power 
consumption that is expected 

considering multiple 
scenarios. 

DG-15 110 
The average consumption of the system shall be less 

than 25 W during pre-flight and experiment 
operation 

Test T17, Test T18: Check the 
average power consumption 

during pre-flight and flight 
operations, ensuring it does 

not surpass 25 W. Analysis of 
the average power 

consumption that is expected 
considering multiple 

scenarios. 

V 

DG-15 200 
The system shall not consume at any time more than 

2 A on the BEXUS battery 

Test T17, Test T18: Check the 
intensity consumption on the 
battery during pre-flight and 
flight operations, ensuring it 

does not surpass 2 A 

V 

DG-15 210 
The systems shall not consume on average more 

than 1 A on the BEXUS battery 

Test T17, Test T18: Check the 
intensity consumption on the 
battery during pre-flight and 
flight operations, ensuring it 

does not surpass 1 A 

V 

DG-17 100 

The material that will be in contact with a chemical 
or have to contain a leak shall be compatible with 

the chemical. This includes compatibility under 
operating shocks, vibration, pressure, temperature 

and reactivity as suggested in the Esrange Safety 
manual v8.1. 

Review of the design of the 
materials and chemicals used 

in the experiment by 
comparing stability and 

reactivity of chemicals using 
MSDS sheets 

V 

OP-01 100 
The operation and experiment procedure shall 

comply with any Swedish and UK law for handling 
and experimenting with C. elegans. 

Review of the operation and 
experiment procedure to 
ensure compliance with 
Swedish and UK law for 

handling and experimenting 
with C. elegans. 

V 

OP-01 200 
The design, test and qualification procedure for the 
pressure vessel shall be approved by the ESRANGE 

Safety Board: 

Review of the approval by the 
ESRANGE Safety Board of the 
design, test and qualification 
procedure for the pressure 

vessel 

V 

OP-03 100 
The vibration of the system during transport shall be 

monitored from Cranfield to Esrange. 

Review of the set up to 
monitor vibration during 

transportation of the system 
V 
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OP-04 100 
On ground, before launch and after integration the 
system shall be able to evaluate the health status of 

C. elegans worms. 

Review of the operations to 
evaluate the health status of 
the C. elegans before launch 

and after integration the 
system 

V 

OP-06 100 
Any part of the system that will be in contact with 
the C. elegans shall be sterilised before assembly. 

Review of the operations to 
sterilise any part of the system 
that will be in contact with the 

C. elegans 

V 

OP-07 100 
The system shall be mounted on the gondola behind 
the gondola frame for protection and to expose the 

system to dynamic solar irradiance. 

Review of the positioning of 
the system on the gondola, 

making sure it is placed behind 
the gondola frame for 

protection and is exposed to 
dynamic solar irradiance. 

Inspection of the position of 
the system on the gondola, 

making sure it is placed behind 
the gondola frame for 

protection and is exposed to 
dynamic solar irradiance 

V 

OP-08 100 
The system shall be capable of actively heat up the 

temperature of the internal environment before the 
start of the experiment. 

Test T17: Check that the 
thermal control system is 
capable of heating up the 

temperature of the internal 
environment before the start 
of the experiment. Thermal 
analysis of the experiment 

operation including the 
thermal control system to 

ensure the capability to heat 
up the temperature of the 

internal environment before 
the start of the experiment 

V 

OP-09 100 
The system shall perform the nominal experiment 

sequence autonomously from the start of the 
experiment to the end of the experiment. 

Test T18: Check that the 
system is capable of 

performing the nominal 
experiment sequence 

autonomously from the start 
of the experiment to the end 

of the experiment. 

V 

OP-10 100 

At FCT the system shall be handed over to SSC and 
not physically access after until retrieval. Only 

applicable if the launch is performed on day 5 or 6 or 
7 

Review of the operations at 
ESRANGE 

V 

CT-01 100 The system described above shall be designed, 
manufactured, tested, operated by a team of 

Review of the team involved 
in the project 

V 
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students from Cranfield University and Exeter 
University. 

CT-02 100 
The system described above shall be designed, 

manufactured, tested, operated between December 
2019 and October 2020. 

Review of the timeline of the 
project 

Waived 

CT-03 100 
The system shall fit the outer dimensions of a 3 U 
CubeSat without the tuna can antenna. (300 * 100 

*100 cm) 

Review of the dimensions of 
the design of the experiment 

V 

 

5.2. Verification Plan 
Table 5-2: Test T01 

Test number T01 

Test type Biocompatibility test 

Test facility Exeter University biology laboratories 

Tested item Multi-chamber sample disc 

Model Flight model 

Procedure, Test level 
and duration 

Objectives 

• C. elegans survivability in chambers over lifespan 

• C. elegans survivability in chambers over lifespan with 
altering food concentration 

• C. elegans survivability in chambers over 6 days with 
optimised food concentration from captured video 

• C. elegans movement rate in chambers over 6 days with 
optimised food concentration from captured video 

• C. elegans body growth in chambers over 6 days with 
optimised food concentration from captured video 

• C. elegans population analysis in chambers over 6 days with 
optimised food concentration from captured video 

• C. elegans behavioural analysis in chambers over 6 days 
with optimised food concentration from captured video 
with variably temperature to alter behaviour 

Procedure 

• Survival assay 

• Media optical density 

• Toxicity assay 

• Movement assay 

• Growth assay 

• Population assay 
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• Behavioural assay 

 

Test campaign 
duration 

2-4 months 

Test campaign date March 2021 

Test completed Yes 

Requirements 
verified 

DG-01 100 

 

Table 5-3: Test T02 

Test number T02 

Test type Test of the pressure vessel pressure variation  

Test facility Vacuum chamber space lab 

Tested item Pressure vessel 

Model Flight model 

Procedure, Test level 
and duration 

Tests that aimed at measuring the PV pressure variation. The 
objective was to verify PR-03 100c using the test results and 
analysis 

Objectives 

• Check that measured internal pressure is maintained in a 
range of ±0.2 bar from the ground pressure during the pre-
flight and experiment operation. This was done in a similar 
way as T12 testing procedure. Once the vessel is 
pressurised, and the valve is closed, it will examine the leak 
by the sensors. The acceptance was 0.2 mL/min.  

Procedure 

• The pressure sensors were mounted in the pressure vessel 

• The lids were closed 

• The vessel was pressurised to 2 bars using the pressure inlet 
valve 

• Once the sensors illustrate the vessel was over pressurised 
to 2 bars, the inlet valve was cut-off. 

• The vessel was left for 3 hours. 

• After the 3-hour duration, the amount of leakage was 
verified 

• The leak should be less than a rate of 0.2 mL/min to verify 
the requirement. 

 

More details available in appendix F 1 
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Test campaign 
duration 

1 week 

Test campaign date  01/09/2020 – 10/09/2020 

Test completed Yes 

Requirements 
verified 

PR-03 100c  

 

Table 5-4: Test T03 

Test number T03 

Test type Testing of the temperature sensors accuracy 

Test facility Cranfield space lab 

Tested item Temperature sensors 

Model Flight model 

Procedure, Test level 
and duration 

 

Objectives 

• Check that the temperature sensors for the exterior of the 
pressure vessel measure the external temperature with a ± 1 ºC 
accuracy at 20°C 

Procedure: 

• Use the flight thermometers [8] (± 0.22 °C inherent 
incertitude) 

• Use a calibrated thermometer as a reference [18]. (accuracy 
± 0.41 °C ) 

• Use the same model of analogue to digital converter than 
for the flight [9]. 

• Use similar code than the flight. 
o Same commands 
o Same conversions 

• The set up should keep a small thermal gradient between 
the different sensors and the calibrated thermometer. 

• The tested sensors with the calibrated thermometer were 
strapped and placed in a water bath. 

• The readings were from sensors using similar electronics 
and were compared to the calibrated thermometer reading at 
temperature at 0 °C and ambient. 
More details available in appendix F.2 

Test campaign 
duration 

4 hours 

Test campaign date 26/06/2021 

Test completed Yes 

Requirements 
verified 

PR-04 120c PR_04_220c 
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Table 5-5: Test T04 

Test number T04  

Test type Imaging system test 

Test facility Cranfield space lab 

Tested item Imaging system, including camera, lens, imaging support structure 
and imaging software 

Model Flight model 

Procedure, Test level 
and duration 

Objectives 

• Check that the imaging system could capture and log video 
with a minimum of 30 images per second. 

Procedure 

• Determine the fixed working distance and focal length 
between the sensors and object. 

• 3D print the support structure for the lens and camera. 

• Perform the test at the fixed distance. 

• Run automated software imaging system to take video at 30 
fps. 

• Log data 
More details available in appendix F 3 

Test campaign 
duration 

2 days 

Test campaign date 10th July 2020 

Test completed Yes 

Requirements 
verified 

PR_07_210c 

 

Table 5-6: Test T05 

Test number T05 

Test type Fluidic system test 

Test facility Cranfield space lab 

Tested item Fluidic system, including media reservoir, piping, waste reservoir, 
pump, fluidic sensors, multi-chamber sample disc (MCSD), Geneva 
drive and fluidic system software  

Model Flight model 

Procedure, Test level 
and duration 

Objectives 

• Check that the fluidic system was capable of pumping 
different types of media into the chambers 
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• Check that the fluidic system was capable of pumping 
different types of media out of the chambers into a fluidic 
waste reservoir 

• Check that position of the MCSD calculated by the system 
represented the actual position of the MCSD 

• Check that the system could rotate the Geneva drive to 
address independent chamber for fluidic and imaging 

• Check the filter backpressure and flow rate. DG-01 200 The 
system shall have a filter that retains the C. elegans within 
its chambers and allows fluid exchange. The filter to be used 
had a pore size of 5µm which is smaller than adult C. elegans 
with an approximate width of 80µm in diameter. 

Procedure 

• Build and assemble the laminated selector valve manifold. 

• Assemble the fluidics connectors to the appropriate fluidic 
bag reservoirs. Four reservoir bags required for the 
experiment, i.e., growth media, drugs, preservative, and 
waste bags. For this test, they will be replaced with coloured 
dyes. 

• Assemble multi-sample chamber sample disc onto the 
selector valve manifold. 

• Assembled pump, differential pressure sensors, flow rate 
sensors, liquid presence sensors, photo interrupter (Geneva 
drive system to detect rotation of the disc) 

• Mount the Geneva drive system onto a test bench and 
assembled to the MCSD. 

• Run experiment software sequence. 

• Record changes in colour inside the chambers with a video 
camera. 

• Log sensor data 

Test campaign 
duration 

1 day 

Test campaign date 3rd August 2021 

Test completed No - The flown system was simplified to just pump growth media as 
the hazardous chemical was removed due to accident at ESRANGE 
which decommissioned the biological laboratory. The selector valve 
manifold was tested in a less rigorous way after EAR and 
demonstrated to be functional. 

Requirements 
verified 

FC_05_200c, FC_05_300c,  FC_05_400c, FC_07_100c, DG-01 200 

 

Table 5-7: Test T06 
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Test number T06 

Test type Testing of the imaging and fluidic system with C. elegans 

Test facility Exeter biological lab 

Tested item Fluidic system, including media reservoir, piping, waste reservoir, 
pump, fluidic sensors, MCSD, Geneva drive and fluidic system 
software; and imaging system, including camera, lens, imaging 
support structure and imaging software 

Model Flight model 

Procedure, Test level 
and duration 

Objectives 

• Check that the system was able to properly segregate the C. 
elegans in the chambers. 

• Check that the amount of C. elegans contained in each 
chamber was in the range 10±5 

• Check that the imaging system could take and log static 
images of the C. elegans with a resolution of 0.025 mm over 
C. elegans with at least 3280 x 2464 pixels. 

• Check that the imaging system could capture and log video 
with a minimum resolution of 0.075 mm over C. elegans 
with at least 1080 x 1920 pixels. 

• Check that the filter was capable of retaining the C. elegans 
within the chamber while allowing fluid exchange. 

• Train Aqeel in handling the C. elegans 

Procedure 

• The test was a continuation of the previous TO5 with C. 
elegans. 

• Assemble the test bench from T05 at Exeter biological lab 
using flight chemicals. 

• Grow C. elegans to larval stage L4.  

• Sterilise test bench and MCSD. 

• Insert C. elegans into the MCSD. 

• Run automated experiment software sequence.  

• Record changes in inside the chambers with a video camera. 

• Log sensors data 

 

Test campaign 
duration 

2 days 

Test campaign date July 2021 

Test completed  Yes  
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Requirements 
verified 

Fully verified PR-07 100c,  

Not verified PR-07 200c, the imaging system was able to capture 
and log video at 1080 x 1920 pixels but not resolving 0.075 mm 

 

Table 5-8: Test T07 

Test number T07 

Test type PV overpressure structural test 

Test facility Cranfield space lab 

Tested item Pressure vessel 

Model Flight model 

Procedure, Test level 
and duration 

Objectives 

• Check that the pressure vessel met the safety requirements 
of BEXUS by over pressurising it with 2 bar. 

• Check that the pressure vessel could be over-pressurised to 
2 bar using the pressure inlet. 

Procedure 

• In a lab under ambient pressure and room temperature. 

• place the pressure sensors in the pressure vessel,  

• bolt the lids and pressure vessel together,  

• pressurise the vessel from one lid using airtight valve up to 
2 bars and close the valve.  

• Once the sensors confirm the 2-bar pressure, the vessel will 
be left and monitored for few minutes 

• No damaged shall be observed for the requirements to be 
verified 

 

More details available in appendix F 4 

 

Test campaign 
duration 

1 hour 

Test campaign date 17/09/2020 

Test completed Yes 

Requirements 
verified 

DG_04_500c, DG_16_100c 

 

Table 5-9: Test T08 

Test number T08 

Test type Static load test 
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Test facility Cranfield space lab 

Tested item Assembled payload 

Model Flight model 

Procedure, Test level 
and duration 

Objectives 

• Check that the system could cope with a static load of 30 
times the weight of the functional system. 

Procedure 

• The experiment was assembled with the gondola mounting 
accommodation. 

• The accommodation was mounted on a rod, which 
simulated the gondola rod during flight. 

• The experiment was loaded by placing weights of 30 times 
the experiment weight, hanging by the wires which were 
hanging from the top of the total assembly structure. 

• The pass condition would by verifying the survivability of 
the structure and amount of displacement of the structure 
if any using gauges, to be lower than the material/structure 
limit. 

More details available in appendix F 5 

Test campaign 
duration 

2 days 

Test campaign date September 2020 

Test completed Yes 

Requirements 
verified 

DG_11_500c 

 

Table 5-10: Test T09 

Test number T09 

Test type Vibration test 

Test facility Back of a car 

Tested item Assembled payload and accommodation 

Model Flight model 

Procedure, Test level 
and duration 

Objectives 

• Check that the mounted system was compatible with the 
pre-flight, count down, flight and post flight vibration 
environment.  

Procedure 

• The experiment and the accommodation would be 
assembled 
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• They were placed on the back of a trailer (like the mounting 
on the gondola) 

• The car would drive on a bumpy road for about 10-15 mins 

• Following the drive, the experiment would be verified if no 
observable displacement occurred in structural mounting 
and functionality of the full experiment.  

• The assembly/experiment needed to maintain its 
functionality throughout the test to pass. 

 

Test campaign 
duration 

2 days 

Test campaign date October 2020 

Test completed Yes 

Requirements 
verified 

DG_11_400 

 

Table 5-11: Test T10 

Test number T10  

Test type Shock test DELETED 

Test facility N/A 

Tested item N/A 

Model N/A 

Procedure, Test level 
and duration 

N/A 

Test campaign 
duration 

N/A  

Test campaign date N/A 

Test completed N/A 

Requirements 
verified 

 N/A 

 

Table 5-12: Test T11 

Test number T11 

Test type Temperature sensor test 

Test facility Cranfield space lab 

Tested item Assembled payload 

Model Flight model 
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Procedure, Test level 
and duration 

Objectives 

• Check that the internal temperature sensor was giving 
correct readings 

• Check that the external temperature sensor was giving 
correct readings 

• Check that the internal temperature was measured and 
logged at least every 10 seconds. 

• Check that the external temperature was measured and 
logged at least every 10 seconds. 

Procedure 

• The full electrical subsystem comprising the flight computer 
and microcontroller, ADCs and RTDs were constructed in 
the Lab 

• The heater coils were connected to a current sensor in 
series to monitor the current vs temperature trend 

• The temperature recordings would start and set for a 
specific time period to reflect flight operations 

• To pass this test the RTDs needed to provide a reading 
which matched or exceeded the accuracy specified by the 
relevant requirements 

Test campaign 
duration 

2 days 

Test campaign date 30th July 2021 

Test completed Yes 

Requirements 
verified 

FC_02_110c, FC_02_210c, PR_04_110c, PR_04_210c 

 

Table 5-13: Test T12 

Test number T12  

Test type Pressure sensors test 

Test facility Cranfield space lab 

Tested item Assembled payload 

Model Flight model 

Procedure, Test level 
and duration 

Objectives 

• Check that the internal pressure sensor was giving correct 
readings 

• Check that the external pressure sensor was giving correct 
readings 

• Check that the internal pressure was measured and logged 
at least every second. 

Procedure 
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• Place one of two pressure sensors inside the PV 

• Sensors were read via the I2C protocol 

• The PV was marginally over-pressurised as stated by flight 
operations for static pressure test and leak test. 

• The test passed if all three test objectives are achieved 

Test campaign 
duration 

1 day 

Test campaign date 3rd June 2021 

Test completed Yes 

Requirements 
verified 

FC_02_130c, FC_02_220c, PR_05_110c, PR_05_210c 

 

Table 5-14: Test T13 

Test number T13 

Test type Fluidic system sensors test 

Test facility Cranfield space lab 

Tested item Assembled payload 

Model Flight model 

Procedure, Test level 
and duration 

Objectives 

• Check that the humidity sensor was giving correct 
readings 

• Check that the fluidic volumetric flow rate sensor 
was giving correct readings 

• Check that the humidity was measured and logged 
at least every 60 seconds. 

• Check that the mass flow rate of the fluid was 
measured and logged at least every second. 

Procedure 

• All sensors would be connected as stated in the 
electronics design and harnessing design (Figure 4-81) using 
flight PCBs 

• The fluidic system would be connected as shown in 
Figure 4-6 

• Sensors would activate before the fluidics were 
actuated and the test would end when the fluidic flight 
operations procedure was completed 

Test campaign 
duration 

2 days 

Test campaign date 3rd August 2021 

Test completed No 
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Requirements 
verified 

FC_02_140c, FC_02_160c, FC_02_170c, PR_06_111c, PR_08_210c, 
PR_08_310c 

 

Table 5-15: Test T14 

Test number T14  

Test type Photodiode test 

Test facility Cranfield space lab 

Tested item Assembled payload 

Model Flight model 

Procedure, Test level 
and duration 

Objectives 

• Check that the photodiodes readings were valid 

Procedure 

• Connect the photodiodes with the 24bit ADC and the 
microcontroller with 1U Bus Main PCB  

• Place the photodiodes on three sides of the 1U bus and 
place it close to a window in the Lab 

• Actuate the photodiodes and run the test for an arbitrary 
amount of time to allow significant exposure to sunlight 

• To pass this test, the subsystem must yield proper readings 
within the photosensitivity range of the photodiodes and 
output the side of the 1U bus which was most exposed to 
the sun 

Test campaign 
duration 

2 days 

Test campaign date 25th July 2021 

Test completed Yes 

Requirements 
verified 

FC_02_230c, FC_04_100c 

 

Table 5-16: Test T15 

Test number T15  

Test type External communications subsystem test 

Test facility Cranfield space lab 

Tested item Mounted system and ground support system 

Model Flight model 

Procedure, Test level 
and duration 

Objectives 

• Check the transmission of the data to the ground station 

• Check that the commands sent from the ground station are 
received and executed 

• Check that the system can transmit housekeeping data from 
internal environment at least every second except imaging data. 
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• Check that the system can transmit housekeeping data from 
external environment at least every 10 sec. 
Procedure 

1. Set up Ethernet connection between ground station 
computer and primary flight computer; ensure ground station 
computer is not connected to the internet. Two static IPs should be 
defined. Wireshark should be running on ground station prior to 
powering on the flight computer. 
2. Flight computer should transmit UDP telemetry packets 
automatically – dummy data can be suitable to verify transmission, 
but actual sensor data is preferable for more complete evaluation. 
3. Verify ground station receives packets; verify packet 
structure and byte size match design specification. 
4. Send telecommands from ground station to flight computer 
using TCP socket. Verify packets received and that returned 
response or logs indicate reception and proper handling. 
5. Verify telemetry packets received within required time 
parameters. This test verifies the communications software; other 
tests would verify sensor data acquisition meets time requirements.  
6. Test also that connection can handle dropped packets, 
timeout, and automatically re-establish the connection. 
More details available in appendix F.6. 

