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“Aut non tentaris aut perfice” 
-Either don't attempt it or else finish it- 

  Latin proverb, Unknown 
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ABSTRACT 

Due to the increasing problem of space debris, satellites are now required to have 

some method that allows them to return to Earth within 25 years. The need for 

new de-orbiting systems led to the development of the Cranfield de-orbiting 

systems. They are intended to generate drag on a host satellites operating in 

LEO by increasing its cross-sectional area, slowing them down enough to cause 

reentry and burn in the atmosphere. 

A new system was iteratively designed that incorporates the heritage and 

advantages from the two previous de-orbiting systems by Cranfield University. 

The design process involving, grading and testing each iteration to leading to 

subsequent iterations.  

The final design can be described as a self-contained set comprised of a spool, 

a set of booms, a sail cartridge, housing and release mechanism. Among its 

advantages, the system can be assembled at any given angle to form any 

geometric shape with any aspect ratio, other features are also simplicity, 

scalability and mass efficiency. 

This “Edge” system is later benchmarked against existing systems and showed 

clear advantages to be had in comparison with existing propulsive methods. 

Being in a prototype stage, the project has still various possible areas of 

improvement that due to time constraints could not be properly addressed. 

Suggestions regarding them are promptly provided.  
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1 Introduction 

1.1 Cranfield University’s Family of Scalable Drag 

Augmentation systems 

In recent years, Cranfield University has been developing a series solutions to 

space debris and its mitigation. There has been particular interest in the field of 

drag augmentation systems. Their aim is to increase drag in the host satellite, 

shortening their life and leading it to burn in the atmosphere. Currently there are 

two design concepts being developed and tested. According to (1), the design 

approach focused on: 

• Low-cost  

• Simplicity   

• Safety  

• Reliability 

• Mass being smaller than propellant mass to de-orbit  

• Minimal impact on host satellite  

• Easily testable in 1-g  

• No additional debris production  

• Tolerates some failures/degradation of host satellite 
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First, the Icarus is a frame-type device which fits on top of one of the satellite’s 

panels. Once deployed, it shows a set of four trapezoidal sails held in place by 

booms. Shown in Figure 1.  

Among its advantages it counts that it 

has a larger sail area, it does not 

overlap with the satellite’s panel and 

allows for servicing on the panel that it 

is mounted on. 

Its main disadvantages are that it can’t 

be easily scaled down and its mass 

efficiency is lower than the DOM. 

 

 

 

 

 

 

 

  
Figure 1 Icarus and its deployment 

sequence (1) 
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Secondly, there is the De-Orbit Mechanism. It is a much more self-contained unit 

in a box type shape. It deploys its four triangular sails by mean of booms spiraling 

out of its central spool. 

 

Figure 2 De-Orbiting Mechanism (DOM) (53) 

Its advantages list being more compact than Icarus and that it would be easier to 

be scaled up or down.  

But on the negative side, it is more challenging to manufacture long booms, that 

its installation requires the host to be free of protruding elements such as 

antennas and that when deployed some area of its sails overlap with the satellite, 

reducing its efficiency.  
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1.2 Aim 

The aim of the project is to address the need of a new iteration in the drag 

augmentation devices that Cranfield University is currently engaged with. 

While these systems have proven to be reliable and efficient, there are still key 

areas of opportunity that can be improved. 

The concept that was developed was dubbed “Edge concept” and embraces the 

strengths and minimizes the shortcomings of both the ICARUS family and the 

DOM. The Edge concept was first proposed by Daniel Grinham after an extensive 

trade-off analysis comparing different possible solutions to the mentioned 

weaknesses. 

This thesis project aims to design a de-orbiting mechanism that incorporates the 

heritage from the previous generations of devices and solves the previously 

mentioned issues in a simple, safe, reliable, weight efficient manner. 
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1.3 Objective 

Previous thesis projects have identified that there are several compatibility, 

scalability, manufacture issues with the current designs, which are unable to 

accommodate oddly-shaped satellites. 