Test campaign 
duration 

1 day 

Test campaign date 30/07/2020 

Test completed Yes 

Requirements 
verified 

FC_06_100c, FC_06_200c, PR_09_100c, PR_09_200c 

 

Table 5-17: Test T16 

Test number T16 

Test type Ground support testing 

Test facility Cranfield space lab 

Tested item Mounted system and ground support system 

Model Flight model 

Procedure, Test level 
and duration 

Objectives 

• Check that the ground support system displayed correctly 
housekeeping information, operational sequences during pre-flight 
and experiment operation.  

• Check that the override functionality of the ground support 
system functioned correctly 

Procedure 
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• Set up Ethernet connection between primary flight 
computer and ground station computer. Ready ground support 
software and power on flight computer. Flight computer would 
automatically open required sockets. 

• Verify ground support software received and displayed UDP 
housekeeping data (telemetry and events); verify data matched that 
of flight computer by inspecting logs afterwards. 

• Send telecommand to flight computer using ground support 
software; ensure command was received by listening to TCP socket, 
that response was returned if required, and verify by checking logs. 

• Use telecommand to override nominal software states: 
examples include changing mode from automatic to manual, 
modifying experiment data maximum transmission rate, and 
manually actuating a valve. This is not an exhaustive list of all 
possible override actions. Verify commands were received and 
executed using logs, and visual hardware inspection if possible. 

Test campaign 
duration 

1 month 

Test campaign date December 2020 (subject to change) 

Update 01/08/2021: Further full ground support tests performed 
numerous times over July 2021. All nominal. 

Test completed Yes 

Requirements 
verified 

FC_06_300c, FC_06_400c 

 

Table 5-18: Test T17 

Test number T17  

Test type Pre-flight test 

Test facility Cranfield Space lab and the incubator [19] 

Tested item Mounted system 

Model Flight model 

Procedure, Test level 
and duration 

Test going over the pre-flight procedure. It would ensure that the 
BoB team is capable of providing the right pre-flight environment, 
monitor and regulate the samples, and ensure that the system 
would cope with the worst-case environment that the payload was 
going to encounter. 

Objectives 

• Check if the BoB system was viable for the C. elegans during 
the pre-launch phase. Indicator of viability is the motility of 
the C. elegans. 

• Check that the system imaged properly the C. elegans 
during the pre-flight phase. 
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• Check that the system properly transmitted internal and 
external environment status. 

• Check that the temperature of the C. elegans never fell 
below 10 °C during the pre-flight operations 

• Check that the temperature of the C. elegans was properly 
regulated around 12 ± 2 °C 

• Check that the internal pressure was maintained in a range 
of ±0.2 bar during the pre-flight operation 

• Check the instantaneous power consumption during pre-
flight operations, ensuring it did not surpass 40 W 

• Check the average power consumption during pre-flight 
operations, ensuring it did not surpass 25 W 

• Check the intensity consumption on the battery during pre-
flight operations, ensuring it did not surpass 2 A 

• Check the intensity consumption on the battery during pre-
flight operations, ensuring it did not surpass 1 A 

 

Procedure  

• Before the test, Mike Cooke grew and synchronised C. 
elegans and place them into an MCSD. 

• Mike Cooke travelled to Cranfield university with the loaded 
MCSD 

• At Cranfield University, assembly was made of all the flight 
sub-systems, followed by integration of the MCSD on the 
flight hardware and assembly. 

• This step simulated the handover to SSC launch operators. 
And the pre-flight sequence detailed in Appendix D.3 could 
start. 

• The system was placed in the incubator set at 12 °C while 
still connected to power and to an Ethernet connection 
similar to E-Link 

• The C. elegans are imaged and feed at regular time intervals 
between 12 – 48 h. 

• After 96 h, the temperature of the incubator was set to 5 °C 
for 2h 

• The power consumption of the BoB system was monitored 
regularly during the test via lab power supply. 

Test campaign 
duration 

3 days 

Test campaign date 28/07/2021 to 30/07/2021 

Test completed Yes 
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Requirements 
verified 

FC_01_100c, FC_03_100c, PR_03_100c, DG_10_100c, 
DG_10_200c, DG_15_100c, DG_15_110c, DG_15_200c, 
DG_15_210c, OP_08_100c 

 

Table 5-19: Test T18 

Test number T18  

Test type Flight test 

Test facility At Cranfield University, a portable vacuum chamber was placed in a 
laboratory freezer. 

Tested item System without biology, without mounting. 

Model Flight model 

Procedure, Test level 
and duration 

Test going over the flight procedure, simulating with margins the 
ascending temperature and pressure profiles that the payload was 
going to encounter, using in a thermal vacuum chamber. 

 

Principal objectives 

• Check is the BoB system was viable for the C. elegans during 
the pre-launch phase. Indicator of viability is the motility of 
the C. elegans. 

• Check that the system imaged properly the C. elegans 
during the pre-flight phase. 

• Check that the system properly transmitted internal and 
external environment status. 

• Check that the temperature of the C. elegans never fell 
below 10 °C during the flight operations 

• Check that the temperature of the C. elegans was properly 
regulated around 20 ± 2 °C 

• Check that the internal pressure was maintained in a range 
of ±0.2 bar during the pre-flight operation 

• Check that the experiment could operate nominally within 
the temperature profile of a BEXUS flight as stated in BEXUS 
User Manual [1] 

• Check that the experiment could operate nominally within 
the pressure profile of a BEXUS flight as stated in BEXUS 
User Manual [1] 

• Check that the system could perform nominally when 
environment of DG-11 100 and DG-11 200 are combined 

• Check the instantaneous power consumption during flight 
operations, ensuring it did not surpass 40 W 

• Check the average power consumption during flight 
operations, ensuring it did not surpass 25 W 
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• Check the intensity consumption on the battery during 
flight operations, ensuring it did not surpass 2 A 

• Check the intensity consumption on the battery during 
flight operations, ensuring it did not surpass 1 A 

• Check that the system was capable of performing the 
nominal experiment sequence autonomously from the start 
of the experiment to the end of the experiment. 

Secondary objective: 

• Verifying the relation between the temperature 
measurement on the surface of the disc and the 
temperature of the C. elegan chambers on the flight 
hardware in a flight relevant environment 

Procedure 

• Place the system inside the vacuum chamber. Connect the 
system to power and data. 

• Without sealing the chamber, perform a pre-test that would 
ensure that all the functionality of the system was 
performing nominally. 

• One environment was set: 

1. The ascension cold environment: 

o ~ -60 °C 

o ~ 10 to 30 mbar 

o ~3 hours 

 

Test campaign 
duration 

1 days 

Test campaign date 30/07/2021 

Test completed Yes 

Requirements 
verified 

FC_01_200c, FC_03_100c, FC_03_200c, PR_03_100c, DG_10_100c, 
DG_10_300c, DG_11_100c, DG_11_200c, DG_11_300c, 
DG_15_100c, DG_15_110c, DG_15_200c, DG_15_210c, 
OP_09_100c 

 

Table 5-20: Test T19 

Test number T19 

Test type Software anomaly recovery tests 

Test facility Cranfield space lab 

Tested item Assembled payload 

Model Flight model 
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Procedure, Test level 
and duration 

Objectives 

• Check that the override function could successfully control 
the experiment from the ground support system 

• Check that the safe mode had been implemented correctly 

Procedure 

1. Test telecommand overrides – this was similar to T15 and 
T16, but testing focused on those telecommands that specifically 
overrode autonomous functions or that had safety functions.  

2. Safe mode (recovery procedure on the secondary flight 
computer) should ensure that and that the primary flight computer 
could be recovered. Any errors caught on the primary flight 
computer should not halt the thermal control loop. 

Test campaign 
duration 

2 days 

Test campaign date 26-27 July 2021 

Test completed Yes 

Requirements 
verified 

DG_09_100c, DG_09_200c 

 

Table 5-21: Verification by Inspection, I01 

Test number I01 

Reviewed by  BoB team 

Objective of the 
inspection 

 PR-01 100 “The system shall segregate the C. elegans population 

into 16 groups of 10 ±5 L4 stage C. elegans” to ensure the quantity 
of the C. elegans gave the team the ability to adequately image and 
record health of C. elegans during flight. 

Procedure Review and confirm with optical microscope during biological 
integration to the flight model. 

Inspection 
completed 

No (at time of EAR), this was to be performed at launch site during 
biology integration 

Requirements to 
verify 

PR-01 100 

 

 

Table 5-22: Review by design R01, Sensors review 

Test number R01 

Reviewed by  BoB team 

Object of the review The requirements relevant to sensors 

Design review Design detailed in this document, SED V4 

Procedure Review sensors datasheets 
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Review completed Yes 

Requirements to 
verify 

PR-04 100, PR-04 120, PR-04 200, PR-04 220, PR-05 100, PR-05 
120, PR-05 200, PR-05 220, PR-06 101, PR-06 121, PR-08 200, PR-
08 220, PR-08 300,PR-08 320 

 

Table 5-23: Review by design R02, Design review 

Test number R02 

Reviewed by  BoB team 

Object of the review The requirements relevant to the design 

Design review Design detailed in this document, SED V4 

Procedure Review SEDV4 and experiment CAD files 

Review completed Yes 

Requirements to 
verify 

PR-10 100, PR-10 101, DG-02 100, DG-02 200, DG-03 101, DG-03 
201, DG-03 300, DG-04 100, DG-04 200, DG-04 300, DG-05 100, 
DG-06 100, DG-07 100, DG-07 200, DG-08 101, DG-12 200, FC-05-
100c, DG-01 200 

 

Table 5-24: Review by design R03, Operation review 

Test number R03 

Reviewed by  BoB team 

Object of the review The requirements relevant to the operations 

Design review Design detailed in this document, SED V4 

Procedure Review operation time line and SEDV4 

Review completed Yes 

Requirements to 
verify 

OP-01 100, OP-01 200, OP-03 100, OP-04 100, OP-06 100, OP-07 
100 

 

 

Table 5-25: Review by design R04, Safety review 

Test number R04 

Reviewed by  BoB team 

Object of the review The requirements relevant to safety 

Design review Design detailed in this document, SED V4 

Procedure Review chemicals datasheet and CAD files 

Review completed Yes 

Requirements to 
verify 

FC-08 100, DG-17 100 
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Table 5-26: Review by design R05, Post integration review 

Test number R05 

Reviewed by  BoB team 

Object of the review The requirements that can be verified only after the integration at 
ESRANGE during the flight campaign 

Design review Design detailed in this document at SED V4 

Procedure N/A (TBD closer to flight campaign at time of EAR) 

Review completed No (at time of EAR) 

Requirements to 
verify 

PR-01 100, OP-10 100 

 

5.3. Verification Results 
Table 5-27 Summary of verification test prior to EAR and its status. The unresolved test 
were addressed during the period between EAR and flight. 
 

Verification number Status Remarks 

T01 Success Issue with the disc only 
retaining fluids less than 
24 hours 

T02 Success During the pressure 
vessel leak test, no leak 
was detected 

T03 Success Verified with flight 
sensors and flight PCBs 

T04 Success Imaging system test 

T05 Retired Fluidic Test was 
performed before EAR on 
Thursday 5th August 2021. 
Had issue with fluidic 
valve manifold and had to 
be rebuilt. 

T06 Partial success Fully verified PR-07 100c,  

Not verified PR-07 200c, 
the imaging system was 
able capture and log video 
at 1080 x 1920 pixels but 
not resolving 0.075 mm 

T07 Success Pressure vessel over 
pressurised test was 
successful 
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T08 Success Static load test of the 
gondola mounting was 
successful 

T09 Success Vibration test was 
performed as the final test 
campaign before EAR on 
Thursday 5th August 2021. 

T10 Deleted Shock test was deleted 

T11 Success Temperature sensor test 
was performed in early-
July 2021 and it was 
successful 

T12 Success  Pressure sensor test was 
performed on the 
03/06/2021 and it was 
successful 

T13 Success after re-test Fluidic system sensor test 
was re-performed ASAP 
after EAR 

T14 Success  Photodiode using the 
flight hardware was 
performed in late-July 
2021 and it was successful 

T15 Success External communication 
subsystem test was 
successful 

T16 Success Ground support test was 
successful. 

T17 Success Pre-flight test happened 
between the 28th and the 
30/07/2021 

T18 Success after re-test A flight simulation was 
attempted on 
30/07/2021; further 
simulations were 
successful 

T19 Success Secondary flight 
computer successfully 
entered recovery mode 
and triggered hard restart 
of the primary computer. 
Localised software errors 
are caught and do not 
impede thermal control 
loop or main sequenced 
event loop. Manual 
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telecommands can be 
successfully received and 
processed. 

I01 Unable to verify (Due to 
time limitation, a rigorous 
verification test was not 

performed) 

Was performed at launch 
site during biology 
integration 

R01 Success Requirements relevant to 
sensors are verified or 
waived. 

R02 Success  Requirement relevant to 
the design verified or 
waived. 

R03 Success  Requirement relevant to 
the operations verified or 
waived. 

R04 Success Requirement relevant to 
safety were verified 

R05 Success This review was 
performed during the 
launch campaign. 

 

Table 5-28 Overview of test T01 results 

Verification number T01 

Type of test Biocompatibility test 

Facility Exeter University 

Verified item MCSD 

Verification description Would verify that the MCSD suited the biological samples. 

Expected results Demonstrated the ability to culture sufficient C. elegans within 
the MCSD sample chambers 

Obtained Results MCSD had good biocompatibility 

Conclusions Issue with the disc only retaining fluid for 24 hours, otherwise 
successful. 

 

Table 5-29 Overview of test T02 results 

Verification number T02 

Type of test Test of the pressure vessel pressure variation/leak rate 

Facility Cranfield University Space Lab 

Verified item Pressure leak rate over 3-hour duration 

Verification description Pressure sensors were mounted in the pressure vessel, then the 
pressure vessel has been pressurised to 2 bars absolute 
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pressure, and the experiment was left in the lab for 3 hours in 
room temperature.  

Expected results No or minimal leak 

Obtained Results No leak from pressure vessel as the sensors indicated 

Conclusions The test was completed successfully and verified the structure 
had no leaks 

 

 

Table 5-30 Overview of test T03 results 

Verification number T03 

Type of test Testing of the temperature sensors accuracy 

Facility Lab incubator at Space lab, Cranfield University 

Verified item Proto board copy of the flight temperature sensing elements 

Verification description Plug the eight flight sensors on an electronic protoboard 
identical to the flight configuration and compare in a controlled 
environment the reading of the temperature sensors with a 
calibrated thermometer. 

Expected results The reading from the temperature sensors shall be less than 
±0.37 °C away from the calibrated thermometer for the flight 
sensor to be declared ±1 °C accurate at the temperature that 
the calibrated sensor is displaying 

Obtained Results At ~20°C the eight sensors are at least ±1 °C accurate. 

Conclusions The detailed Test plan and results are available in appendix F.3. 
The sensors and electronic set up seemed to provide a 
measurement that fulfil the requirement PR-04 120c. This test 
was repeated with the final electronic set up on the flight 
hardware, after the PCBs are manufactured. 

 

Table 5-31 Overview of test T04 results 

Verification number T04 

Type of test Imaging system test 

Facility Space Lab, Cranfield University 

Verified item BAMMsat-on-BEXUS (BoB) Imaging System 

Verification description Testing the combination of Raspberry Pi v2 camera and custom 
lens made for BoB to capture and log video with a minimum of 
30 images per second correspond to PR-07 210. 

Expected results The imaging system operated using Raspberry Pi zero should be 
able to resolve the dried down C. elegans and store the video 

in h264 format. 
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Obtained Results The test confirmed that the imaging system met the 
requirement. 

Conclusions PR-07 210 verified 

 

Table 5-32 Overview of test T05 results 

Verification number T05 

Type of test Fluidic system test 

Facility Space lab Cranfield University  

Verified item BoB fluidic systems, MCSD and Rotary Valve 

Verification description The test was to be performed to verify the pumping of three 
different media (three different coloured liquid dyes) from their 
own reservoir across the fluidic system, MCSD, and Rotary 
Valve. The full test would have involved a complete assembly of 
the fluidic and Geneva gear system to rotate the MCSD and 
fluidically address each sample chamber independently. 

Expected results The fluid was to be pumped from their reservoir to the waste 
bag across the MCSD via the fluidic system. The dyes would be 
used to verify the solenoid valves, rotary valve and pumping 
function across the different chambers as the MCSD rotates. 

Obtained Results N/A 

Conclusions The flown system was simplified to just pump growth media as 
the hazardous chemical was removed due to accident at 
ESRANGE which decommissioned the biological laboratory. The 
selector valve manifold was tested in a less rigorous manner 
after EAR and demonstrated to be functional. 

 

Table 5-33 Overview of test T06 results 

Verification 
number 

T06 

Type of test Imaging and fluidic systems test with C. elegans 

Facility Space lab, Cranfield University  

Verified 
item 

BoB MCSD and imaging system 

Verification 
description 

The test continued the development of T04 and T06 to confirm the 
functionality of the MCSD and imaging system to be used with C. elegans. 
Each chamber was filled with a segregate different population of C. elegans 
before taking static images with a resolution of 0.025 mm over C. elegans 
with at least 3280 x 2464 pixels. The test then continued capturing and 
logging video with a minimum resolution of 0.075 mm over C. elegans with 
at least 1080 x 1920 pixels.   

Expected 
results 

The test should verify that the different population of C. elegans remained in 
its respective chambers. This would be confirmed via resolving the C. elegans 
via static image and video recording. 
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Obtained 
Results 

PR-07 100c -The system shall take and log static images of the C. elegans 
with a resolution of 0.025 mm over C. elegans with at least 3280 x 2464 
pixels.  
 

 

Figure 5-1: PNG Image of C. elegans at 3280x2464 pixels inside the MCSD. 
 

 

Figure 5-2: PNG Image of microscopic calibration slide at the same focal 
plane as Figure 5-1. In the image it is possible to zoom in and resolve at 
0.025 mm. 
 

PR-07 200c : The system shall capture and log video with a minimum 
resolution of 0.075 mm over C. elegans with at least 1080 x 1920 pixels. 
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Figure 5-3: Video frame of the microscope calibration slide at 1920x1080 
pixels. It was very difficult to resolve 0.075 mm at a fixed focal length. It 
meant that requirement PR-07 200c was not currently verified for this 
specific setting. It is worth mentioning that it was possible to magnify the 
image and resolve better. The challenge with the design and moving 
target (C. elegans) was that the focal length can vary. BoB imaging system 
had to be optimised for all 16 chambers. A video of C. elegans at the 
same focal plane is available at: 
https://1drv.ms/u/s!AtXJNwT8pgy3hL4LLSjJBz1CcpdqnA?e=2AZ0Yt  
 

 

Conclusions Fully verified: 

PR-07 100c  

Not verified: 

PR-07 200c 

The imaging system was able capture and log video at 1080 x 1920 pixels but 
not resolving at 0.075 mm using fixed parameters. However, the resolution 
was enough to check the mobility, motility and basic C. elegans health. It 
was possible to change the optics parameters to have a higher resolution, 
see: https://1drv.ms/u/s!AtXJNwT8pgy3hL4BeOYesX06iPdQuQ?e=eeThiX  

 

Table 5-34 Overview of test T07 results 

Verification number T07 

Type of test Pressure vessel 2x pressure safety test 

Facility Cranfield University space lab 

Verified item Pressure vessel structural safety when pressurised to 2 bar 
relative pressure. 

Verification description The pressure vessel was pressurised to 2 bars relative pressure 
using an air pump and a pressure gauge to show the internal 
pressure. 

https://1drv.ms/u/s!AtXJNwT8pgy3hL4LLSjJBz1CcpdqnA?e=2AZ0Yt
https://1drv.ms/u/s!AtXJNwT8pgy3hL4BeOYesX06iPdQuQ?e=eeThiX
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Expected results Structure to survive and no fracture/failure to be seen. 