This thesis project aims to design a de-orbiting mechanism that incorporates the 

heritage from the previous generations of devices and solves the previously 

mentioned issues in a simple, safe, reliable, weight efficient manner. 

• Review and analyze the development of previous generations of de-

orbiting mechanisms 

• Identify the main design requirements and constraints 

• Create a CAD model and evaluate whether it can be refined or if physical 

testing is required. 

• Build a prototype of the CAD model and identify design flaws and areas of 

improvement.  

• Test the system  

• Iteratively refine and redesign the prototype incorporating the lessons 

learned from testing previous versions until a satisfactory design which 

meets the established set of requirements has been reached. 

1.4 Constraints 

For this project, a number of constraints were encountered: 

• The inability to test the system at zero-g 

• The limited size of Cranfield University’s oven prevented the fabrication or 

testing of longer booms compared with DOM 

• The limited time available to finish the thesis project 

• The long time required to print 3-D parts on the Maker Bot printer 
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1.5 Requirements 

According to (2) the ideal requirements for a drag sail would be: 

Reliability - The design shall be reliable; this includes having built in reliability to 

ensure the prevention of premature deployment.   

Low Mass – The mass of the device must be less than the mass or propellant 

required for de-orbit.   

Low Cost – The cost of the system shall be small to ensure commercial viability.   

Simple Design – Allows the design to be easily assembled and interfaced with 

the satellite.   

Simple Interfaces – The design shall have a simple interface to ensure minimum 

impact on host satellite and in addition to this the deployment mechanism should 

require minimal power.   

Testable – The design must be easily testable in 1g, to ensure repeatability.   

Safe - The overall design shall be safe and not pose a risk of damage to the host 

satellite.    

Scalable – The design shall be easily scalable to ensure it can facilitate a wide 

variety of commercial satellite platforms.   

No Additional Debris Production – The device shall not create additional debris 

when being deployed and should not fragment when struck by space debris. 

These requirements were taken as a baseline and were expanded upon, 

considering the specific demands of this project. 
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1.6 Thesis chapter outline 

1.6.1  Introduction  

This section encompasses the aim, objective constraints and requirements of the 

project. Also, it features a chapter description of the thesis work. 

1.6.2 Literature review 

This section will include all the necessary facts and figures that the reader would 

require understanding the design process and the impact of the project including 

the severity of the space debris problem. And how the DOM family fits within the 

IADC guidelines that aim to mitigate this problem. 

1.6.3 Design process 

This section showcases how the design evolved from the first concepts and which 

features were changed to proceed to the next iteration until a satisfactory design 

was reached. Then, describe in detail how the prototypes were built and how that 

prototype evolved over time until a satisfactory design was achieved, 

incorporating all the lessons learned. 

1.6.4 Testing 

In this chapter, one can find several descriptions that explain what kind of tests 

were involved in the process of improving the design, what problems were faced 

and how they were solved. So, a better design was achieved in an iterative 

fashion, in the sense that from CAD followed testing and from testing followed 

CAD. 

 

1.6.5 Final design and its features 

This chapter details an in-depth description of the proposed system and its 

advantages over previous systems, also suggesting possible future 

improvements to the design. 
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1.6.6 Discussion 

A discussion is presented which evaluates how well does the final design fits the 

original top-level requirements that were established at the beginning of the 

project. Also, it features a comparison chart that compares the Icarus, DOM, 

Edge and other de-orbiting methods. 

1.6.7 Conclusion  

This section marks the end of the report and includes an analysis on which 

objectives were fulfilled and details areas on which more work is required. 
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2 Literature review 

2.1 The space environment  

Relevance within the project: Since a space-bound device is being designed, 

it is important to know the impact of the space environment has on it. Also to 

design drag sails it is important to understand the upper atmosphere and its air 

density variations. 

Since the dawn of space, it was discovered that the different effects that space-

bound missions were subjected to had a negative impact on the performance of 

its systems.  

Table 1 Space Environment and its impact on Spacecraft systems (3) 

 

In Table 1, a summary of the main space environmental conditions is summarized 

and their respective effects on the different spacecraft subsystems. 

These intensities of these effects strongly depend on the type of orbit a given 

spacecraft is in. 
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Figure 3 Relationship between ambient environments and orbits (3) 

The focus of this project concerns spacecraft in LEO orbits and the most 

important effects in this region are going to be introduced. 

It is worth mentioning that the Plasma and Radiation affect do not have dramatic 

effects on the propulsion and structure systems of a satellite and thus these 

environments are out of the scope of this thesis project are not going to be 

thoroughly discussed. 
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2.1.1 The Neutral environment 

The neutral environment is located in the upper atmosphere, in a region called 

the Thermosphere. Its composition contains several gaseous elements such as 

Helium, Oxygen, Nitrogen and Argon.  

Their densities have a strong 

dependency on temperature which is 

dictated by the solar activity (3). 

As the solar activity increases, so 

does the temperature seen at the 

Neutral environment. And 

consequently, the particle 

concentrations in this region decrease 

by an almost exponential relationship 

approximated by hydrostatic 

equilibrium: 

𝑝

𝑅𝑇
= 𝜌 

Where: 

• 𝑝 is pressure 

• 𝑅 is the ideal gas constant 

• 𝑇 is the temperature 

𝑝 = 𝑝𝑜𝑒
−

𝑔ℎ
𝑅 𝑇𝑜 

• 𝑝𝑜 is a reference temperature 

• 𝑔 is the gravitational acceleration 

• 𝑇𝑜 is a reference temperature  

For a full derivation, one can consult any fluid mechanics text but chapter 2 in 

Fundamentals of Fluid Mechanics by Munson, et. Al. (4)is recommended. 

Figure 4 Neutral temperature dependency 

on the altitude (3) 
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This directly influences the gas density in the neutral atmosphere as shown in 

Figure 5. It can be seen that at higher altitudes such as LEO (80-1000 km) the 

atmospheric density as previously described.   

 

 

 

 

 

 

 

 

For illustrative purposes, Figure 5 can be considered as a continuation of Figure 

6. 

2.1.2 Atmospheric drag 

Drag can be defined as a force opposite to the ram direction of a vehicle exposed 

to a fluid medium. The magnitude of this force is dependent on the vehicle’s cross 

section and the pressure that it experiences. 

Figure 5 Average gas densities in 

the upper atmosphere (3) 

Figure 6 The 1976 U.S. Standard 

Atmosphere (6) 
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Figure 7 Drag force acting on a satellite (5) 

 

 As follows: 

The total pressure is the sum of the dynamic static pressure and dynamic 

pressure and it is a measure flow’s total energy given by the Bernoulli’s equation: 

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑠𝑡𝑎𝑡𝑖𝑐 + 𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐 = 𝑃∞ +
1

2
 𝜌 𝑣2 

Where  

• 𝑃∞ is the free-stream pressure 

• 𝜌 is the gas density 

• 𝑣 is the flow speed 

𝐷𝑟𝑎𝑔 = 𝐶𝑑 ∗ 𝜌 ∗
𝑣

2

2

∗ 𝐴 

Where: 

• 𝐶𝑑 is the Drag coefficient, related to the vehicle’s shape and attitude 

• 𝐴  is a reference area normal to the vehicle (ram) direction 

Drag in space is, in many ways similar to the one experienced at lower altitudes. 

The two main differences are that in space, as shown previously, the density of 

Oxygen is smaller by several orders of magnitude. Also, the vehicles in space 

travel in much higher velocities on the order of several kilometers per second, 

compared with the several hundreds of Kilometers per hour seen by aircraft. 

An example of a simple Drag estimation follows. Drag coefficient from (6) 
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The drag effect -although small in magnitude- would over time de-orbit the 

satellite in question, so many missions require to have station-keeping systems 

to maintain a given orbit. This is illustrated in Figure 8. 