Obtained Results The test concluded successfully; the pressure gauge showed the 
2 bars relative pressure. 

Conclusions Test concluded and the structure was successfully verified. 

 

Table 5-35 Overview of test T08 results 

Verification number T08 

Type of test Gondola Accommodation Load Test 

Facility Cranfield University Space Lab 

Verified item Structure survivability when loaded with 30x of the total mass 

Verification description The accommodation was loaded using safety steel wires with a 
mass of 165.5 kg, representing 30x of the overall mass (5.5kg) 
and verified visually to check if any permanent deformation, 
failure or fracture had been applied to the structure. 

Expected results Structure would survive with no permanent deformation or 
failure 

Obtained Results No deformation was seen after the test completed 

Conclusions Test concluded successfully and requirement was verified 

 

Table 5-36 Overview of test T09 results 

Verification number T09 

Type of test Structural Vibration Test 

Facility Cranfield University 

Verified item Mechanical structure could withstand expected vibrations 

Verification description The system was loaded into a car, with an accelerometer 
attached, which was then driven around rough roads for 
approximately 10 minutes. 

Expected results No structural damage and good system operation during 
following testing. 

Obtained Results System performed well, no structural damage visible by 
inspection and no faults found afterwards. 

Conclusions Successful 

 

Table 5-37 Overview of test T10 results 

Verification number T10 

Type of test Shock test DELETED 

Facility N/A 

Verified item N/A 
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Verification description N/A 

Expected results N/A 

Obtained Results N/A 

Conclusions N/A  

 

Table 5-38 Overview of test T11 results 

Verification number T11 

Type of test Temperature sensor test 

Facility Cranfield University Space Lab 

Verified item RTDs, ADCs, primary and secondary flight computer SPI 
interfaces 

Verification description The objective of this test was to obtain a suitable system 
sampling rate of the temperature sensors and get a high 
enough accuracy of measurement. This test was split in two 
sub-tests which followed through from the primary objectives 
of this test. 

Expected results Achieve a 10 second interval between RTD readings and an 
accuracy of ±1°C with respect to the calibrated temperature 
sensor reading 

Obtained Results 

 

Figure 5-4 RTD readings on the laptop and the calibrated 
temperature sensor readings 
As can be seen in Figure 5-4 the RTD readings were compared 
to the calibrated temperature sensor reading and the accuracy 
was achieved and surpassed. These readings were taken while 
the sensors were submerged in hot water. 

The sampling frequency of this test was verified during the 
flight-test (T18), see Table 5-45. 

Conclusions Both parts of this test were conducted successfully and 
therefore the requirements linked to this test were verified. 
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Table 5-39 Overview of test T12 results 

Verification number T12 

Type of test Pressure sensors test 

Facility Cranfield University Space Lab 

Verified item MS5 and BME680 pressure sensors, I2C bus 

Verification 
description 

Check that the pressure readings were recorded at least every 
second and later inspect the readings in the graph.  

Expected results Pressure readings close to 1000 mbar, at least every second 

Obtained Results 

 

Figure 5-5 Pressure readings from the two sensors at room 
pressure 
 

Conclusions The noisy readings were from the MS5 pressure sensor which is 
less electrically sophisticated than the BME-680 sensor which 
filtered the reading much better. The MS5 sensor was not 
working in the system. The BME-680 sensor was used for flight, 
and was considered verified. 

 
Table 5-40 Overview of test T13 results 

Verification number T13 

Type of test Fluidic system sensor test 

Facility Cranfield University Space Lab 

Verified item Humidity, liquid flow, and the liquid bubble sensor 

Verification description The verification of this test included obtaining the sensor 
readings at a rate and accuracy defined in PR_06_111c, 
PR_08_210c, PR_08_310c. This test was performed in 
conjunction with T05, the Fluidic System Test. Some of the 
requirements linked to this test were waived since we did not 
have the fluidic pressure sensor anymore due to electrical 
problems. 

Expected results Humidity recorded at least every 60 seconds 

Obtained Results Fluidic sensors performed nominally 
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Conclusions Success 

 

Table 5-41 Overview of test T14 results 

Verification number T14 

Type of test Photodiodes test 

Facility Cranfield University Space Lab 

Verified item Photodiodes, ADC, and secondary flight computer SPI interface 

Verification description This test would verify that our device could detect sunlight 
intensity and record it successfully. Post-flight data analysis 
should be able to determine from the flight data which side the 
Sun was shining the most on. The accuracy requirement was no 
longer important in this case as we only want to detect large 
changes in light intensity. 

Expected results Photodiode readings taken every 30 seconds, reading from 0V 
to 0.6V due to only using a smartphone LED as the light source. 

Obtained Results The readings which were taken were between 0V and 0.5V. One 
photodiode worked but the second one did not respond. 

Conclusions Overall, this test was considered as partially verified given that 
one of the sensors was not responsive. This test was later 
repeated after the identified issue was fixed (wrong connection) 
and fully verified. 

 

Table 5-42 Overview of test T15 results 

Verification number T15 

Type of test External communication subsystem test 

Facility Remote home office 

Verified item Software in primary flight and ground station computers; 
Ethernet connection. 

Verification description Ethernet connection was established. Primary flight computer 
tested transmission of full default and event telemetry packets 
to ground station. Ground station tested transmission of 
telecommand packets to primary flight computer. Primary 
flight computer tested transmission of large, compressed 
imaging data to ground station. Additional tests performed to 
ensure bandwidth control can be modified during flight 
operations. Finally, all tests were performed simultaneously to 
meet timing requirements and ensure bandwidth remained 
within margin. 

Expected results Successful packet data transmission for all test types, within 
expected bandwidth margins and no data corruption. 
Successful transmission of imaging data. Successful control of 
bandwidth. 
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Obtained Results All tests were performed successfully. There was no data 
corruption, and timing constraints were met during 
simultaneous tests with high margin. TCP overhead for 
telecommand packets was slightly higher than expected, but 
still well within overall bandwidth margins. Bandwidth control 
performed as expected, with increased software margin for 
safety. 

Conclusions Test concluded successfully and requirements were verified. 

 

Table 5-43 Overview of test T16 results 

Verification number T16 

Type of test Ground support testing 

Facility Cranfield laboratory  

Verified item FC_06_300c, ground support user interface for telemetry 
(command line version). 

FC_06_400c, ground support user interface for telecommand 
(command line version). 

Verification description Ensuring that the ground support system correctly received and 
displayed telemetry data (including housekeeping and critical 
operational states). Telecommand override functionality also 
tested and confirmed both by log data and visual inspection of 
hardware responding to commands (i.e. current draw increase 
as heaters turned on; motor rotation; imaging operations). 

Test used an Ethernet connection between the primary flight 
computer and ground laptop, with standard ground support 
and flight software running on both systems. 

Expected results Ground support system should receive and display all 
transmitted telemetry; and telecommands should be entered by 
command line and successfully transmitted to the flight 
computer. 

Reception of telemetry could be confirmed by inspecting 
arriving telemetry and comparing with the console output of 
the flight computer. Telecommand would be confirmed by logs 
and visual inspection of hardware responding to commands. 

Obtained Results Both systems worked perfectly. All received telemetry was 
correctly unpacked, parsed, and displayed on command line; 
additionally, the data successfully logged to a .csv file for easier 
reading, which can be rapidly plotted. 

Telecommands were successfully received and processed for 
numerous operations including thermal control, motor control, 
and imaging using the LED and camera. 

Conclusions Ground support testing successfully verified. Both systems 
perform excellently, and no issues were noted. While user 
operation of command line interfaces can be tricky and does 
require more experience, two members who attended the 
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flight campaign were competent in its use. While we did 
previously aim to complete development of GUIs for easier 
user operation, this was not considered necessary as the CLI 
was perfectly sufficient for the entire experiment (and arguably 
more robust than a GUI, where there is more to potentially fail), 
the operators were competent with the system (particularly 
MZ, who understood its underlying operation), and the 
experiment was also mostly automated. 

 

Table 5-44 Overview of test T17 results 

Verification number T17 

Type of test Pre-flight test 

Facility Cranfield University lab, incubator. 

Verified item The system with the biology, the operation timeline 

Verification description Would perform the pre-flight operation at Cranfield University 
preparing for the handover of the system to the flight. 

Expected results Verifying that the C. elegans would experience a viable 
environment during pre-flight. (FC-01 100, PR-03 100, DG-10 
100, DG-10 200) 

Verifying that the system could generate, log and transmit 
valuable scientific data during pre-flight. (FC-06 100) 

Verifying that the power consumption of the system met the 
power requirements. (DG-15 100, DG-15 110, DG-15 200, DG-
15 210) 

Obtained Results The test had to be divided in two parts. 

A first test was performed on the 28th and 29th of July. A 
complete – but not fully functional – BAMMsat system was 
placed inside the incubator with the temperature regulated at 
12 °C for 12 hours. We could not image the C. elegans because 
the camera was not functional. But we could still connect the 
system with a ground station and assess that the system was 
indeed at 12°C. We could also confirm that we were capable to 
downlink status data. 

After a TVAC (T18) we disassembled the system and realised 
that the fluids – with the C. elegans — had vacated the 
chambers into the rest of the fluidic channels. Under a standard 
microscope, we could partially image one alive C. elegans. 

A second test was performed between the 29th and 30th of July. 
This time the channels of the MCSD were pre-filled with liquid 
so that the liquid from the chambers would not flow out to the 
channels. But only a MCSD disc was placed on the incubator as 
the rest of the system was being fixed and updated by the team 
who added the imaging and the MCSD rotation capabilities. 
After 20 hours in the incubator, the disc was placed within the 
rest of the system. But most of the disc had leaked due to a 
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screw torque problem. Thankfully, we could still image one 
chamber properly with many alive and wet C. elegans. 

 

Figure 5-6 image of chamber 32 downlinked during a pre-flight 
test showing two adult and many young C. elegans 

Conclusions About: FC-01 100: “The system shall provide a viable and 
nutritious internal environment to ensure the viability and a 
low metabolic rate of the C. elegans during the pre-flight 
operations.” This test showed that the incubator provided a 
temperature that put the C. elegans in a low metabolic rate. 
The environment was viable and nutritious enough, as the 
video showed active worms after spending 20 hours in the 
incubator. During these tests, we had issues with the disc 
leaking, or the fluids vacating chambers. But providing careful 
assembly of the disc, all the chambers should be kept wet like 
the one we could image during the second try. We considered 
this requirement verified. 

About FC-03 100: “The system shall take and log static images 
and video of the C. elegans inside the MCSD via an imaging 
system during pre-flight operation and experiment operation 
to evaluate the health status of the C. elegans.” We could not 
initially take images while the full system was in the incubator 
due to an error. But we demonstrated that we could nominally 
use the ground station while the full system was in the 
incubator during the first attempt. And during the second 
attempt, after the error was fixed, we showed that the system 
could also take, log and downlink static images and video. We 
could also rotate the MCSD by telecommand, enabling us to 
image all the chambers. We considered this requirement 
verified. 

About PR-03 100: “The pressure vessel shall maintain the 
internal atmospheric pressure when closed at the ground in a 
range of ±0.2 bars during the pre-flight and experiment 
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operation.” During the 1st attempt the pressure logged in the 
system was 0.95 bars. This requirement was verified. 

About DG-10 100: “The temperature of the internal 
environment with C. elegans shall never be at a temperature 
below +10 °C until the end of experiment operation.” The 
incubator kept the temperature around 12 °C. 

About DG-10 200: ”The system shall maintain the internal 
environment at +12°C ±2°C during pre-flight operation.” When 
measured the temperature of the system was indeed 12 °C. But 
when the system was on and connected to the ground station 
via Ethernet cable, the seal of the incubator was not as 
efficient. The temperature of the system slowly increased to 
14°C in around 40 minutes while connected. As a mitigation, we 
should not leave the power and the ground station would 
always be connected to the system in the incubator, but only 
when we needed to downlink images. If we perturbed the 
incubator less than 40 minutes, this requirement was verified. 

About: 

• DG-15 100: “The system shall not consume at any time 
more than 40 W.” 

• DG-15 110: “The average consumption of the system 
shall be less than 25 W during pre-flight and 
experiment operation 

• DG-15 200: “The system shall not consume at any time 
more than 2 A on the BEXUS battery” 

• DG-15 210: “The systems shall not consume on average 
more than 1 A on the BEXUS battery” 

The system, as we would use it during pre-flight (heaters 
off) would never consume more than 0.2 amp. So, 0.2* 28 
= 5.6 W max. Those requirements were verified for the pre-
flight operations. 

 

Table 5-45 Overview of test T18 results 

Verification 
number 

T18 

Type of test Flight test 

Facility Cranfield university, lab freezer, commercial vacuum chamber 

Verified 
item 

System without the biology, without the mounting 

Verification 
description 

Performed flight simulation and different measurements on the system placed 
in a flight-relevant environment. 

Expected 
results 

Verification that the system performed nominally and autonomously in a 
thermal and pressure environment relevant to the BEXUS flight. (OP-09 100, 
FC-06 200, DG-11 100, DG-11 200, DG-11 300) 
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Verification that the C. elegans would experience a viable environment during 
flight (capability to regulated the temperature, enough oxygen, nutriment). 
(PR-03 100, DG-10 100, DG-10 300) 

Verification that the system could generate, log, and transmit valuable 
scientific data during flight. (FC-03 200, FC-06 100) 

Verification that the power consumption of the system met the power 
requirements. (DG-15 100, DG-15 110, DG-15 200, DG-15 210) 

Obtained 
Results 

After T17, the assembled system was used to perform a thermal vacuum test. 

Unfortunately, the thermal vacuum environment could not be monitored. But 
by experience, the pressure should have been between 10 mbar and 30 mbar. 
The pressure chamber holding the experiment was placed in a lab freezer with 
its temperature regulated at -60 °C. 

During the first two hours, the system was simply performing temperature 
regulation. After two hours in the TVAC, an autonomous operational sequence 
was sent. The system was supposed to take still images and video of multiple 
chambers and downlink them. 

This did not work perfectly well. The downlink did not work as expected and we 
had to use SFTP to downlink images instead of the autonomous managed TCP 
system that was used during flight.  

The Raspberry Pi could not cope with the all the extra activities that it had to 
perform. It appears that while downlinking big files like images or videos using 
SFTP, the Python thread dealing with the motor rotation could not properly 
monitor the photosensor tracking the activity of the motor. During the test, the 
system lost the position of the chamber being under the imaging system. At 
the ground station, we could deduce the "true" position of the system and force 
the system to realign using telecommands. To mitigate this, we decided to stop 
the motor whenever we would downlink an image using SFTP. We did not lose 
chamber 32 - with the good C. elegans - and we were able to take still images 
and take videos of them during the test. This issue was fixed with additional 
motor error-handling code, photosensor read time optimisations, and ensuring 
that TCP – not SFTP – was used during flight. 

Overall, the test lasted 3.6 hours. The thermal control performed as expected. 
The pressure inside the pressure vessel was kept nominal around 0.95 bars. 
Although, we realised that long motor operations could significantly delay the 
update of the heater controller (see at around 10,000 seconds and 11,000 
seconds on the temperature plots in Figure 5-8, the temperature was not read 
and the heater power output not updated). Thankfully, it did not have a major 
impact on the system. This was also an easy software fix and only required 
minor changes to threading priority. 

We regularly took still images and videos of the chamber 32 hosting the C. 
elegans and they looked healthy all along the test. 
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Figure 5-7 Screen shot of a video showing the chamber 32 after 2.4 hours in 
the thermal vacuum chamber. 

 

Figure 5-8 Plots showing the temperature of the motor mount and the 
surface of the disc between 13 and 15 °C, which according to preliminary test 
should ensure that the C.elegans are at 20+- 2°C 
 

 

Figure 5-9 Plot showing the temperature on different points related to the 
fluidic system. All temperatures are well above 0°C, safe from freezing. 
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Figure 5-10 Plot showing the current consumed by the heaters compared to 
the temperature regulating them. The plot is hard to read, but the peak 
current, less than 0.8 A, was only briefly reached. And it was after 1,000 
seconds where the heater were not updated, so the system was cooler 
than expected.  
The total current consumed by the heater on the 28 V power source was 
estimated at 0.55 Ah. 
 

 

Figure 5-11 Pressure inside the pressure vessel was nominal. 
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Figure 5-12 Humidity measured inside the pressure vessel during the test 
 

 

Figure 5-13 Output of the current sensor on the 28 V power supply 

Conclusions About FC-01 200: "The system shall provide a viable and nutritious internal 
environment to ensure the viability of the C. elegans during experiment 
operation."  As for test T17, the disc leaked and only one chamber could have 
been used to assess this requirement. But for this one chamber, this 
requirement was verified. The environment was nominally controlled and the 
videos showed C. elegans in good health. 

About FC-03 100: "The system shall take and log static images and video of the 
C. elegans inside the MCSD via an imaging system during pre-flight operation 
and experiment operation to evaluate the health status of the C. elegans." This 
requirement was verified as we could take images and videos. Although, we 
increased the default video length to improve the quality of the analysis post 
flight. 

About FC-03 200: "The system shall be able to take and log videos of a chamber 
while the media of this last one is being replaced." This requirement was not 
verified at the time. We could not perform the test with a functional fluidic 
system. This was repeated in future lab tests where video was taken as fluids 
were pumped and was effectively verified then. 

About FC-06 100: "The system shall transmit internal and external status data 
to the ground station via the BEXUS E-Link during pre-flight operation and 
experiment operation." This requirement was verified. All the data showed 
above was plotted using telemetry data. The external status was not plotted, 
but sent via telemetry. 

About FC-06 200: "The system shall be able to receive and execute commands 
from the ground station via the BEXUS E-Link." This requirement was verified. 
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We could fully control the motor, the imaging system and the heaters from 
the ground station. 

About PR-03 100: "The pressure vessel shall maintain the internal atmospheric 
pressure when closed at the ground in a range of ±0.2 bars during the pre-
flight and experiment operation." This requirement was verified. 

About DG-10 100: "The temperature of the internal environment with C. 
elegans shall never be at a temperature below +10 C until the end of 
experiment operation." This requirement was verified. Although we were not 
directly measuring the temperature of the C. elegans, during preliminary tests 
in the TVAC we took into consideration the temperature difference between 
the surface of the disc where we measured the temperature and the inside of 
the chamber where the C. elegans were hosted. 

About DG-10 300: "The system shall maintain the internal environment at 
+20°C ±2°C during experiment operation." Same as above for DG-10 100. 

About DG-11 100: "The experiment shall operate nominally within the 
temperature profile of a BEXUS flight as stated in BX_REF_BEXUS_User 
Manual_v7-4_04Dec18." This requirement was verified. 

About DG-11 200: "The system should function and perform nominally in a 
pressure environment between 1 bar and 5 mbar as stated in 
BX_REF_BEXUS_User Manual_v7-4_04Dec18." This requirement was partially 
verified. We do not have proof that the pressure went as low as 5 mbar. 

About DG-11 300: "The system shall and perform nominally when 
environment of DG-11 100 and DG-11 200 are combined as suggested in 
BX_REF_BEXUS_User Manual_v7-4_04Dec18." 

This requirement was partially verified. We do not have a proof that the 
pressure went as low as 5 mbar. 

About: 

• DG-15 100: "The system shall not consume at any time more than 40 
W." 

• DG-15 110: "The average consumption of the system shall be less than 
25 W during pre-flight and experiment operation." 

• DG-15 200: "The system shall not consume at any time more than 2 A 
on the BEXUS battery." 

• DG-15 210: "The systems shall not consume on average more than 1 
A on the BEXUS battery." 

These requirements were verified. With the output of our current sensor, we 
could estimate the average current near 0.24 A. It may be a low estimation, 
but it is far from the 1 A requirement. The current never reached 2 A. The 
maximum measured current was less than 1.2 A, therefore during the test the 
system never reached 40 W. 

About OP-09 100: "The system shall perform the nominal experiment 
sequence autonomously from the start of the experiment to the end of the 
experiment." This requirement was partially verified. The autonomous 
sequence did not perform as expected. But fixing this did not require a new 
TVAC test. It could be done in a lab environment. Ultimately, it was repeated 
and the autonomous sequence worked as expected. 
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Table 5-46 Overview of test T19 results 

Verification number T19 

Type of test Software anomaly recovery tests 

Facility Cranfield laboratory 

Verified item Primary and secondary flight computers 

Verification description DG_09_100c – Ensuring that telecommands were able to 
override and manually control the system. 