 

Figure 8 Orbit decay due to drag (7) 
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Figure 9 Orbital decay time Vs Solar Flux (3) 

An example of orbit decay due to drag on a satellite is shown on Figure 9, note 

that the satellite’s lifetime decreases with a larger 𝐹10.7 index which is a measure 

of solar activity. 

Also, because of these ultra -low densities the atmosphere at high altitudes does 

not behave as a continuum anymore, instead the drag behaves more as particles 

colliding onto a surface these collisions’ energy can surpass 5 𝑒𝑉. This energy is 

enough to induce Oxygen into chemical reactions that would erode materials that 

would be in contact with it. (3). This is discussed in the next subsection. 
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2.1.2.1 Atomic oxygen 

The Earth’s upper atmosphere is mostly 

composed by Atomic Oxygen (AO). It is 

produced when short wavelength UV 

radiation reacts with the Oxygen from its 

atmosphere (6) (8). It has been found that 

due to its high chemical reactivity, it tends 

to oxidize a variety of metals notably 

silver, copper and osmium. Also, 

materials made from carbon and 

hydrogen bonds such as polymers. (8)  

In Figure 10 a possible erosion 

mechanism is shown, the required 

energies to both create and destroy the 

chemical bonds are also illustrated. 

This could lead to very high rates of erosion, as shown below in it can be 

quantified by the erosion yield and its units are 𝑐𝑚3/𝑎𝑡𝑜𝑚.  

 

Figure 11 Atomic Oxygen erosion (3) 

Figure 10 Possible atomic oxygen 

reactions with graphite and the required 

energies (3) 
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The presence of atomic oxygen (AO) poses threat to any spacecraft that should 

be in an orbit with a significant AO density. Any unprotected surfaces could be 

eroded away in a short time span and putting the mission at risk. Table 2 contains 

examples of AO reactivity and it is provided below. 

Table 2 Reactivity of example materials with Atomic Oxygen (6) 
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2.1.3 Ultraviolet radiation 

The radiation protection provided by the Earth’s atmosphere is not available in 

Space. While atomic oxygen has a bleaching effect on the materials exposed to 

it, Ultraviolet (UV) radiation tends to darken them. 

This radiation deposits energy in the materials and damages them. In the case of 

polymers this radiation can either lead to cross-linking (hardening) or chain 

scission (weakening). (8) 

 

Figure 12 Change in color after 9 months exposure to Ultraviolet Radiation on the 

Mir Space Station (8) 
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2.1.4 Ionizing radiation 

This type of radiation naturally comes from events such as solar activity and 

cosmic rays. The effect of Ionizing radiation has less dramatic consequences 

compared with Ultra Violet radiation and Atomic Oxygen. On certain materials, it 

could have damage polymers just as UV radiation. The most important effects of 

Ionizing radiation are related to the avionics systems. (8) 

 

Figure 13 Ionospheric Particles and Temperatures (6) 

2.1.5 Space debris environment 

Since the dawn of space flight in the fifties, there has been a number of launches 

every year totaling about 5250 (9)  

 

Figure 14 Launches per year (10) 
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 At the same time, missions have increased in 

complexity and they have only been more 

ambitious and daring.  

Often, these missions would leave residual 

parts or in some cases whole satellites lying 

dead in orbit. This has created a massive 

number of about 23000 objects being tracked 

that are orbiting the planet Earth (9). These 

objects and their thought origin are 

summarized in Table 3. 

 

Table 3 Large space debris objects and its origins 

 

This space debris represents a great threat to current and future missions since 

an impact from them onto a spacecraft could cause malfunctions or even 

catastrophic mission failure due to the high kinetic energy of orbiting bodies. To 

make things worse, impacts create even more objects and so on. More 

concretely, this has happened more than 290 times. The evolution of the number 

of objects and their origin with respect with time can be seen in Figure 16 

  

Figure 15 Space Debris 

(NASA,2013) 



Enrique Blanco 

21 

 

 

 

 

 

 

 

 

In short, if humanity intends to use Earth’s space in the future this problem has 

to be addressed head on. 

 

 

 

  

Figure 16 Objects in Earth Orbit (44) 
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2.2  IADC  

Relevance within the project: The device will aim to allow enable satellites that 

are uncompliant with the IADC rules to de-orbit within the allotted time. 

The IADC “Is an international governmental forum for the worldwide coordination 

of activities related to the issues of man-made and natural debris in space” (11), 

and it has established a set of guidelines that require new satellites or spacecraft 

to have a defined plan for end-of-life disposal. These guidelines mandate that the 

satellites must de-orbit within a 25-year period after their End-Of-Life (EOL) 

This can be done by ensuring the satellite naturally decays to the surface, moving 

the satellite to a graveyard orbit or de-orbiting it by means of thrusters or drag 

sails, causing it to burn in the atmosphere. 

Despite these efforts there are still 

many planned satellite missions that 

are currently uncompliant with the 

IADC rules according to the chart to 

the left (12).  

 

It can be noted that Nano and Pico 

satellites are for the most part compliant as they tend to populate very low orbits. 

Mini and small satellites represent a much more worrying group and would need 

some sort of de-orbiting system to follow the IADC guidelines. 

  

Figure 17 Compliance with IADC 

guidelines for satellites 2015-2020 (11) 
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2.3 De-orbiting techniques 

Relevance within the project: To highlight the advantages and disadvantages 

of the drag sails other de-orbiting techniques are shown. 

To address the space debris problem, many solutions have been proposed over 

the years. The main concepts are going to be briefly introduced 

2.3.1 Delta-v maneuvering 

This de-orbiting method can be described as the release of propellant through a 

nozzle in the opposite sense of the orbit, and from conservation of momentum, 

decelerate the spacecraft. This can be done essentially two ways, it can either be 

a large single thrusting maneuver generating high thrust, or it can be a long-term, 

but continuous release of propellant. The first one would induce a Hohmann-like 

elliptical trajectory either to a graveyard orbit or to Earth, and the second one 

would be in the shape of a spiral instead. (13) 

 

Figure 19 Hohmann transfer (13) 

The main considerations before using this technique are that the usage of a 

propulsion system is the fact that some missions do not have any kind of thrusters 

and adding one to the spacecraft would mean a significant increase in its cost 

and also an extra layer of complexity. On the other hand, if a mission has thrusters 

having to de-orbit the satellite at EOL would mean carrying extra propellant from 

launch. 

Figure 18 Low-thrust trajectories (42) 
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These intricacies would have to be weighed and evaluated for any specific 

mission’s characteristics, to see if a de-orbiting propulsive delta-v would be 

advantageous or a liability. 

 

2.3.2 Solar sails 

Radiation pressure is the pressure that is exerted by radiation over a surface 

exposed to electromagnetic radiation. As per (10) 

Radiation pressure: 

𝑝𝑟𝑎𝑑 =
𝐼

𝑐
=

𝐸

𝑐
 

The solar constant flux density is about 1370 𝑊/𝑚2, this yielding roughly  

𝑝𝑟𝑎𝑑 = 4.5 𝜇𝑁/𝑚2 

 Solar sails can be described as highly reflective surfaces that make use of the 

momentum transfer that occurs when radioactive particles bounce off it. (14) 

 

Figure 20 Solar Sail principle (15) 

This method allows for significant speeds to be achieved in within a large 

timeframe, but the fact that it only works in high-altitude orbits > 1000𝑘𝑚 due to 
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the dominant drag effects at lower orbits limits its usability to missions intended 

to operate in those regions. (13) 
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2.3.3 Electromagnetic tethers 

This method involves extending a long conducting wire 

from the spacecraft, the interaction between this wire and 

the Earth’s magnetic field would induce a potential 

difference. If an electron emitter was to be added to the 

end of the wire, a current would be generated. Converting 

their kinetic energy into electrical energy (13). More 

concretely as described by (10): 

Potential difference: 

𝑉 = 𝐵𝑙𝑣  

From Ohm’s law the current through the wire with a 

resistance 𝑅 would be: 