DG_09_200c – Verification of safe made (named ‘recovery 
mode’) of the secondary flight computer and successful 
recovery of primary flight computer. 

Additionally, we aimed to ensure that localised software errors 
would not abort the thermal control loop or main events loop 
without good reason, though this does not have a specific 
requirement. 

Expected results Telecommands should be successfully received and processed. 

The secondary flight computer should send two soft reset 
commands at 2- and 4-minute marks after not receiving 
heartbeats (which are received and parsed by the primary 
computer, though not acted on for the purposes of a full 
duration test, as the `sudo reboot 0` command has been tested 
via use hundreds of times in the lab) and a hard reset should be 
triggered at the 6-minute mark. The primary computer should 
power cycle and recover. Once heartbeats are sent again, the 
secondary computer should enter either idle or sensing modes, 
as commanded. 

Obtained Results Telecommands were successfully received and processed. In 
particular, thermal control system update and motor alignment 
operations were performed for testing. 

The secondary flight computer performed nominally and sent 
both soft resets and a hard reset at the 6-minute mark. The soft 
resets were purposefully ignored for this test in order to enable 
a full testing cycle of the worst-case scenario (hard reset). The 
hard reset worked, and the primary flight computer restarted. 
Once heartbeats were sent again, the secondary flight 
computer correctly switched to the commanded sensing mode. 

For the additional tests, excellent software performance was 
noted during various localised errors during hardware and 
software testing. The thermal control and event loops 
continued nominally, even in the event of corrupt 
telecommands being sent.  

Conclusions Test successfully verified both requirements, and additionally 
proved that the software is resilient to unexpected, localised 
errors. While the soft reset was not acted upon, its successful 
transmission and reception was observed, and this allowed for 
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the full hard reset to occur – the soft reset command in 
question had been used hundreds of times previously without 
issue. 

 

Table 5-47 Overview of review R01 results 

Verification number R01 

Type of review Review of sensors 

Verified item Temperature sensors, absolute gas pressure sensor; relative 
humidity sensor; differential fluidic pressure sensor, fluidic mass 
flow rate sensor. 

Verification description Datasheet of selected sensors was reviewed. 

Expected results Specification in datasheet would match or exceed requirement 
expectations. 

Obtained Results • PR-04 100 The system shall measure the internal 

temperature between +0 °C and +30°C. PR-04 200 The 

system shall measure the external temperature between -

80 °C and +30 °C. 

o Internal sensors 

▪ RS 891-9148 

• Temperature range: -50°C to +250°C ➔ 

VERIFIED 

o External sensors 

▪ RS 891-9148 

• Temperature range: -50°C to +250°C ➔ 

Requirement at -80 to +500°C not 

verified but WAIVED. The requirement 

was waived because it was written 

thinking that the sensor would measure 

the external temperature that can go 

down to -80 °C. But it appears that 

measuring the external temperature is 

not required to fulfil the mission 

objective. The external sensors will be 

mounted on the surfaces of the system 

that will be hotter than -80 °C. Therefore, 

a sensor that can read down to -50 °C is 

acceptable. 

• Absolute gas pressure sensor, PR-05 100: The system 

shall measure the internal absolute pressure between 

500 hPa and 2500 hPa. PR-05 120: The system shall 

measure the internal absolute pressure with ± 200 Pa 

accuracy. 

o Internal sensors 

▪ Bosch BME 680  
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• Operating pressure: 300 to 1100 hPa ➔ 

Requirement at 500 hPa to 14500 hPa 

not verified but WAIVED. 

The objective of this requirement was to 

verify the viability of the system for the 

biological payload. The pressure should 

be nominally around 1,000 hPa. If the 

pressure dropped to 500 hPa, it could 

already be declared that the system was 

not viable. Therefore, the sensor was 

accepted. 

• Accuracy ± 60 Pa ➔ VERIFIED 

o External sensor 

▪ External sensor removed from requirements 

• PR-06 101: The system should measure the relative 

humidity of the internal environment between 5% 

and 100%. PR-06 121: The system should measure the 

relative humidity of the internal environment with a 

5% accuracy. 

▪ Bosch BME 680 

• Operating range: 0 to 100 %r.H ➔ 

VERIFIED 

• Accuracy: ±3 %r.H ➔ VERIFIED 

• PR-08 200: The system shall measure the fluidic 

pressure between the inlet and outlet of the pump 

between 0 and 20,000 Pa. PR-08 220: The system shall 

measure the fluidic pressure between the inlet and 

outlet of the pump with a ±200 Pa accuracy for each 

chamber pumped. 

▪ Honeywell ABPMRRV015PDAA5 

• Detect differential pressure up to 

103421.4 Pa. ➔ VERIFIED 

• Accuracy: ±258 Pa. ➔ Requirement at 

±200 Pa not verified but WAIVED. The 

accuracy of ±258 Pa computed from the 

manufacturer data was the worst 

accuracy. It could be expected that in 

BAMMsat operating conditions, the 

accuracy would be improved. Besides, 

the sensors aimed to detect fluidic 

component failure and therefore could 

be used to detect large pressure drop. 

The data would not be used in a control 

loop. An accuracy of ±258 Pa could be 

considered acceptable for this 

application, and the sensor could be 

accepted. It was, however, not used. 
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• PR-08 300: The system shall measure and log the 

fluidic mass flow rate passing through the multi-

chamber sample disc between 0 µL/min and 1000 

µL/min. PR-08 320: The system shall measure and log 

the fluidic mass flow rate passing through the multi-

chamber sample disc with a ± 50 µL/min accuracy. 

▪ Sensirion LPG10 

• Detect flow rate up to 1000 µl/min ➔ 

VERIFIED 

• Worst accuracy ±52.5 µL/min ➔ 

Requirement at ±50 µL/min not verified 

but WAIVED. The accuracy of ±52.5 

µL/min computed from the manufacturer 

data was the worst accuracy. It could be 

expected that in BAMMsat operating 

conditions, the accuracy would improve. 

The sensors aimed was to monitor the 

fluidic operations – the data was not used 

in a control loop – and accuracy of ±52.5 

µL/min could be considered acceptable 

for this application. The sensor was 

accepted. 

Conclusions Requirements: PR-04 100 ,PR-04 200, PR-04 220, PR-05 100, 
PR-05 120, PR-06 101, PR-06 121, PR-08 200, PR-08 220, PR-08 
300, PR-08 320 were verified or otherwise passed. 

 

Table 5-48 Overview of review R02 results 

Verification number R02 

Type of review Review of design 

Verified item Design of: 

• Fluidic system 

• Motor electronic 

• Optical system 

• 2U structure 

• 1U structure 

• Interface gondola/experiment 

Verification description Review of the design of the experiment 

Expected results Verification of design requirements 

Obtained Results • PR-10 100 The system shall carry on-board a minimum of 

10 ml of media. ~ 6 ml of growth media + ~1 ml of fixative 

+ margin. This was pending at time of EAR; verified 

after. 

• DG-01 200 The system shall have a filter that retains the 

C. elegans within its chambers and allows fluid exchange. 

The filter had a pore size of 5µm which is smaller than 
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adult C. elegans with an approximate width of 80 µm in 

diameter. 

• DG-02 100 The electric motor shall use an encoder. The 

encoder was composed of a photosensor and software 

that analysed the sensors output. -> VERIFIED 

• DG-02 200 The electric circuit for the motor driving the 

Geneva drive shall have safety circuit to prevent any 

voltage and current spike. The motor drive had current 

limiting function embedded that was enabled ➔ 

VERIFIED 

• DG-03 201 The plane side of the MCSD and the imaging 

plane should be perpendicular to the direction of gravity. 

Looking at the CAD design this was executed ➔ 

VERIFIED 

• DG-03 300 The Fluidic system below the MCSD shall be 

aligned with the imaging system.  This will enable FC-03 

20c and allow us to see in real time the impact of the 

drug that we will pump it into the chamber. Looking at 

the CAD design this has been executed ➔ VERIFIED 

• DG-04 100 The dimension of the pressure vessel shall not 

exceed a 2U CubeSat format. Looking at the CAD design 

this was correctly implemented ➔ VERIFIED 

• DG-04 300 The system shall be rigidly mountable to the 

BEXUS gondola. Looking at the CAD design this has been 

correctly implemented. The rubber between the system 

and the mounting to the gondola raised concerns since 

it was not securely bolted but held by the right amount 

of friction. REXUS/BEXUS organisers approved this via 

personal conversation ➔ VERIFIED 

• DG-05 100 The dimension of the system shall not exceed 

a 3U CubeSat format. Looking at the CAD design this was 

correctly implemented ➔ VERIFIED 

• DG-06 100 The system shall have a panel mounted with a 

4 pin, male, box mount receptacle MIL–C-26482P series 1 

connector with an 8-4 insert arrangement (MS3112E8-

4P) to connect the system to the BEXUS power bus. 

Looking at the CAD design this was correctly 

implemented ➔ VERIFIED 

• DG-07 100  The system shall have a panel mounted with 

RJF21B with a CODE A insert to connect to the BEXUS E-

link via an RJ45 cable mated to the MIL-C-26482-

MS3116F-12-10P. Looking at the CAD design this was 

correctly implemented ➔ VERIFIED 

• DG-07 200 The system shall connect to the inside of the 

RJF21B using an RJ45 cable. Looking at the CAD design 

this was correctly implemented ➔ VERIFIED 
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• DG-08 101 The system except the C. elegans, growth 

media and preservative should be reusable between 

testing phases and flight campaign. Looking at the CAD 

design this was correctly implemented ➔ VERIFIED 

• DG-12 200 The 1 U bus shall accommodate ascent vents. 

Looking at the CAD design this was correctly 

implemented ➔ VERIFIED 

Conclusions Requirement: DG-02 200, DG-03 101, DG-03 201, DG-03 300, 
DG-04 100, DG-04 200, DG-04 300, DG-05 100, DG-06 100, DG-
07 100, DG-07 200, 101, DG-12 200 are verified. PR-10 100 and 
DG-02 100 were verified slightly later once the motor was able 
to drive the Geneva gear with the right torque. 

 

Table 5-49 Overview of test R03 results 

Verification number R03 

Type of review Review of operation 

Verified element BAMMsat campaign operation plan 

Verification description Review of the operational plan and the hardware 

Expected results Verifification of operational requirements 

Obtained Results • OP-01 100 The operation and experiment procedure shall 

comply with any Swedish and UK law for handling and 

experimenting with C. elegans. The team felt confident 

that by operation plan complied with the laws of 

Sweden and the UK. Some team members were used to 

perform the mission operations involving the biology in 

an international environment. But no representative of 

the law of both country had been consulted. ➔ 

VERIFIED 

• OP-01 200 The design, test, and qualification procedure 

for the pressure vessel shall be approved by the ESRANGE 

Safety Board. The test results regarding this requirement 

are detailed in the present document. The safety board 

approved this. 

• OP-03 100 The vibration of the system during transport 

shall be monitored from Cranfield to Esrange. The pre-

flight operations did not include any vibration 

monitoring, so no hardware had been designed to 

support this requirement ➔ NOT VERIFIED. This 

requirement was not deemed necessary for mission 

success, although shock monitors were later installed 

for transport. 

• OP-04 100 On ground, before launch and after 

integration the system shall be able to evaluate the 

health status of C. elegans worms. Prior to flight, the 
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planned flight campaign operations and the experiment 

design seemed to indicate that it is possible ➔ VERIFIED 

• OP-06 100 Any part of the system that would be in 

contact with the C. elegans shall be sterilised before 

assembly. This operation was included in the operation 

designs but was only be performed when necessary 

following the advice of the integrator regarding the 

contamination risk for each situation. ➔ VERIFIED 

• OP-07 100 The system shall be mounted on the gondola 

behind the gondola frame for protection and to expose 

the system to dynamic solar irradiance. According to 

formal and informal discussions with the REXUS/BEXUS 

organisers, it seemed that the mounting position of the 

experiment on the gondola met the requirement ➔ 

VERIFIED 

• PR-01 100 The system shall segregate the C. elegans 

population into 16 groups of 10 ±5 L4 stage C. elegans. 

According to the operation design and the experiment 

design this requirement seemed to be met ➔ VERIFIED 

 

Conclusions Requirements: OP-01 100, OP-01 200, OP-04 100, OP-06 100, 
OP-07 100, PR-01 100 were successfully verified. 

For requirement OP 01 200, the team had to wait for safety 
board approval; it was ultimately verified. 

 

Table 5-50 Overview of test R04 results 

Verification number R04 

Type of review Safety review 

Verified item The two safety requirements that – once verified – should have 
demonstrated that the experiment complied with the ESRANGE 
safety manual [20]. 

Verification description Review of the design and the nature of the hazardous chemicals 
used in the experiment. 

Expected results The design should have demonstrated the capability to contain 
a potential hazardous chemical leak. 

Obtained Results FC-08 100 The Pressure vessel shall be able to contain a 
leak of media from the fluidic system that would happen after 
the FCT. The pressure vessel was sealed with a fluorosilicone 
O-ring. The GLUTARALDEHYDE Safe Handling and Storage 
Guide indicated that Teflon™ or silicone could be used as a 
gasket. This indicated that the pressure vessel was capable of 
containing a GLUTARALDEHYDE leak. 

GLUTARALDEHYDE was to be contained in heat-laminated EVA 
(Ethylene-vinyl acetate) bioprocess bags which had puncture 
resistance and good elongation before breaking. The bags 
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would have been connected to a fluidic system to channel the 
chemical into the sample chamber.  

DG-17 100 The material that would be in contact with a 
chemical or had to contain a leak shall be compatible with the 
chemical. This included compatibility under operating shocks, 
vibration, pressure, temperature and reactivity as suggested in 
the Esrange Safety manual v8.1. 

Conclusions The pressure vessel and the fluidic system were capable of 
containing the hazardous chemical. This provided a double 
barrier, as suggested in the Esrange safety manual [20]. 

 

Table 5-51 Overview of test R05 results 

Verification number R05 

Type of review Post integration review 

Verified item The handover requirement that would have been verified 
during the launch campaign. 

Verification description OP-10 100 At FCT the system shall be handed over to SSC and 
not physically accessed after until retrieval. Only applicable if 
the launch is performed on day 5 or 6 or 7.  

Expected results N/A as system required access several times. 

Obtained Results N/A 

Conclusions N/A – although after final integration after required access, 
handover generally went well and good internal environments 
were maintained. 
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 LAUNCH CAMPAIGN PREPARATION 

6.1. Input for the Campaign / Flight 
Requirement Plans 

 Dimensions and Mass 

Table 6-1 Experiment mass and volume from Table 4-6 Summarised the BAMMsat-on-
BEXUS experiment mass and dimensions. 

Experiment mass (in kg): 3.36 kg 

Experiment dimensions (in m): 0.3 x 0.1 x 0.1 m3 for the payload 

0.345 x 0.2535 x 0.160 m3 for the payload 

and the interface with the gondola 

Experiment expected CoG (centre of gravity) 

position: 

For the reference point, see Figure 6-1  

 

Figure 6-1 Determination of the Centre of Gravity (CoG). The reference point is the top 
corner of the interface with the gondola. 

 Safety Risks 

Table 6-2 experiment safety risk related to launch campaign safety 
Risk ID Name Key characteristic Mitigation 

EN010 Fluidic leak 

Experimental failure. C. elegans 
and biologically non-viable 
freeze-dried OP50 could be 
released into the environment. 
Loss of a sample would have 
resulted in objective failure—an 
increased hazard for retrieval. 
 

The microfluidic system and pressure vessel 
were two barriers between the chemicals and 
the exterior. 
Cold temperatures and chemicals on board 
(not flown) would have killed the biological 
payload. Organisms flown were non-
pathological and posed no risk to personnel. 
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Up to 10 ml of Glutaraldehyde 4% 
and 10 ml of sodium Azide 0.01% 
could have been realised in the 
environment. It was a hazard for 
the environment and the BEXUS 
recovery team. 

Chemicals were in low volume, and low 
concentrations negated any environmental 
risk. 
Because of the possibility that the BEXUS 
recovery team had retrieve a leaking 
experiment, a recovery procedure, involving 
covering the experiment with a chemical 
waste bag, had been implemented. See 
section 6.4 and Appendix L. 

VE010 

Structure 
failure due 
to a hard 
landing 

Possible experimental failure – 
freezing rate increases affecting 
the preservation of samples. 
Added hazard for retrieval and 
dismantling of hardware. Could 
have led to risk EN010. 

The pressure vessel was designed to withstand 
two times the maximum operational 
differential pressure. 

VE011 

Structure 
failure due 
to a hard 
landing 

Possible experimental failure – 
freezing rate could increase 
affecting the preservation of 
samples— adding hazard for 
retrieval and dismantling of 
hardware. 

Could have led to Risk EN010. 

The mounting structures to the gondola were 
designed with high strength and rigid 
mounting to reduce the risk of impact. 

SF010 
Internal 
chemical 
leak 

Experiment failure. Samples may 
have dehydrated if the air was 
pumped through the fluidics 
system. Experiment data could 
have been compromised. 
Dismantling the system after 
retrieval could become hazardous 

The microfluidic system was designed to hold 
the fluids properly. 
Chemicals were in such small volumes that 
there was little risk, but was still treated with 
caution (gloves and goggles). COSHH and 
MSDS sheets were provided (see Appendix M) 
and made available to all people handling the 
hardware/on-site. 
For dismantling the system post-flight – at 
ESRANGE – it was assumed that a leak may 
have occurred when dismantling the system 
and a procedure to handle this was defined in 
6.4.3. 

SF011 

Chemical 
spill during 
pre-flight 
operations 

Potential threat to personnel 

Chemicals were in small volumes, and there 
was a low risk of a large projection. 
Anyone manipulating BoB chemicals wore the 
relevant PPE: lab coat, gloves, safety glasses 
or face shield. 
A chemical spill kit was ready to use when 
chemicals were manipulated. 
COSHH and MSDS sheets were provided (see 
Appendix M) and made available to all people 
handling the hardware/on-site. 
The ESRANGE lab was equipped with a safety 
shower station. 

 

 Electrical Interfaces 

Table 6-3 Electrical interfaces applicable to BEXUS 
BEXUS Electrical Interfaces 
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E-Link Interface: E-Link required? Yes (Values from 4.5.5) 

 Number of E-Link interfaces: 1 

 Number of required IP addresses: 2 

 Data rate – downlink (max. and average): 

Those data rates are for raw data without considering bits 
required by the protocol of communication (addressing, 
ACK…) 

404.4 Kbit/s max 

47.7 Kbit/s average 

 Data rate – uplink (max. and average): 1.216 Kbit/s max * 

~0 Kbit/s average 

 Interface type (RS-232, Ethernet): Ethernet  

Power system: Gondola power required? Yes (Value from 4.7.4) 

 Peak power and current consumption after lift-off: 35.45 W and 1.53 A 

 Average power and current consumption after lift-off: 26.82. W and 1.16 A** 

 Total power and current consumption after lift-off 67.04 Wh and 2.89 Ah*** 

Power system: Experiment includes batteries? No  

 Type of batteries: - 

 Number of batteries (and S x P): - 

 Capacity (1 battery): - 

 Voltage (1 battery): - 

 

* This corresponded to a command packet of 608 bits send in half a second in case of a non-nominal 
event. 

** As the system had to be ON on the ground before the flight and relied on the battery, a waiting 
time of 1.5 hours was considered so the average power and current consumption was then: 19.73 W 
and 0.8 A 

*** As the system had to be ON on the ground before the flight and relied on the battery, a waiting 
time of 1.5 hours was considered, so the total power and current consumption was then 89.53 Wh 
and 3.74 Ah 
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 Launch Site Requirements 

6.1.4.1. Biology on-site requirement 

B 1. The hardware related to BoB biology arrived at ESRANGE one week before the BEXUS 
launch campaign. 

 

B 2. The ESRANGE personnel received at ESRANGE hardware related to BoB biology –
including the hazardous chemicals – and stored it at appropriate temperatures (a 
checklist was provided), e.g., in the laboratory, fridge or freezer. A checklist was in the 
SED and detailed instructions were provided in the shipment. The temperature 
requirement for the laboratory was 20oC and for hardware storage was 12oC. 

 

B 3. To handle the biology on-site, at least one member of BoB team had access to a ground 
base biological lab two days before nominal arrival –the 20th of September 2021 – and 
had continuous access until the end of the launch campaign. The biological team (Mike 
Cooke) arrived early on 21/22th October. 

 

B 4. The following hardware was made available for at least one member of the BoB team 
familiar with lab hardware and protocols. 

• Lab power outlets    4 

• Bunsen burner     1 

• Autoclave     1 

• Autoclave waste bags    50 

• Fridge/freezer (+4/-20oC) space  Space volume of 4L in both 

• Fume hood    1 

• Stereoscopic microscope   1-2 

• Incubator MCO-18AC (set to 20oC) 1 

• Glass bottles 1L (autoclavable)   4 

• Glass bottles 100ml   4 

• Glass bottles 50ml   4 

• Vortex mixer     1 

• Scales (range required grams to µgram)  1 

• Ethanol (absolute)   2L 

• Distilled or deionised water purifier 1 

• P1000 P200 pipette   1 

• Disposable nitrile gloves (medium) 1 box 

• Lab coat    2 

• Safety glasses    2 

• Weighing boats    10 

• Lab spatula    1 

• Household bleach   1L 

• Pipette filler    1 

• Measuring cylinder   1L and 100ml 

• Paper towels    2 roll 

• Scissors     1 
 

 



- 259 - 

B 5. The autoclave was to be available for the BoB team every morning for 3 hours from two 
days before nominal arrival – the 9th of October 2021 – until the BEXUS launch. 

6.1.4.2. General site requirements 

G 1. The BoB team had access to: 

• A workbench and access to it at nominal hours. 

• A toolbox mentioned in the BEXUS manual [1]. 

• At least four 50Hz 230/250 Volt power sockets. 

• A connection to the E-link telemetry system. 

• At least one 1080p screen with a standard connection port (VGA, DVI, or HDMI) to 
display the information of the ground control. 

 

G 2. The BoB team should have had access to a heated bath for BoB flight thermometers 
calibration. 

The BoB flight thermometers were to be calibrated by reference to another pre-
calibrated thermometer. Therefore, the heated bath was not required to precisely 
regulate the temperature nor have a high accuracy temperature measurement. 

A bath of water could then have been heated to boiling point and cooled to 0 °C with 
ice, which would have been good enough for the team. 

 Flight Requirements 

F.1. The float phase was to last at least 1 hour. The BoB team made use of any additional time 
to test our system extensively to have a more robust data set to analyse.  

 

F.2. During the float phase, the altitude was to be between 20,000 and 35,000 m. 
 

F.3. The system was to be illuminated by the sun during the float phase. 
 

F.4. BoB team requested an announcement from the launch team when the balloon altitude 
reached 25,000 m – This value was subject to change in previous SED editions if there 
were to be expected balloon float altitude deviations due to potential hardware additions 
to the gondola due to Covid-19 postponement. 

 

F.5. BoB team requested an announcement from the launch team 30 minutes before cut-off 
– This information was used to optimise the flight time to perform additional operations 
before the final fixing operation (which did not occur; instead this time was used to 
gather more data and ensure safe shutdown and data storage) – that was to take 
between 20 to 30 minutes. 

 

 Accommodation Requirements 

A.1. The accommodation of BoB system on the gondola had to guarantee that: 
1. The system saw dynamic solar radiation flux during the flight. 
2. The system was inside the gondola frame. 
3. The system was isolated from other heat sources such as from different 

experiments. 
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A.2. After BoB handover to launch organisers – which occurred nominally right before FCT – 
the BoB system was nominally connected to a power source and connected to an active 
E-link network to allow communication with the BoB ground station. 
Exceptions were: 

• A power interruption that lasted hours could be accepted if the external 
environment of the BoB system was between 12 and 20 °C. 

• A power interruption that last minutes could be accepted if the system is in an 
environment at a lower temperature than 12 °C. Longer power interruptions 
were possible only if an external heater could keep the temperature near the 
experiment between 12 and 20 °C. 

 

A.3. After BoB handover to launch organisers – after the FCT – an incubator [19] provided by 
the BoB team was placed near the gondola with a continuous power connection of 240 
AC volt. The purpose of the portable incubator was to incubate the disc and the system 
at 12°C to lower the metabolic rate of the C. elegans. 

 

A.4. After handover to launch organisers – after the FTC – an SSC launch operator or a BoB 
team member was to unbolt the system from the gondola mounting and place the system 
in the incubator [19] without disconnecting the BoB system of the gondola power and 
data connection. This operation is named “incubation procedure” and is described in 
Appendix D.3. In practice, a small power and data disconnection occurred before swiftly 
being restored. 

 

A.5. Before the gondola went outside for launch, an SSC launch operator or a BoB team 
member had to re-mount the system to the gondola mounting. This operation was 
named “re-mounting procedure” and is described in D.3. 

 

A.6. If the temperature outside is below 12 °C, the Remove Before Flight (RBF) BoB cover – 
described in 4.6.5.3 – was to be tied on the experiment while bolted on the gondola 
before the gondola went outside for launch. 

 

A.7. If the temperature outside fell below 12 °C, the RBF BoB cover was to stay on the BoB 
experiment during countdown outside while waiting for launch on the Hercules launch 
vehicle. 

 

A.8. The removal of the RBF cover operation was to be done before launch. 
 

A.9. The removal operation was to be done as late as possible by a Launch Officer. 
 

A.10. The removal operation aimed to keep the RBF BoB cover intact. 

6.2. Preparation and Test Activities at Esrange 

 Biology related hardware 

Shipping list of hardware required to handle biology. 

(1) Petri dishes.    Room temp +20oC 
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(2) NGM agar plates.   Chilled +4oC (fridge) 
(3) NGM reagents.   Room temp +20oC 
(4) Growth media reagents  Room temp +20oC 
(5) M9 buffered media/reagents.  Room temp +20oC 
(6) LB agar plates.    Chilled +4oC (fridge) 
(7) LB broth.    Room temp +20oC 
(8) C. elegans    room temp +20oC (incubator) 
(9) OP50 E.coli    Chilled +4oC (fridge) 
(10) Parafilm    Room temp +20oC 
(11) Ethanol burner    Room temp +20oC 
(12) Needles and syringes   Room temp +20oC 
(13) Pipette tips (p200+p1000)  Room temp +20oC 
(14) Filter syringe    Room temp +20oC 
(15) 50ml falcon tubes   Room temp +20oC 
(16) 15ml falcon tubes   Room temp +20oC 
(17) Post-flight retrieval kit/PPE  Room temp +20oC 
(18) Power plug convertor   Room temp +20oC 
(19) 1.5ml Eppendorf   Room temp +20oC 
(20) Flight compounds   Frozen -20oC (freezer) 
(21) Portable incubator   Room temp +20oC 
(22) Strippets    Room temp +20oC 
(23) Lighters    Room temp +20oC 
(24) NaOH     Room temp +20oC 
(25) Ethanol wipes    Room temp +20oC 
(26) Detergent neutracon   Room temp +20oC 
 

 

The biology-related hardware was nominally shipped one week before the launch campaign, 
to be received and stored at Esrange Space Centre. 

 Experiment hardware 

 

(1) All the hardware related to the pressure vessel and the experiment assembly 
with spares. 

Notes: 

(a) Three multi-chamber sample discs (MCSD) – used to host the biological 
samples – were brought for the launch campaign. This allowed loading of 
C. elegans in the disc from day 2 of the launch campaign and aimed to 
always ensure a disc was ready for integration in the fight hardware 
before handover. 

(b) The fluidic system was sterilised at Cranfield University. Sterilisation of 
the fluidic system was to be performed if necessary, at ESRANGE lab. The 
MCSDs could be autoclaved and were wiped with alcohol before the 
integration of the C. elegans samples. 

(2) At least two 5V 2.5 A power cables to power the Raspberry Pi with the right 
power adaptor on the ground for testing. 

(3) At least two laptops powerful enough to run the Ground Station. 
(4) At least two external hard drives for backup. 
(5) Cables relating to computer and ground station (power and network). 
(6) Any required particular hand tools (preferably two of each). 



- 262 - 

Page 262 BX30_BoB_SED_v5_1 

 

 

The team travelled to Esrange with the experiment hardware (excluding some biological 
hardware), and did not ship it. 
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 Planned activities 

 

Table 6-4 List of planned activities 

Time/ Day Main Task Description Lead Duration [h] Comments 

Day -2 

Two days 
before 
nominal 
arrival 

22th of 
September 
2021 

Arrival of Mike 
Cook 

Preparing the 
lab 

Start C. elegans 
preparation 

1. Prepare area for biological work 

2. Check status of biological stocks and reagents 

3. Prepare mixed population of C. elegans on Nematode 
Growth Media (NGM) agar 

4. Clean Lab. (1hr) 

5. Prepare Media. (1hr) 

6. Autoclave Media. (3hr) 

7. Pour Plates. (1hr) 

Mike Cooke 
Expected 6 
hours 

Repeated each day until a 
successful launch to allow for 
launch delays 

Day -1 

One days 
before 
nominal 
arrival 

 

C. elegans 
preparation 

1. Prepare mixed population of C. elegans on Nematode Growth 
Media (NGM) agar 

1. Preparation. (1hr) 

2. Seed and dry Plates. (1hr) 

3. Plate assessment. (0.5hr) 

4. Chunk worms. (0.5hr) 

5. Assess worm status. (0.5hr) 

6. Clean worms. (3hr) 

Mike Cooke 
Expected 8.5 
hours 

Repeated each day until a 
successful launch to allow for 
launch delays 
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Day 0 of 
arrival 

C. elegans 
preparation 

Arrival of the 
rest of the team 

7. Prepare mixed population of C. elegans on Nematode Growth 
Media (NGM) agar 

1. Preparation. (1hr) 

2. Assess worms. (1hr) 

3. Chunk worms. (0.5hr) 

Mike Cooke 
Expected 2.5 
hours 

Repeated each day until a 
successful launch to allow for 
launch delays 

Day 1 
Experiment 
preparation 

1. Monitor growth of C. elegans 

2. Test viability of C. elegans 

3. Synchronise C. elegans at larval stage 1 and transfer onto 
fresh NGM agar plate and allow to grow 

4. Preparation              1hr 

5. Chunk worms        0.5hr 

6. Assess worm state  1hr 

7. Sync worms            1hr 

Mike Cooke 
Expected 3.5 
hours 

Repeated each day until a 
successful launch to allow for 
launch delays 

Setting up the ground station 
Mateusz 
Zalasiewicz 

4 hours 
Took much less time in practice; 
allowed for significant safety 
checks. 

1. Assemble BAMMsat system without sealing the pressure 
vessel and without alive biology but with a MCSD in place to 
test the motor. (1h) 

2. Testing all the functionality of the assembly 
3. Closing but without sealing the pressure vessel. 
4. Bolt the experiment to our gondola mounting 
 

Adrien Bolliand 2.5 hours  
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Ready for the individual experiment test. 

Adrien Bolliand / 
Mateusz 
Zalasiewicz 

 

We preferred to do this test 
without any biology and 
without tightening the pressure 
vessel. 

Day 2 
Experiment 
preparation 

Synchronise C. elegans at larval stage 1 and transfer onto fresh 
NGM agar plate and allow to grow. 

1. Preparation              1hr 
2. Chunk worm             1hr 
3. Sync worms             1hr 
4. Assess worm state 0.5hr 
5. Assess sync            0.5hr 
6. Autoclave 

Mike Cooke 
Expected 4 
hours 

Repeated each day until a 
successful launch to allow for 
launch delays 

If not performed on day 1, ready for the individual experiment 
test. 

Adrien Bolliand / 
Mateusz 
Zalasiewicz 

 

We preferred to do this test 
without any biology and 
without tightening the pressure 
vessel. 

Day 3 
Gondola 
Interference 
Test 

At this stage, the age synchronised C. elegans can be loaded into 
BAMMsat ready for experiment or as a mock test: 

 

1. Preparation. (1hr) 
2. Assess worm state. (0.5hr) 
3. Sterilization of BAMMsat multi-chamber sample disc (MCSD) 

with the autoclave if necessary and wiping with ethanol. (1h) 
4. Collect samples into liquid growth media and transfer 10±5 

L4 larval stage animals per growth chamber of an MCSD. (1h) 
5. If necessary, sterilization of the BAMMsat fluidic system. 

(0.5h) 
6. Load reagents in BAMMsat reservoir. (0.5h) 

Mike Cooke/ 
Aqeel Shamsul 

Expected – 
7.5 hours 
before 
interference 
test 

Nominally, after Gondola 
Interference Test we planned to 
retrieve C. elegans and 
BAMMsat hardware and 
dismount it. 

Non-nominally, it was possible 
to leave in hardware and use 
for the 48hr handover. 



- 266 - 

Page 266 BX30_BoB_SED_v5_1 

 

7. Assembly the BAMMsat hardware. (2h) 
8. Verification and validation of the nominal function of 

BAMMsat payload hardware. (1h) 
9. Integration of BAMMsat into the BEXUS gondola for 

interference test. 

Ready for Gondola Interference Test 
Adrien Bolliand/  
Mateusz 
Zalasiewicz 

 

We preferred to do this test 
without any biology and 
without tightening the pressure 
vessel. 

 

Disassemble partially the experiment to be ready to insert a 
MCSD with C. elegans before the Flight Compatibility Test. 

Adrien Bolliand 2 hours 

If disassembling the experiment 
was an issue for the launch 
organisation, we could have 
loaded C. elegans before the 
Gondola interference test  

Day 4 

Flight 
Compatibility 
Test (FCT) 

Flight Readiness 
Review (FRR) 

Sample maintenance – during later stages of integration: 
 

1. Chunk worm          1hr 
2. Sync worms           1hr 

Mike Cooke 
Expected 2 
hours 

Repeated each day until a 
successful launch to allow for 
launch delays 

Test Preparation before FCT: 

1. Preparation. (1hr) 

2. Assess worm state. (0.5hr) 

3. Sterilisation of BAMMsat multi-chamber sample disc (MCSD) 
with the autoclave if necessary and wiping with ethanol. (1h) 

4. Collect samples into liquid growth media and transfer 10±5 
L4 larval stage animals per growth chamber of an MCSD. (1h) 

Mike Cooke/ 
Aqeel Shamsul/ 
Adrien Bolliand 

Expected 7.5 
hours 

We had to start working at 
around 2:00 in the morning to 
be ready for the FCT at 9:00. 
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5. If necessary, sterilisation of the BAMMsat fluidic system. 
(0.5h) 

6. Load reagents in BAMMsat reservoir. (0.5h) 

7. Assembly the BAMMsat hardware. (2h) 

8. Verification and validation of the nominal function of 
BAMMsat payload hardware. (1h) 

9. Integration of BAMMsat into the BEXUS gondola before test 

FCT test 
Adrien Bolliand/ 
Mateusz 
Zalasiewicz 

  

BAMMsat handover to SSC. 

SSC launch operator or the BoB team places the BoB system in 
the incubator. 

Adrien Bolliand 
Expected 0.5 
hours 

Operation named “incubation 
procedure” described in 
Appendix D.3 

Before the flight: 

Taking few pictures and videos of the C. elegans. 

Adrien Bolliand/ 
Mateusz 
Zalasiewicz 

 

We wanted to pictures and 
videos just after having the 
system placed in the incubator 
and every 12 hours until the 
flight. Therefore, every 12 
hours, we required to physically 
access the experiment, 
connected to a power supply 
and the E-link, or directly to a 
ground station laptop. 

Day 5 or 6 Launch day 
Sample maintenance: 

1. Chunk worm            1hr 
Mike Cooke 

Expected 2 
hours 

Repeated each day until a 
successful launch to allow for 
launch delays. We would only 
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2. Sync worms             1hr have replaced worms in 
hardware when biology was 
deemed no longer viable 

Before the gondola went out: 

1. SSC launch operators or the BoB team would bolt the BoB 
system from the incubator onto the gondola 

2. If the temperature outside was below 12 °C 
a. Place the “Remove Before flight BoB cover” detailed in 

4.6.5.3 on the BoB system and its mounting. 
b. Depending on the outside temperature, we set a 

specific bang-bang controller to cope with the 
temperature. 

Adrien Bolliand 
Expected 0.5 
hours 

Operation named “re-mounting 
procedure” described in D.3 

If the remove “Before Flight BoB cover” was placed, it was to be 
removed as late as possible by a launch officer on the balloon 
pad. 

Adrien Bolliand 
(Perform by 
Launch officer) 

1 min  

Flight was performed with C. elegans that were placed in the 
system before the FCT and that were kept at dormant 
temperature until the launch. 

Mike Cooke/ 
Adrien Bolliand/ 
Mateusz 
Zalasiewicz 

Expected 4 
hours 

 

Sample maintenance – if no flight: 

1. Preparation              1hr 

2. Chunk worm             1hr 

3. Sync worms              1hr 

Mike Cooke 
Expected 3 
hours 

Repeated each day until a 
successful launch to allow for 
launch delays. We would only 
have replaced worms in 
hardware when biology was 
deemed no longer viable. 
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6.3. Timeline for Countdown and Flight 
Table 6-5 Timeline of the experiment events 

Time 
[hr:min] 

Event Operation 

END FCT Start of 
countdown 

Start of the pre-fight timeline: 

• Continuous thermal control and monitoring 
At regular timer intervals between 12 – 48 hours: 

• Image all the C. elegans 

• Feed all the C. elegans 

• Downlink imaging data and microfluidic sensor data. 
Operation timeline detailed in Appendix D.3 

~T – 01:30 Gondola 
brought 
outside 

Continuous thermal control and monitoring. 

Operation timeline detailed in Appendix D.3 

~T – 00:30 Remove RBF 
BoB cover 

Remove Before Flight (RBF) BoB cover removed as late as 
possible before launch. 

The RBF BoB cover is described in 4.6.5.3. 

T – 00:00 Lift-off Parameters of the thermal control changed to cope with the 
cold environment of the ascension. 

~T + 01:30 Start float 
phase 

Flight operation started automatically or from a 
telecommand. Expected altitude announcement of 25 km at 
this point. 

Provided that the C. Elegans reached the operating 
temperature of 20 ± 2 °C, 10 minutes of operations were 
enough to validate the objective. In practice, we had margin 
for several hours of operations. 

Operation timeline detailed in Appendix D.4. 

~T + 01:55 Fixing the C. 
elegans 

It was planned to fix all the C. elegans with chemicals 
automatically or from a signal. This was not performed as 
preservatives were not flown. 

Operation timeline detailed in Appendix D.4. 

~T + 02:20 Possible end of 
float phase 

Experiment turned off automatically or from a 
telecommand. 

~T + 02:30 Cut off Ground station could also now be backed up and turned off. 

 

To achieve the BoB flight objectives, it was only required to – during the float phase – 
perturb fluidically a chamber hosting wild type C. elegans and image it. The baseline for the 
flight experiment sequence was as follows: 

1. Image and film (40 sec) 

2. Prime lines with growth media (40 sec) 
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3. Exchange growth media (5 sec) 

4. Let the worms calm down (at least 60 sec)  

5. Image and film (40 sec) 

6. Prime line with fixative (40 sec) (deselected) 

7. Exchange growth media with fixative (5 sec) (deselected) 

 

6.4. Post-Flight Activities 
Post-Flight activities began after the landing of the gondola. At this point, all the C. elegans in 
the experiment were originally supposed to have been fixed by preservative chemicals – this 
did not occur as the preservatives were not flown. The post-flight activities were designed to: 

• Keep ESRANGE personnel and the BoB team safe from potentially hazardous chemical 
contamination. 

• Maintain the C. elegans and BoB hardware integrity for further analysis at Exeter for 
the C. elegans and Cranfield for the hardware. 

 Recovery equipment 

• PPE – lab coat (if possible or surgical gown), gloves, safety glasses or face shield. 

• Chemical spillage Kit 

• Retrieval bag: 
o 2 bags made from a blend of high and low density polyethylene (HDPE and 

LDPE). PE is resistant to corrosion and was a preferred material for handling 
all flight substances. 

o 4 zip ties 
o Chemical spillage absorbent material 

 Recovery procedure 

A Draft of the Recovery sheet is available in Appendix L. 

• PPE was to be worn 

• The pressure vessel was visually assessed for breaks and leaks, e.g., visually searched 
for liquids below the experiment or dripping. If the gondola was upside down or on 
its side, double-check that liquids were not running through the power and Ethernet 
cable or the experiment mounting to the gondola. Any liquids were to be considered 
as a hazard. 

• System switched off by toggling the kill switch 

• Power and Ethernet unplugged from the gondola. Cables were to be placed in a safe 
place. 

• One bag with the chemical spillage absorbent material inside – as a first layer – was 
placed around BAMMsat hardware to seal it (knot and zip tie). 

• Gloves removed and placed inside second bag. 

• If liquids were visible: 
o With new gloves, if necessary, spillage to be cleaned with the chemical 

spillage kits. 
o Gloves to be removed and placed inside the second bag 

• Second bag placed around the BAMMsat hardware – as a second layer – and sealed 
(knot and zip tie) 

• Hardware returned to biological payload team for disc retrieval. 
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 Disc retrieval 

This procedure was not fully required as preservatives were not flown. This sections describes 
the procedure as if preservatives and other hazards were flown, as this was the originally 
planned procedure and was most relevant to future BAMMsat missions. 

• PPE required: lab coat, gloves, safety glasses or face shield. 

• Biological team prepared fume cabinet 

• BAMMsat hardware to be opened within cabinet 

• Assess the state of the fluidics system 
o If necessary, chemical spillage kits were to be available 

• Using absolute ethanol, entire 2U payload wiped to decontaminate and remove any 
potential chemical residue 

o This applied both inside and outside of pressure vessel, all for components 
within the 2U pressure vessel 

• Disc detached from microfluidics system, placed in storage container and placed in 
freezer at ~-20 °C. 

• Microfluidics system cleaned 
o Reservoir bags empties into chemical waste storage bottles 
o Then was to be flushed with copious amounts of water to remove any 

bacteria or chemical residue, washed/flushed with ethanol and allowed to 
dry. 

• Device would now be safe to handle without PPE or safety equipment and ready for 
shipping. 

 Shipping 

• Mike Cooke arranged for shipping of the disc to Exeter University. 
o The disc was to be placed in a polystyrene box containing package material to 

secure and protect the disc and ice packs were to be used to maintain a low 
temperature during shipping. This was not required as preservatives were not 
used. 

• The remaining hardware was returned in the luggage of Cranfield University students. 

 Calibration of thermometers 

If necessary, the temperature sensors may have been calibrated post flight – using the heated 
bath – to assess possible deviance during the flight operations. 

If preservatives had been used, when the disc arrived at the University of Exeter the worms 
were to be defrosted, and their basic morphology evaluated to show how effective the fixation 
procedure has been. The video files for analysing worm health were backed up as soon as 
possible upon retrieval of the BAMMsat 1U bus. These files were analysed for movement rate 
per worm, using the standard manual thrash assay technique, and the results could also have 
been passed through image processing software package ImageJ to determine the distance 
moved. The images also had the functionality to measure body dimensions of the worms to 
show individual and population growth within the chambers and with the use of dumpy strains 
to demonstrate the capability of the camera to show growth and population variability. 
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 DATA ANALYSIS AND RESULTS 

7.1.  Pre-flight biocompatibility test 
Biocompatibility testing was performed initially using a 384 well plate which has similar 
dimensions to the BAMMsat disc when filled with 28.8uL. With this we used freeze dried OP50 
V2 purchased from LabTie. The initial testing involved filming each chamber of worms for 60 
seconds, to analyse survival, movement, and progeny production, which are key outcomes 
indicative of health. As hardware was unavailable and oxygen availability was a key concern 
in the sealed chambers this was mimicked by sealing plates using epoxy resin and 
polyethylene plastic, thought to have similar gas exchange properties as the membrane to be 
used in the disc. Three OP50 concentrations were tried in an attempt to increase the time 
food was available to offset starvation and death, while maintaining 12oC to simulate nominal 
pre-flight operations, or 20oC to simulate flight temperature and sub-nominal pre-flight 
operations in the event of incubator failure. LabTie sell a commercially available sterilised 
OP50 and suggest a range of concentrations for lifespan experiments ranging from 5x108 to 
5x1011; in this experiment we used 5x109 as their recommended starting concentration and 
refer to it as 1x. 

 

 

Using unsealed plates at 20oC, the highest concentration of 4x was toxic causing high 
mortality; further health detriments included low progeny production and movement. 2x 
concentration had the optimal survival however also showed low progeny production and 
movement, though movement did improve with later time points likely due to a survivor 
effect. The lowest concentration of 1x showed greatly improved progeny production and 
initial movement rate but the high progeny numbers caused the OP50 to deplete quickly, 
causing starvation and death at around day 4 of the experiment. 
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When sealing the worms at the same temperature, the increased stress from reduced oxygen 
consumption caused much higher mortality and reduced movement rate with both 4x and 2x 
concentration but interestingly, provided a protective effect on the 1x concentration worms. 
This was due to the altered progeny production, as with reduced progeny the OP50 lasted 
longer and improved late-stage survival and movement. 

 

 

Reducing the temperature and leaving the system unsealed reduced the metabolism of the 
nematodes and meant feeding rate, growth and progeny production were reduced. This 
resulted in a protective effect for all three concentrations but 1x concentration still retained 
the highest movement rate. As 4x concentration was highly toxic it was decided that the 
optimal concentration was likely between 1x and 2x. Also due to the limitations of the disc 
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design, less that ten worms per chamber would have severely decreased the likelihood of a 
worm being visible during filming as worms could hide in the channels and dark edges of the 
disc. 

 

 

Sealing the chambers at 12oC used concentrations of OP50 between 1x and 2x with 0.25 
increments. The survival data showed no difference on the survival at any of these 
concentrations, but using both the progeny and movement data, both 1x and 1.25x were 
found to be suitable concentrations. 

 

 

This was the compared to 20oC unsealed condition, as the condition that produced the most 
negative effects for low concentrations. The findings show 1.25x had negative health impacts 
and showed the optimal concentration for this experiment was the manufacturer’s 
recommended 1x concentration. This provided an optimal environment for the pre-flight 
operations at 12oC and would have lasted the 5 days needed, including 24-hour handover and 
96-hour delays. Also, this experiment showed that in a 20oC flight the media would last a 
maximum of 3 days. 
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At this point, an experimental model of the BAMMsat disc had been produced but 
unfortunately LabTie no longer offered OP50 V2 having changed to V3, which had potential 
to alter the optimal concentration. Testing with the experimental disc, we found that the 
worms were able to hide in the creases of the chambers and crawl into the channels. Due to 
this, survival assays and progeny counts could not be accurately performed and were limited 
to movement assays on worms in view. The following test used N2 wildtype as a control, heat 
sensitive PJ1046, dumpy DR933, hyper loopy JT200 and stimulus sensitive KG524 over the 5-
day experiment at 12oC using 1x concentration. As expected, both the DR933 and JT200 
worms showed the expected similar movement rates to N2 across the 5-day experiment, 
despite the altered body proportions and movement gait, respectively. The temperature 
sensitive PJ1046 showed reduced movement and the hypersensitive KG524 did show the 
predicted increased movement rate. 

 

7.2. Data Analysis Plan 

 Pre-flight validation testing data plan 

Pre-flight validation tests were necessary to define acceptable variations in the data and to 
improve upon unacceptable outcomes. This data was also be used as a reference point for 
flight data.  

Biological validation testing was key to ensuring the C. elegans would remain viable and act in 
a reproducible manner for the flight campaign, and this formed some of the data to be 
compared and presented post-flight. This involved determining how long the animals could 
be left in the device at defined temperatures within the pressure vessel after handover, and 
the frequency of feeding and media or disc replacements needed. It was possible that after 
handover, there would be a need for a stasis mode where the temperature was set low, and 
for there to be a replacement of media provided to replace food/O2 content. There were 
previous flights that had these method development aspects of the flight plan as a publication 
by themselves. 

Biocompatibility – 10 wild-type C. elegans per chamber were grown in the device using growth 
media (S-basal); five chambers were used per media type, each containing 20mg/ml OP50. 
This concentration of OP50 was shown to sustain the worms with low toxicity issues. 
Chambers were assessed over six days every 24 hours for worm viability, visibility, 
contamination, dauer formation, population density, and media loss. Based on the results, a 
growth media was selected for future testing. The test was then repeated in triplicate using 
each strain of worm in five chambers, each using the selected media at the same OP50 
concentration. 
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Nutrient density – 10 wild-type C. elegans were grown in the device using the selected of 
growth media (based on previous test - M9, liquid NGM, S-basal or S-medium), containing a 
selection of OP50 concentrations each repeated in 5 chambers ranging from 1mg/ml to 
100mg/ml fresh OP50 and/or the variations on the recommended dosing of freeze-dried 
OP50. Each concentration of OP50 was assessed for the duration of nutrient availability and 
toxicity. Higher OP50 density reduced the visibility of animals. Chambers were assessed every 
24 hours for worm viability, visibility, contamination, dauer formation, population density, 
movement, and media loss. Based on the results, food concentration was selected for future 
testing. The test was be repeated in triplicate using each strain of worm using in five chambers 
the selected media and food concentration. 

 

Population density – Using the determined media type and nutrient density, a varied 
population density of wild-type C. elegans was placed in the device chambers. The range of 
population density ranged from 5 to 50 animals, and each was repeated in five chambers. 
Chambers were assessed every 24 hours for worm viability, visibility, contamination, dauer 
formation, population density, movement, and media loss. This was then repeated for each 
strain of worm. This helped to determine the population density needed to cause aggregation 
of groups which would reduce the visibility of animals and mask movement rate. 

 

Drug dosing – Using the determined media type, nutrient density, and population density 
images and video using the video system from BAMMsat, repeated in triplicate. Chambers 
were flushed with either sodium azide or fixative. Chambers were assessed for how quickly 
effects were induced and for duration, and how chamber visibility was affected. 

 

Temperature abnormalities – Using the determined media type, nutrient density, and 
population density images and video using the video system from BAMMsat, repeated in 
triplicate. Each strain was placed in 5 chambers, and the disc was placed at 10oC for 24 hours 
to acclimatise and then analysed; after analysis the disk was to be placed at temperatures 
increasing in 5oC and left to acclimatise for 2 hours before repeating analysis measurements 
until the final temperature of 25oC. Analyses consisted of manual assays for worm viability 
and movement rate. 

 

Images and video for movement rate, viability, body dimensions, population density, and 
behaviour - Using the determined media type, nutrient density, and population density images 
and video using the video system from BAMMsat, repeated in triplicate. Each strain was 
placed in 5 chambers, and video and static images were produced as well as manual assays 
for worm viability, visibility, contamination, dauer formation, population density, movement 
and media loss. This was performed until OP50 is depleted. Video footage was assessed for 
the same measurements as the manual assays and cross-compared. Static images were 
compared to both video and manual counts to determine if these could be used to determine 
general worm viability and health as an indicator for worm flight readiness. 

 

Launch protocol tests - performed to simulate the conditions the worms would experience in 
pre-flight and at float phase. This involved growing the worms to L4 larval stage and placing 
worms in each chamber using the selected medium and population density. The disc was 
placed in a 10oC incubator to mimic pre-flight operations. Each run was in triplicate and ranged 
in duration at low temperature starting at 24 hours, 48 hours, 72 hours, 96 hours, 120 hours, 
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and 144 hours. After the selected durations at low temperature, the worms were placed in a 
20oC incubator for 1.5 hours to mimic the duration of launch and the start of float phase. At 
this stage, worm viability, visibility, contamination, dauer formation, population density, 
movement, and media loss was assessed. 

 

Mock launch - performed to simulate the conditions the worms would experience in pre-flight, 
float and recovery, when inside the hardware. This involved testing suboptimal delays of 144 
hours handover. This involved growing the worms to L4 larval stage and placing worms in each 
chamber using the selected medium and population density and installing the disc in the 
BAMMsat hardware. The device was placed in pre-flight mode and cooled to 10oC in an 
incubator to mimic pre-flight operations and left for 144 hours. After pre-flight operations, 
the device would enter flight operations and heat to 20oC for 1.5 hours, before following the 
set protocol for flight measurement, which would last for 3 hours and enter worm 
preservative mode. At this point, the device was placed in a freezer to lower the temperature 
to those expected to be the environmental ground temperature at the launch site. After two 
days, the device was recovered, disk removed, and worms recovered. Data from USB was 
downloaded and analysed. 

  Flight data plan 

The environmental conditions were monitored from handover until the end of the 
experiment, where power was available. Biological data was monitored from launch until the 
end of the flight. 

During pre-flight and flight, the system downlinked a high volume of the environmental data 
and the minimum 13 required images. Many more images were in practice downlinked due 
to the extended float phase duration. This information was deemed sufficient for the team to 
be able to assess the success of most of the mission objectives. 

7.2.2.1. Temperature data 

The temperature measured near the disc was used to assess whether the C. elegans were 
experiencing the required temperature of 12 ± 2 °C during pre-flight and 20 ± 2 °C during flight 
operation, and success was key to validating objectives 2b and 2e. 

7.2.2.2. Atmospheric pressure data inside the BoB pressure vessel 

As pressure sensors were not precise enough to measure a small leak of the pressure vessel, 
they aimed to detect major failure of the pressure vessel. After flight, this data used to assess 
the performance of the pressure vessel system. Success was required for validating objectives 
2c and 2b. 

7.2.2.3. Fluidic pressure data, volumetric flow data and bubble sensor data 

As for the atmospheric pressure data, it was used to make sure that the pump was indeed 
working and to determine whether any leaks occurred. After the flight, the data was used to 
assess the performance of the system. Success was required for validating objectives 2a, 2c, 
and 2b. Note that the fluid pressure sensors were not included in flight. 

7.2.2.4. Motor encoder data 

Motor encoder data was used to know the absolute position of the disc at any time of the 
operation. After the flight, the data was used to validate objective 2e, and was particularly 
important to mitigate against flight hardware or data storage being damaged, which could 
potentially lead to loss of critical flight imaging data. 
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7.2.2.5. Images and video 

The downloaded 13 pictures – the minimum requirement, as far more were downlinked in 
practice - were used to make sure that the imaging system was working properly, and that the 
chambers hosting the C. elegans were aligned; this was key for validation of objective 2e. 
Pictures were also used to assess the shape of the C. elegans – both during flight and 
afterwards – by inspecting whether they were coiled or not. So, it could be declared that the 
worms were not alive if they are coiled, but this alone was not sufficient proof that they were 
alive. 

The videos, primarily retrieved out of the onboard memory after flight – although some were 
downlinked during the extended float phase – were the only way to assess the motility of the 
C. elegans and declare that they are alive. The videos were the only way to fully validate 
objective 2d. 

The recovered images and video were subsequently analysed by experts in C. elegans from 
Exeter University; additionally, they provided valuable information to the Cranfield team on 
the performance of the MCSD, microfluidics, and imaging system. 
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 LAUNCH CAMPAIGN 
 

8.1.  Launch campaign key events and flight logs 
 

Table 8-1. Key events during the launch campaign. The BoB system was in the incubator 
overnight after the FCT to keep the temperature at 12°C to lower the C. elegans metabolic 
activity. The BoB was remounted to the BEXUS gondola at 03:20 CEST and launched. 
 

Event Swedish CEST (UTC +0200; hh:mm) UTC time (hh:mm) 

BoB system integration  03:20 01:20 

Gondola pick-up for line-up 04:44 02:44 

Line-up  05:00 03:00 

Late-access 05:28 03:28 

Balloon launched  06:54 04:54 

Float @27.3 km 08:30 06:30 

Cut off  11:55 09:55 

Connection lost @1.26 km 12:27 10:27 

Landed 12:29 10:29 

 

 Flight logs taken during the launch campaign 

Below are presented additional flight logs manually taken by ground station operators during 
the launch campaign. These logs proved useful when analysing the more extensive data 
produced by BoB flight and ground computers, and provided reference points for near-perfect 
time synchronisation (lost due to disabling internet access on the ground stations, so internet 
time synchronisation was not available). 

When PWM and temperature thresholds for the thermal controller are noted in the logs, 
please note that a PWM threshold setting of 0 40 100 100, for example, means extreme low 
threshold to 0, low to 40, high to 100, extreme high to 100. Temperature thresholds follow 
the same format. 

Logs begin 

30/09/2021 03:01 POWER ON the system in the incubator. Temperature nominal. 

30/09/2021 03:04 Telecommand: Go from chamber #32 to #31 ==> OK 

30/09/2021 03:04 Telecommand: Take image to check alignment but it is a screw 
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30/09/2021 03:06 Telecommand: Move to #29 to image something with worms 

30/09/2021 03:08 Mat deleting imaging backup files in the flight pi 

30/09/2021 03:10 Telecommand: Image on #29 nominal for alignment (there are a lot of 
bubbles) 

30/09/2021 03:10 Telecommand: Go to chamber #19 

30/09/2021 03:11 Motor sound OK (no clicking noise) 

30/09/2021 03:13 At chamber #19 

30/09/2021 03:13 Telecommand: Bang-bang set for pre-flight 

30/09/2021 03:15 Telecommand: Shutdown command sent 

30/09/2021 03:15 Seems to be shut down (low power) 

30/09/2021 03:15 Kill switch flipped 

30/09/2021 03:18 BoB removed from incubator 

30/09/2021 03:29 BoB mounted on the gondola 

30/09/2021 04:13 Declared ready to be switching ON for Comms check 

30/09/2021 04:15 1st telemetry temperature 16°C (disc) 

30/09/2021 04:18 Telecommand: Sent shutoff command 

30/09/2021 04:19 Declared ready to be switched off (flipping the switch) 

30/09/2021 04:20 Experiment power cut 

30/09/2021 04:32 Door of the Dome opening 

30/09/2021 04:47 Gondola out on Hercules 

30/09/2021 04:58 Experiment should be ON, checking for Comms 

30/09/2021 04:58 Experiment ON telemetry OK, Heater ON 

30/09/2021 05:21 Telecommand: Sent TC to clear downlink records ==> ERROR 

30/09/2021 05:22 Wrong telecommand on the check list (software prevented user error, all 
nominal) 

30/09/2021 05:22 Telecommand: Good command sent 

30/09/2021 05:52 Late access teams are coming back 

30/09/2021 05:54 Start balloon unfolding 

30/09/2021 05:59 Telecommand: Changing countdown to 3 hours (nominal launch in 1 hour 
and 2 hours of float) 

30/09/2021 06:03 Telecommand: System ARMED for 3 hours 

30/09/2021 06:16 Experiment on battery power 

30/09/2021 06:20 Telecommand: Downlinking image 

30/09/2021 06:22 Ready for balloon unfolding 

30/09/2021 06:23 Ready for inflation 

30/09/2021 06:24 Downlink seems slow 

30/09/2021 06:25 Start of inflation 



- 282 - 

Page 282 BX30_BoB_SED_v5_1 

 

30/09/2021 06:26 Downlink aborted 

30/09/2021 06:29 Telecommand: Trying to re-downlink ==> Successful 

30/09/2021 06:46 Telecommand: Bang-bang to flight mode 

30/09/2021 07:26 Telecommand: Set valve heater PWM values to 0 40 100 100 with  

30/09/2021 07:30 Outside altitude 9.5 km, Temp -47°C, Pressure 295 hPa 

30/09/2021 07:36 Sun light hit the system 

30/09/2021 07:40 Telecommand: Disc heater parameters to 0 10 100 100 

30/09/2021 07:42 Altitude 13 km 

30/09/2021 07:45 Telecommand: Fluid heater temp thresholds to 13 14.5 15.5 19 °C 

30/09/2021 07:49 Telecommand: Valve heater PWM to 5 40 100 100 

30/09/2021 07:54 16 km 

30/09/2021 08:02 18.5 km 

30/09/2021 08:16 Telecommand: Disc heater back to default by telecommand 

30/09/2021 08:18 Telecommand: Set valve heater PWM to 40 40 100 100 

30/09/2021 08:18 23 km 

30/09/2021 08:25 25 km 

30/09/2021 08:32 27 km 

30/09/2021 08:32 Telecommand: Send PWM command disc 0 30 90 100 

30/09/2021 08:36 Float phase 

30/09/2021 08:42 Started autonomous operations 

30/09/2021 08:47 Telecommand: Valve heater back to 5 PWM 

30/09/2021 08:48 The Dye chamber is still very dark after 30 sec of pumping. Considering 
going back there to pump by telemetry 

30/09/2021 08:52 1st chambers have a lot of bubbles 

30/09/2021 08:55 Telecommand: Valve heater to 40 PWM 

30/09/2021 08:57 Out of sunlight 

30/09/2021 09:17 E-link has been down for few minutes, now it is OK. 

30/09/2021 09:21 E-link unstable 

30/09/2021 09:35 End of autonomous ops – nominal sequence complete 

30/09/2021 09:34 Telecommand: Valve heater to 5 

30/09/2021 09:35 Telecommand: Sent telecommand batch to: 

• Go to #24 for: img 30 s | pump 60 s | img 30 s | downlink for both img 

• Go to #11 

• Go to #40 for: img 30 s | pump 60 s | img 30 s 

• Go to #39 for: img 30 s | pump 60 s | img 30 s 

• Go to #38 for: img 30 s | pump 60 s | img 30 s 

• Go to #37 for: img 30 s | pump 60 s | img 30 s 
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30/09/2021 09:40 It seems that pumping is not working 

30/09/2021 09:41 Telecommand: Sent TC to heat the valve heater 40 PWM will keep it going 
for 10 min manually. We hope that this will either defrost the fluid or make it less viscous 
(assuming that the pumping does not work due to a thermal issue) 

30/09/2021 09:44 Telecommand: OPs queued: 

• #32 pump 60 sec img 30 sec 

• #29 same 

30/09/2021 09:51 Telecommand: Turn off valve heater (in queue) 

30/09/2021 09:57 Telecommand: Valve heater OFF 

30/09/2021 10:04 Telecommand: Decided to perform TC50 with 60 sec pumping on all the 
chamber with C. elegans from 20 to 2 

30/09/2021 10:10 Telecommand: The queue: 

• Go to #40: | img 30 | pump 60 | img 30 

• Go to #39: | img 30 | pump 60 | img 30 

• Go to #38: | img 30 | pump 60 | img 30 

• Go to #37: | img 30 | pump 60 | img 30 

30/09/2021 10:10 Telecommand: Updated the valve heater to 40 PWM 

30/09/2021 10:19 Telecommand: Updated the valve heater to 0 PWM 

30/09/2021 10:27 RTDs are back alive (but still getting one good result out of two readings) 

30/09/2021 11:33 10 min until cut-off 

30/09/2021 11:46 Interrupt video downlink 

30/09/2021 11:46 Telecommand: Shutdown command sent and received 

 

8.2. Results 

 Results from video analysis 

Results from the flight video analysis only confirmed 5 out of 23 chambers with motile C. 
elegans, see Table 8-2. The motility was confirmed when the videos showed that the C. 
elegans were moving using their own metabolic activity instead of being influenced by fluidic 
pumping or the gentle rocking of the BEXUS 30 Gondola during the float phase. In this case, a 
motile C. elegans was considered alive, however, the health status required additional 
verification by Exeter University experts to determine whether they were truly confirmed alive 
and in good health.  

Table 8-2 Chamber position of motile C. elegans in the MCSD and its respective phenotype. 
 

MCSD chamber position  C. elegans phenotype 

Chamber 9  Wild type 

Chamber 13  Unc-43 Fast moving 
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Chamber 20 Dpy-13 Dumpy strain 

Chamber 29 Wild type 

Chamber 37 Cha-1 Heat sensitive strain 

 

It Is worth mentioning that the lens on the imaging system was changed to the Raspberry Pi 
v2.1 original lens from the initial design (see 4.1.1.4) during the flight campaign. Figure 8-1 
shows the flown makeshift imaging system and captured image during pre-flight. The reason 
for the change was because the previously designed lens was not able to resolve the C. elegans 
after chambers were filled with fluid. Based on previous work at University of Exeter, the 
original lens was sufficient to resolve the C. elegans. However, as time was running out during 
the flight campaign, it was decided that the change would beneficial to the flight. The 
Raspberry Pi original lens is a fixed focal length lens and to increase magnification, the lens 
was unscrewed from its factory setting to increase the back focal length distance between the 
sensor and the lens.  

 

 

Figure 8-1. A Raspberry Pi v2.1 camera with original lens with makeshift mounting from 
PCB spacers, 3D printed part, and BoB aluminium camera plate.  
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Figure 8-2 (Top left) Chamber 37. (Top right) Chamber 20. (Bottom) Chamber. Three of the 
of chambers with C. elegans that demonstrated motility movement confirmed with video 
analysis. The top left image was chamber 37 taken at 09:38 UTC towards the end of the 
flight. The top right image was chamber 20 taken at 07:28 UTC during autonomous 
operation, early in the float phase. The bottom image was chamber 9 taken at 08:30 UTC. 
 

The five chambers with signs of C. elegans motility meant that the C. elegans survived the pre-
flight operations and flight operations. It demonstrated that the thermal control, fluidic 
feeding, pressure vessel, and software-defined operations designed to keep C. elegans alive 
worked to a certain extent. Being that the mission was a technology and operational 
demonstration, the lessons learned on what have worked and what improvements are 
required will be useful for the next generation, ready for spaceflight. 

From the video analysis, one possible explanantion for the other 27 chambers was that the C. 
elegans in these chambers did not survive the pre-flight and flight operations.  During pre-
flight, there were issues with integration of the C. elegans with the rest of the system. It was 
possible that C. elegans may have leaked out or any survivable C. elegans may have dried out. 
The leaking also corroded the MCSD bearings since the OP50 growth media has high salt 
concentration. The damaged bearing meant that during the evening the seal between the 
rotary valve and the MCSD was compromised, causing further leaks in the system.  
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Figure 8-3 Image on the left was chamber 3 and image on the right was chamber 19. Image 
taken during pre-flight in the evening of 29/09/2021 after the FCT before the flight on the 
30/09/2021. The images showed clear images, a stark contrast to the presence of bubbles 
or water droplets in the same image of the same chamber taken during flight. 
 

 

Figure 8-4 The relative humidity inside the 2U pressure vessel. The relative humidity 
remained consistently high once sealed before the FCT. This was expected due to the leak 
inside 2U pressure vessel from the fluidics subsystem. 
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The second possible conclusion was that, while some C. elegans may have survived, it was not 
possible to image them because the C. elegans were too badly obstructed by bubbles and 
water droplets to image any motile specimens during flight. Leakage from the fluidic 
subsystem had a knock-on effect on the overall mission. It is believed that the high relative 
humidity inside the 2U pressure vessel, i.e., high water vapour content combined with the 
sudden decrease in temperature during ascent phase, would have condensed the trapped 
water vapour into water droplets. See Figure 8-3 showing the difference in two chambers 
before and during flight. It is also possible that some C. elegans could not be imaged as they 
had swum down the fluidic channels; this issue was observed during pre-flight 
biocompatibility testing. However, we were not able to test fluidic operations with filters 
(which could mitigate the issue) and were therefore unable to perform the modifications 
required to prevent escape from the chambers in time for flight. 

 

Figure 8-5 Post-flight analysis. C. elegans progeny found in one of the fluidic channels 
along Chamber 6 extracted and placed on a petri dish.  
 

It can be assumed that some of the worms could have survived in the window between flight 
and after the landing. This was because C. elegans progeny were found during post-flight 
analysis in one fluidic channel along chamber 6 during disassembly. The image was taken 
around 02/10/2021 17:00 CEST, after flight and approximately 79 hours after the BoB system 
was sealed before the FCT. For the C. elegans to lay and hatch the eggs, the C. elegans must 
have survived up to a point where they reached the adult stage and produced eggs. This time 
window could span any time during flight and even after the BEXUS 30 gondola landed. 
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Figure 8-6. Temperature reading during pre-flight and flight. 
 

One observation was that the temperatures experienced during pre-flight were higher than 
the requirement of 12°C ± 2°C. Based on thermal lab tests, the C. elegans temperature was 
6°C - 7°C above the temperature of RTD3 (disc surface). Since there was no RTD in the sample 
chamber, the value had to be extrapolated and it may not be correct due to the different 
environment compared to lab tests. During the FCT periods (marked with red arrow), RTD3 
was recording temperatures of around 17°C, hence, C. elegans’ temperature could have been 
as high as 24°C. It is therefore possible that some worms were damaged by overheating during 
pre-flight. It highlights that future flight campaigns will require ground support equipment 
dedicated to environmental control during pre-flight testing and vehicle integration. 

 

 Flight thermal analysis 

8.2.2.1. Summary of the flight campaign and results 

During the flight campaign we realised that four out of six RTD sensors were unusually noisy, 
more than +- 2° or gave readings absurdly low or high. We concluded that there were physical 
issues with the 2U main PCB, most likely on an ADC since the four noisy readings came from 
one ADC and replacing the noisy RTDs with new sensors did not solve the issue. Right after 
EAR (mid-August) all the sensors were working nominally. We concluded that this PCB 
suffered either mechanical or chemical damage at some point between EAR and the flight. 
This meant that only two RTDs were reliably able to monitor the temperature and control the 
heaters. Since there were three heaters that must be controlled by one and only one sensor 
each, one heater - the least critical one below the valve block - was left not regulated by a 
sensor. During the flight this heater was manually turned ON and OFF by telecommand from 
the ground. The timing chosen to turn ON and OFF the valve heater was decided based on 
data from TVAC test before the EAR. These operations were recorded in manual logs, 
discussed earlier in this section. 

During pre-flight operations, we changed the position of the RTDs. We put a good RTD on the 
fluidic bag; this RTD was monitoring the temperature of the bags and provided the input 
temperature value to the bang-bang controller controlling the bag heaters. The second good 
RTD was the most important; it was placed on the surface of the disc. It was monitoring the 
temperature of the disc and this temperature was the input of the disc heater bang-bang 
controller. 
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Figure 8-7 Showing the temperature measured on the surface of the MCSD during the 
flight from the ground on the balloon pad until the system was turned off right before cut-
off. 
 

Compared to the TVAC data, the system itself worked has expected. The heater controlled 
autonomously by the bang-bang controller worked as expected on the balloon pad and during 
the float phase. We had to manually change the bang-bang setting by telecommand to 
increasing the heating during the ascent phase. This is because our test environment was not 
cold enough for the ascent phase. This phase of the flight was the coldest and the test facilities 
that we built could not simulate this environment. During the float phase, the system 
performed similarly as in our TVAC test and autonomous thermal control with our pre-set 
parameters was viable. 

 

Figure 8-8 Showing in orange the temperature measured on the fluidic bag and the other 
inoperable readings 
 

In orange, we can see the temperature of the fluidic bag. The four other readings are from the 
noisy RTD that gave aberrant readings during the flight, which are excluded from the graph. 
The temperature of the fluidic bag was nominal. We can see that in the cold environment of 



- 290 - 

Page 290 BX30_BoB_SED_v5_1 

 

the ascent (around 1,000 seconds), the thermal cycles were more rapid than during the float 
phase, which was expected. 

8.2.2.2. Conclusion and improvements for the future 

Since it did not seem that the C. elegans were healthy after the flight, we had to investigate 
possible issues with the thermal subsystem and will continue to iterate on and improve the 
thermal subsystem in future projects. The temperature measured on the surface of the disc 
looked acceptable regarding the TVAC and EAR tests performed. 

But it should be reminded here that for various reasons the temperature that we used to 
monitor the C. elegans was the temperature on the surface of the MCSD, not directly the 
temperature of the C. elegans. And we can see in the TVAC data, during which we had a sensor 
on the surface on the MCSD and directly inside the chamber where the C. elegans actually 
were, there could be few degrees of difference between the measured temperature on the 
surface of the disc and the actual temperature of the C. elegans. We relied on the test data to 
understand this difference, and during the test we were able to set the controller and infer 
that the temperature of the C. elegans was acceptable. We also performed a TVAC with alive 
C. elegans and they appeared healthy after the TVAC. 

However, since the flight environment was different to the one experienced in the TVAC, 
especially during the ascent phase, it was difficult to conclude about the impact of the thermal 
system on the health of the C. elegans. 

To mitigate this and allow us to truly know what temperature the C. elegans are experiencing, 
and to be capable of precisely controlling this temperature, a sensor needs to be placed so 
that the temperature measured unambiguously represents the temperature experienced by 
the C. elegans. This was impossible in the scope of this project due to the complexity of the 
system and moving parts, but it shall be a requirement for future iterations. 

 Fluidic sensors 

As can be seen from Figure 8-9Error! Reference source not found., the liquid bubble sensor 

was only switched on during the float phase, which was indicated by the significant increase 

in voltage around 14,000 seconds. The small oscillations in voltage after the sensor was 

activated were likely bubbles and they correspond to when the pump was activated (see 

Figure 8-13). Where the reading plateaus with no change for a significant duration of time, 

this was likely caused by a pause in readings where no fluidic operations were required. 
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 Figure 8-9 Liquid bubble sensor data during the BEXUS30 flight 
 

Figure 8-10 shows a zoomed in view of the small fluctuations in voltage from the original liquid 
bubble sensor graph (Figure 8-9). These small voltage fluctuations had a similar amplitude to 
each other and most of them were peaks and seldom troughs. Assuming that the growth 
media which flowed through the bubble sensor contained air bubbles, each one of them 
would have had less optical absorption than the growth media. Therefore, the receptor side 
of the optocoupler inside the bubble sensor would have received more light which would have 
increased the voltage. We assume this caused the small spikes in voltage seen in Figure 8-10. 
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Figure 8-10 Liquid bubble sensor expanded view of data 
 

The liquid flow sensor data during the flight was mostly corrupt and this was very likely due 
to the same electrical abnormalities experienced by the 2U main PCB that corrupted the RTD 
sensor readings. The team attempted to retrieve the remaining liquid flow sensor data by 
interpreting the checksum errors which were indicated every time the graph jumps back to -
2, however a checksum error was indeed indicative of electrically corrupted data which could 
not be adequately recovered. Even if they could have been recovered to sensible values, it is 
likely that these readings would either be as abnormal as those experienced by the RTDs. 
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Figure 8-11 Liquid flow rate with broken data during the BEXUS30 flight 
 

Figure 8-11 shows the liquid flow sensor data with the anomalous entries excluded (easily 
filtered as all anomalous entries were flagged by the software when a checksum failed). Due 
to a lack of time prior to the launch campaign the inlet and outlet of the liquid flow sensor 
were swapped, and this caused the flow rate to be negative. This was due to a small mistake 
made when manufacturing the fluidic manifold. The team is currently investigating if this 
sensor can accurately measure negative flow rate in the same way it measures positive flow 
rate. One indication that this is the case is the clear increasing trend in the graph; however, 
with negative flow rate everything is swapped, and we assume that the trend is actually 
decreasing when getting closer to zero. The decreasing flow rate could be caused by the 
significant leakage in the fluidic manifold and MCSD. The sensor could also have been 
damaged by the highly humid and cold environment in the pressure vessel during the ascent 
and float stages of the flight, as its minimum rated operating temperature was 5 °C. 

 

Figure 8-12 Filtered liquid flow sensor data 
 

The pump actuation is shown as ‘0’ when idle and ‘1’ when pumping. The first actuation of 
the pump can also be seen around 14,000 seconds as a spike in the liquid flow sensor graph 
(see Figure 8-12). 
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Figure 8-13 Pump actuation during the BEXUS30 flight 
 

 Electronics housekeeping sensors 

The current sensor worked well during the flight and seemed to measure the expected current 
draw that the team calculated during testing. A moving average is also included in Error! 
Reference source not found. to showcase the current draw trend better. The moving average 
peak in current draw during the ascent phase was caused by the increased active thermal 
heating. 

 

Figure 8-14 Current draw from the experiment battery during the BEXUS30 flight 
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Figure 8-14 shows the graph of the main power line to the experiment. The sharp decrease in 
experiment voltage close to 5,000 seconds was due to the experiment switching power from 
Hercules to the on-board battery. The experiment voltage was expected to fall below 28V due 
to the low temperatures and the experiment current draw. However, a shallow dip in voltage 
can be seen during the ascent phase; we assume this is due to the decreasing temperature as 
the balloon ascended through this stage. 

 

 

Figure 8-15 Main power line from the experiment battery to BoB during the BEXUS30 flight 
 

The internal 12 V power line shown in Figure 8-16 was stepped down from 28 V by two parallel 
12 V DC/DC converters on the EPS PCB. The stable 12 V reading shows the resilience to change 
of the DC/DC converters even if the main power line dropped by 5 V (see Figure 8-15). 
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Figure 8-16 Internal 12 V power line servicing the motor and relays during the BEXUS30 
flight 
 

 Photodiodes 

Figure 8-17 and Figure 8-18 show Photodiode 1 and Photodiode 2 readings. Photodiode 1 and 
2 worked as expected during the BX30 flight. The balloon was launched prior to sunrise and 
during civil twilight; the faint light during this time is picked up as a shallow increase in 
photodiode voltages just after launch. Direct sunlight hit the photodiodes around 7:36 AM 
UTC +0200 or about 12 minutes earlier than sunrise on the ground; this was expected because 
at this time the balloon and gondola were around 10 km in altitude. After sunrise there was a 
non-uniform increase in voltages which could mean that the gondola was moving through 
cloud cover. During the float phase there were irregular oscillations in photodiode voltages 
indicating that the photodiode was sometimes in direct sunlight and other times in the shade; 
from this we can deduce that the gondola was rotating during this time. Moreover, from video 
footage taken by the BoB external camera, the gondola can be seen rotating during the ascent 
and float phases, which fully explains the photodiode readings. 

 

Figure 8-17 Photodiode 1 data from the BEXUS30 flight 
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Figure 8-18 Photodiode 2 data from the BEXUS30 flight 
 

 

8.3. Post-flight Software Review 

 Computing architecture review 

Our post-flight review indicates that the inclusion of two flight computers – one a fully-fledged 
Linux computer, the other a microcontroller – was justified. The primary purpose of the 
secondary flight computer was to serve as a watchdog, bringing the primary computer back 
up in the event of an error. While this feature was not required during flight, it performed well 
in testing and the increased reliability, robustness, and thermal performance specifications of 
the secondary computer gave the team increased confidence during flight. The other 
purposes – to interface and pass-through data from various sensors – were similarly justified 
as the primary flight computer was already running at full CPU capacity due to the complexity 
of the flight software; running several non-critical sensor operations on the secondary 
computer reduced the load of the primary considerably. 

The UART link between the two computers worked almost flawlessly. Two minor issues were 
observed. For the first, the primary flight computer would often send garbage serial data over 
the UART link on start-up; this is likely due to the Linux operating system. This was mitigated 
by applying sanity checks to UART messages before communication was accepted by the 
secondary computer. The second issue was that, on rare occasion, a sensor data transmission 
from the secondary computer to the primary could be corrupted. The cause of this was not 
known; it could be a minor electrical anomaly or a UART timing/buffer issue. Either way, it 
was not of concern as the received corrupt messages were safely filtered by the primary 
computer. 

The decision to include redundant storage using a simple miniature USB flash drive instead of 
an additional SD card was well justified. The Raspberry Pi system does not provide simple 
support for additional SD cards, and the bandwidth is much slower than USB. The flown 
physical hardware was cheap, simple, highly robust, and effective: the redundant storage 
worked perfectly and caused no system slowdowns during data copy operations. 
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Inclusion of the Ethernet link was complex and caused many issues during development and 
testing, chiefly due to the need for custom device tree drivers, but eventually the process was 
streamlined, and the system operated perfectly during both pre-flight and flight. The 
bandwidth provided was sufficient for flight, even when we were authorised to increase our 
downlink rate (up to ~510kbit/s). 

The primary flight computer’s GPIO interface generally performed very well. While one 
Raspberry Pi was somehow damaged during testing and a GPIO pin failed, we utilised a script 
to test for this and were able to therefore screen Pi boards for good flight candidates. 
Additionally, it was possible to use a software oscilloscope to monitor the pins, significantly 
easing electrical and software testing for some sensors. During flight, the system performed 
nominally. 

 

 Flight software review 

The software on both flight computers performed nominally during flight, despite the high 
computing power demands on the primary flight computer.  

The primary flight computer had complex object-oriented Python software running 
throughout flight, comprising dozens of Python classes, several pre-configured and some 
rapidly updating JSON configuration and state files, and several rapidly updating log files. A 
large volume of housekeeping data was successfully collected during flight, and regular 
updates telemetry updates were downlinked as planned. 

While the overall system was complex, the use of object-oriented programming allowed us to 
modularise and therefore simplify the development and testing of the overall software 
package. Even individually complex modules could be broken down and unit tested. Once 
sufficiently tested, individual modules would be frozen; if late changes were required, the 
individual module could be unit tested using test functions left at the end of the module. Such 
a design philosophy was invaluable, and we would strongly recommend to future teams using 
similar hardware to adopt a similar modular testing approach with object-oriented 
programming, if appropriate. 

No software issues occurred during flight, and the software was able to properly filter out 
corrupt thermal and flow sensor readings due to presumed electrical damage to the 2U 
payload main PCB. Therefore, despite the electrical anomalies, the on-board computing 
system functioned nominally at all times. By using telecommands, ground station operators 
were able to compensate for a harsh thermal profile on ascent compounded with frequent 
corrupt thermal data by manually modifying the PWM and threshold parameters of the bang-
bang thermal controller. Additionally, the communications software successfully filtered and 
rejected an incorrect telecommand sent by user error, and warned the ground station 
operators. 

The secondary flight computer was running less demanding software than the primary, 
though extremely high reliability was key, therefore C++ was used and the system was 
extensively tested. The system and software also performed nominally during flight. 

 

 Use of Autonomous Operations 

The flight software was designed such that the primary mode of operation for BAMMsat 
would be fully autonomous, with either partial or full manual override possible at any time. 
Examples of partial manual intervention would be to modify the maximum allowable downlink 
rate, request a specific file downlink, or to adjust thermal controller parameters while 
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autonomous operations were ongoing, all of which occurred during flight. An example of a full 
manual intervention would be to pause the autonomous operations entirely and either 
reschedule them, or to assume full manual control. 

Autonomous operations were achieved by integrating smaller modules and functions into 
larger automatic task groups, which were then sequenced by a JSON file listing all required 
operations during flight and was scheduled by a timed arming system. There were two distinct 
event loops: the primary one which ran according to the pre-defined sequence of operations 
and handled telemetry updates; and a secondary loop which read the thermal and motor 
photosensor sensors on the ADCs and controlled the thermal loop. Both event loops were 
completely independent of one another, and the second loop served to provide closed-loop 
thermal and motor control. Additionally, various threads would manage communications 
functions independently of both event loops. While using threading to such a degree required 
very careful design as it could cause issues, the extra effort was worthwhile as without 
threading, autonomous operations would not have been possible. 

During flight, there were several communication blackouts as the E-Link connection was lost. 
However, thanks to the armed autonomous operations sequence, this caused no problems 
during flight and no mission time was lost due to these blackouts. Once communications were 
restored, ground station telemetry indicated that the complex operations had proceeded 
perfectly to schedule despite no possibility of manual control. While, of course, there was a 
loss of ground station telemetry and data logging during the communications blackouts, all 
missing telemetry data was successfully recovered post-flight. 

Additional effort was also spent to ensure that the autonomous operations system would be 
unaffected by power cycles. This was achieved by ensuring consistent atomic state logging 
any time an operation progressed or the system state changed. Not only would this retain the 
current state such that autonomous operations could continue, but it also enabled more 
advanced functions such as autonomous motor position error correction in the rare event of 
power loss during motor operation. While this capability was not required during flight, it was 
extensively and successfully tested prior to flight, and was useful during pre-flight operations. 

The evening before flight, a hard power cycle was required when the team heard an 
anomalous noise from the motor. As the power was cut while the motor was moving, this 
would previously have caused a loss of known current position, and future motor operations 
could either be offset or more likely to fail. The safest way to resolve this issue used to be 
partial disassembly to inspect the actual motor position, or to manually rotate the motor one 
step and take images in an attempt to identify the current position. Fortunately, thanks to 
additional effort spent in developing and testing autonomous motor error correction code, 
the issue was quickly resolved on system start-up and the system autonomously corrected the 
MCSD position. 

Therefore, given the successful response to the communications blackouts and pre-flight 
motor cut-off, we believe that our decision to dedicate so much development time and effort 
to including advanced autonomous operations was well justified. The autonomous error 
correction during pre-flight saved valuable time when we had to prioritise preparing the 
system for flight, and the autonomous operations ensured experiment time was not wasted 
during flight when communications were lost, allowing us to collect additional data during the 
flight. However, I would caution future teams to seriously consider whether autonomy is 
required and to what extent; the increase in complexity and development time is significant, 
and attempting to autonomously correct errors is very situational and could be detrimental if 
attempted for all systems. For us, it was an excellent design choice; but this would not be true 
for all teams. 
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 Ground station software review 

The ground station software was simple in comparison to the flight software. Three Python 
CLI scripts were run in separate terminals: one for receiving and displaying telemetry, another 
to issue telecommands, and the last to receive downlinked experiment imaging data. While 
visually basic, the layout was compact, easy for ground station operators to use and 
understand, and provided full functionality. While a more advanced GUI could have been a 
nice inclusion, it would have significantly increased complexity and development time, and 
likely would have been more liable to fail. 

Additional plotting scripts were developed so that the ground station operators could 
manually plot power, temperature, pressure, and humidity during flight to better understand 
how the system was performing. Printouts of telecommand dictionaries and both nominal and 
emergency operations procedures were available to the ground station operators. We would 
highly recommend this approach to future teams as the dictionaries and procedures were 
both useful during flight and can help as a quick reference during stressful situations. 

The ground station software performed nominally during flight. 

 

Figure 8-19 - Ground station during flight 
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 LESSONS LEARNED 
 

• General lessons learned 

o Interdisciplinary spaceflight is tough! Effective communication across disciplines, 
which often speak different science languages, requires special patience and 
communication skills. 

o Need for comprehensive pre-flight hardware verification testing - of all 
components - is essential to maximise chances of launch success. 

o BEXUS serves as an excellent learning opportunity. 

▪ We saw a glimpse of the interactions between different actors in the 
space sector, public agencies, and private companies. 

▪ Forces the team to learn new skills, discover new tools in a short period 
of time. 

o Systems engineering is a key discipline: it helps the team to be neutral and 
consider all the possible options, as well as how it is likely to completely miss a 
solution that would be potentially much better than the first idea that comes to 
mind. 

o Do not hesitate to ask questions, because if someone else knows the answer and 
has gone through the learning process, this person can teach much more quickly 
than one can self-educate, hence saving time and avoiding beginner mistakes. 

o It is worth performing the design stage rigorously, though there are always issues 
that cannot be anticipated.  However, the key is to find the balance as testing was 
a major part of the mission. 

o Teamwork and planning are essential for steady development. 

o Networking is key in achieving a strong follower base for marketing and outreach. 

o Testing vs theory. There is nothing that can compare to testing. 

o Working with large Word documents was frustrating; the shared document was 
prone to freezing and update conflicts, causing numerous delays. 

▪ We could have instead used Latex and Overleaf, though they do come 
with steep learning curves. We thought that learning a tool would take 
too much time, but in hindsight it would have been worth it. 

▪ While updating a word document of this size ensure that everyone works 
on a local document first and then updates their sections one at a time to 
prevent document corruption and formatting problems. It may seem 
obvious but one should not take for granted that everyone thinks 
differently. 

o Having the right tools and using them well is key. It will increase efficiency by 
tenfold. It is worth investing in the right tool. 

o Careful not to fall into the trap of developing a system beyond its requirements 
given additional project time. 

o We should have captured more nominal behaviour system data when it was idle 
during the test campaign and pre-flight campaign since this could have been used 
as our baseline when assessing data post-flight. 
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o We should have included data collection and management plan during pre-flight, 
especially for biological experiment since pre-flight data has impact on the C. 
elegans’ health.  

• Design and technology development lessons learned 

o Integration of biological samples, both from a biocompatibility (e.g., animal 
survival) and technological (e.g., samples leaking, producing useable 
images/videos) perspective, is not straightforward and requires significant 
experimental time (which will be true for each new model system placed into 
BAMMsat). 

o Need for streamlined sample disc, for example with less layers and, therefore, less 
failure points for leaking. 

o Need for approaches to avoid sample/animal ‘escape’ into fluidic channels, which 
prevents sample imaging (e.g., mesh filter). 

o Need for optimised focal depth for sample imaging, which will require individual 
optimisation for each model system placed into the hardware. 

o Early dimensioning has importance and the impact from a simple math formula 
was evident throughout the project. 

o In some case it is worth performing computer simulation as data from the 
simulation provide insight and capability to evaluate for a given situation. 
Simulations like FEM analysis will take a lot more resources than simple equation 
to check the design, but they can be worth it. The challenge is to balance it with 
the overall project. 

o Deal with as many problems as possible as early as possible (avoid, when possible, 
to say “we will decide this later”) 

o We should not be attached to a design. During the design phase, we should accept 
to change it and/or and start over. 

o The system was too complex. 

o There was a lot of unnecessary planned functionality (e.g., GNSS) 

o The interfaces between the different subsystems were too tight and 
strict. A modification in one had repercussions everywhere which made 
any otherwise simple modifications difficult. Looser interactions could be 
achieved by using by more compliant and well-defined interfaces: 

▪ Flexible tubing, between the valve block and an independent 
MCSD 

▪ Adjustable optics 

▪ Also, the MCSD and motor mounting were both mounted on the 
chassis. But the motor mount should have been mounted on the 
MCSD directly to achieve a reduced chain of tolerances. 

▪ Generally, improving interfacing and simplifying tolerance 
requirements would have improved system performance (image 
quality, fluidic seals, etc.), made for easier assembly and 
improved work organisation. 

o The error during the design process was trying to make one big system 
instead of assembling a lot of independent/modular smaller subsystems 
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(while we did assemble a lot of smaller and simple subsystems, they were 
too interdependent, meaning interfaces were too complex) 

▪ Always have spares, especially in the early design stages as parts 
will be damaged. Once the part is understood the number of 
spares can be reduced. It is better to have spares than to risk 
waiting for parts. 

o  During COVID, some of the parts was no longer available and the price 
increased two-fold. 

o Considering the assembly procedure while designing hardware is easier 
said than done. Height and volume are examples of steps easily neglected 
in electronics, especially when considering connectors and wire harness 
slack requirements. 

 

• Software and computing system 

o Python is an excellent language to use for prototyping, but can quickly 
become difficult to use for complex systems and must be extensively tested 
to ensure that no problems are present. This is a core downside of being a 
mainly interpreted language – most issues are not caught on compilation and 
must be found through intensive testing. Additionally, while Python is 
relatively easier than C++ and quicker to develop for most things, we found 
C++ to be better when performing low-level operations with embedded 
hardware and sensors. 

o Threading is valuable and enables complex concurrent operations, but can be 
difficult to manage and often leads to non-deterministic behaviour, especially 
when not using a Real-Time Operating System (RTOS). 

o Use of an RTOS and dedicated microcontroller (such as the secondary flight 
computer) for motor operation would have been preferable to using the 
Raspberry Pi. While the final system worked perfectly and even included 
autonomous motor error correction code in the event of a power cycle, the 
system was made much more difficult to code as there was no real-time 
capability, and many additional guesses and closed-loop checks had to 
therefore be performed to ensure reliable motor operation. Additionally, as 
the software did not run on an RTOS and was threaded, motor photosensor 
reads were non-deterministic and major development iterations were 
required to ensure either that the photosensors would consistently trigger or 
that a backup timer would prevent motor errors. 

o Do not be afraid of logging too much data; it is easy to filter data later, but 
you will regret not saving data when needed. The only exception is if you are 
working with very limited storage space. 

o The lack of a dedicated clock with internal battery on the flight computers 
caused difficulties in post-flight analysis, as all flight computer timestamps 
during flight were desynced. 

o GUI development is only worth it if there is time, and the end result must 
prioritise simplicity and clarity over form. 

o Implementing software checks against user error is a necessity. 
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o Implementing software checks against erroneous sensor readings is a 
necessity. 

o Autonomous operations are a worthwhile capability for complex systems, but 
requires a very significant amount of time to develop and test. 

o Late software updates are possible, but almost never recommended. If they 
are required, ensure to re-test using module unit tests or similar. 

o All modules and functionalities must be able to be re-tested with ease after 
an update, no matter how simple. 

o Before specifying the computing hardware, first identify the likely 
requirements for sensor and control hardware to identify the required 
interfaces (e.g. GPIO, I2C, SPI, Ethernet). A poor selection of hardware 
interfaces can make development very difficult. 

o Check the errata in datasheets to understand any potential hardware bugs 
that may be present. They exist even on popular hardware such as the 
Raspberry Pi (auxiliary SPI hardware bug – cannot be directly fixed by 
software, must be worked around instead). 

• Project management and team lessons learned 

o Be honest with opinions within a team. 

o We needed more intermittent team building activities to keep morale up. 

▪ Learned that after a hard week of work a moment of leisure with the 
team can go a long way. 

o Give credit to team members even if you do not get along. We are here with 
the same goal. 

o Recruiting does not equal output. Always be mindful that new team member 
is not experienced and are here to learn and this is a learning experience. It 
will take time for new team member to get up to speed and it is important to 
be inclusive when teaching. 

o Always be mindful of communication barriers. 

o Delegating is not easy. It is about the careful balance of time and resources. 

o Structure is important to get people to work efficiently. 

o Having a common mission and legacy can be a good source of motivation 

▪ The project had legitimacy, being supervised by space agencies 

• They brought their reputation, knowledge, and heritage. 

▪ The attention of the staff over us was inspiring and motivating. 

▪ The supervision of Dave and Tim with heritage and a vision for after 
the project was important, it gave a meaning to the technology 
development. 

o The possibility to have our master thesis on the project which gave more 
importance to the project since our diplomas depended on it. 

o The scale of the program in terms of resources invested was really motivating 

o To consider the time for an order to be approved by the manufacturer and 
our organisation in the lead times. Managing supplier, manufacturing, orders 
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through university was big part of the project. Failure to manage this can 
cause significant delays. 

o Management is not only about instructing team members what to do but also 
inspiring and encouraging them. 

• Launch campaign and operation lessons learned  

o No development work should be done during the campaign, this can greatly 
increase the risk of failure. 

o Make checklists for everything: every operation, every part to take, every 
assembly step, etc. It is far too easy to forget a simple step, especially when 
the system is so complex. 

o Sleep and food are important, no matter what; it is hard to take a sensible 
decision while stressed and exhausted during the flight operations, so making 
space in plans for downtime and sticking to the plan is important. 

o Do not underestimate the difficulty associated with experiment transport. It 
is indispensable to prepare well and ensure that the experiment is well 
packed – with significant margin (parts and protection) – to minimise the risk 
of component damage during transport. Particularly consider issues with 
travel where you are not in control of the hardware, e.g., using a courier or 
airline. 

o It is crucial to consider the external environments of the mission through all 
phases. For example, the system was exposed for a long time to the external 
environment between FCT, which can have thermal implications for biological 
samples. 

o Where possible, a complex system should be as automated as possible. This 
helps to minimise the possibility of human errors on launch day (due to stress, 
oversight or other reasons). Where autonomous operations are not possible, 
software checks should be written to confirm manual operations; the launch 
campaign is tiring, and it is easy to make mistakes. 

o It is also crucial to allocate a significant amount of time to think ahead about 
the risks for the system, and how to cope with them from the ground in case 
they occur. This implies the implementation of as many telecommands as 
required to be able to cope with the maximum number of issues expected 
from the ground station during flight. 

 

• Selection Workshop at ESTEC and Preliminary Design Review at ESRANGE 

o The workshops were very useful to the team to understand what was 
expected from us at every point of the program.  

o Seeing, touching, and working with the gondola was key to understanding the 
interface to the BEXUS system. 

o The ongoing feedback provided to us was key to having a greater 
understanding of the project. Being a student without experience of a space 
project lifecycle was daunting, and the workshops greatly helped to prepare 
us. 
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• Covid-19 situation 

o With quarantine in effect, we were required to work from home. This has 
complicated the project as access to the labs is critical for some parts of the 
project. However, we have been able to take some aspects of the labs home, 
for instance, we have access to some of the software need to design the 
pressure vessel, mechanical parts, and software, while also being able to 
determine thermal behaviour and the effect of gravity and hard landing on 
the pressure vessel. What is more, this situation has made us more aware of 
the need to communicate with team members. For this reason, we carried 
out two meetings per week with our mentors from BEXUS and from Cranfield 
and Exeter Universities. In these meetings, we share the progress of each 
team member, give feedback on each other’s work, and discuss what the next 
steps in the project are. 

o One of the biggest setbacks was the impact on COVID-19 pandemic where we 
had to limit biological testing. This is an extreme scenario, but it shows it is 
important to consider how you might continue a project where there is risk – 
even if small – of losing access to key facilities. 
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  SUMMARY AND CONCLUSIONS  
 

In conclusion, the BAMMsat-on-BEXUS mission was partially successful. The flight of 
BAMMsat-on-BEXUS onboard BEXUS 30 was challenging yet insightful. The system that was 
flown had reduced fluidics functionalities and some sub-systems did not perform to the 
required standard to successfully meet all the objectives, but many key system elements 
performed nominally and we managed to successfully image some motile C. elegans.  

Five chambers were imaged with signs of C. elegans motility, meaning that the C. elegans 
survived the pre-flight operations and flight operations. It demonstrated that the thermal 
control, fluidic feeding, and operations designed to keep C. elegans alive worked to a certain 
extent and demonstrated the possibility of life support. However, motile C. elegans could not 
be imaged in several other chambers, and we continue to investigate the reasons behind this. 

Nonetheless, there were many technological and operational lessons learnt that is vital for 
the next generation, and several key aspects of BAMMsat-on-BEXUS performed nominally, 
including the computer system and software, pressure vessel, 1U electrical system, several 
key sensors and actuators, and the motor and Geneva drive system. Other systems, such as 
the fluidics system, MCSD and MCSD fluidic valve, and fluidic manifold, performed with partial 
success and several issues were clearly identified, and will be investigated further to inform 
future improvements. Finally, while the thermal control system appeared to perform 
nominally with the exception of the failing RTD sensors, it is clear that key upgrades are 
required for the next BAMMsat iteration. Additionally, we require dedicated ground support 
equipment for environmental control prior to flight.  

Finally, we would like to thank everyone involved with the project for their support, 
mentorship, and encouragement. The REXUS/BEXUS programme provided a fantastic learning 
and networking opportunity to all the students involved, and we are very grateful to have 
taken part in the programme and to have met everyone. And, for the future of BAMMsat, the 
lessons learnt during this mission could not been replicated in the laboratory environment; 
the work done here puts BAMMsat in a stronger position for future spaceflight opportunities. 
Thank you very much for all of your support. 
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 ABBREVIATIONS AND REFERENCES 

11.1. Abbreviations 

ADC  Analog-to-Digital Converter 

AU  Astronomical Unit 

BAMMsat Bioscience, Astrobiology, Medical and Material science, satellite 

BoB  BAMMsat on BEXUS 

CDR  Critical Design Review  

CoG  Centre of Gravity 
COSHH  Control of Substances Hazardous to Health 

DLR  Deutsches Zentrum für Luft- und Raumfahrt 

EAR  Experiment Acceptance Review 

ESA  European Space Agency  

ESRANGE Esrange Space Center 

ESTEC  European Space Research and Technology Centre, ESA (NL) 

FCT  Flight Compatibility Test 

FEM  Finite Element Analysis 

FPH  Flexible Polyimide Heater 

FRR  Flight Readiness Review 

FST  Flight Simulation Test 

IPR  Integration Progress Review 

LEO  Low Earth Orbit 

Mbps  Mega Bits per second 

MCSD  Multi Chamber Sample Disc 

MCU  Micro-Controller 

MLI  Multi-Layer Insulation 

MORABA Mobile Raketen Basis (DLR, EuroLaunch) 
MSDS  Material Safety Data Sheet 

LED  Light-Emitting Diode 

NASA  National Aeronautics and Space Administration 

PCB  Printed Circuit Board (electronic card) 

PDR  Preliminary Design Review  

PWM  Pulse Width Modulation 

RBF  Remove Before Flight 

RGB  Red Green Blue 

RTD  Resistance Temperature Detection 

RV  Rotary Valve 

SED  Student Experiment Documentation  

SNSA  Swedish National Space Agency 

SNSB  Swedish National Space Board 
SPI  Serial Peripheral Interface 

SSC  Swedish Space Corporation 



- 309 - 

T  Time before and after launch noted with + or – 

TBC  To be confirmed 

TBD  To be determined 

TVAC  Thermal Vacuum test 

WBS  Work Breakdown Structure  

ZARM  Zentrum für Angewandte Raumfahrttechnologie und Mikrogravitation 
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