𝐼 =
𝑉

𝑅
 

The Earth’s magnetic field strength is between 25 𝜇𝑇 < 𝐵 >  65 𝜇𝑇 

Producing a force acting contrary to the satellite’s direction: 

𝐹𝐿𝑜𝑟𝑒𝑛𝑡𝑧 = 𝐼𝐵𝐴 =
𝑉

𝑅
 𝐵𝐴𝑙 =

𝐵2𝑙𝐴

𝑅
 

Since the Earth’s magnetic field is a variable external to the satellite, the 

satellite would have to have a very long tether. 

Although a number of missions that have demonstrated its working principles. 

This technique would be unlikely to be used in the Nano-small satellite categories 

due to the concept’s inherent complexity  

 

  

Figure 21 Space 

tether scheme (10) 
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2.3.4 Space nets 

The concept of utilizing a magnetic net to 

capture objects in space is currently under 

development by JAXA, NASA and ESA. This 

technique would involve a “hunter” 

spacecraft getting into a relevant space 

debris objects’ proximity and release a net 

that would trap it, and then place in a 

trajectory to de-orbit to Earth, sometimes, 

depending on the mission concept along with the hunter spacecraft. (16) 

Since this concept involves a craft to be launched into space to de-orbit another 

ones, it would not be a cost-effective solution to de-orbit small satellites. 

2.3.5 Grapple hooks 

Grapple hooks are conceptually very similar to space nets. A hunter satellite 

would have to get close to a piece of debris, but instead of deploying a net, the 

capture would be achieved by launching a hook that would grab said debris and 

de-orbit along with it. This concept is yet to be flight-proven but there is agreement 

that the concept of a space net is more feasible as a de-orbiting method as it 

would be more agile and reliable. (16) (17) 

  

Figure 22 Space net concept (16) 

Figure 23 CleanSpace One mission 

concept (16) 
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2.3.6 Drag augmentation 

As discussed before, atmospheric drag plays a significant role in the neutral 

environment, where the LEO orbits are. Many satellites are estimated to naturally 

decay into Earth’s atmosphere and burn during reentry. For satellites uncompliant 

with the IADC guidelines that are not able to implement the previously discussed 

methods, the best option is to take advantage of the drag force. 

Since the drag coefficient is dependent on the satellite’s geometry, its velocity 

and the atmospheric density, the main way in which the drag of a given spacecraft 

can be augmented is to increase its cross-sectional area on its ram side. Many 

design solutions have been proposed over 

the years, among them are:  

Following Figure 124, (18) pointed out, that 

there are two ways to ensure that an 

uncompliant satellite would naturally 

decay into Earth. The first one would be 

decreasing its mass; which is considered 

much harder than the second option which 

is increasing the satellite’s cross-sectional 

area. 

  Figure 24 Relationship between 

Altitude and Area/Mass ratio (18) 
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2.3.6.1 Drag balloons 

Drag balloons have been proposed as a de-orbiting scheme and they present 

several attractive qualities. More concretely, the 

stowed volume would be very small, this allows 

the system to have a very large stowed-to-

deployed area ratio. A drawback is that to inflate 

the device some kind of pneumatic system 

would be necessary, adding complexity to the 

spacecraft overall. Another possible issue could 

be caused by perforations by micrometeoroids 

or space debris, this would allow the gas to 

escape and risking the addition of more space debris, instead of removing said 

satellite. Formal projects are underway to demonstrate the technology, such as 

Global Aerospace’s Gossamer Orbit Lowering Device (GOLD) as shown in Figure 

25. 

It is important to note that these added complications and its low TRL level would 

make this method’s implementation in nano and small satellites quite unlikely. 

  

Figure 25 Drag Balloon concept 

(52) 
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2.3.6.2 Drag Sails 

Conceptually similar to Solar sails, Drag Sails are thin membranes that are to be 

deployed from a spacecraft to greatly increase its ram-wise cross-sectional area. 

Proof-of-concept prototypes are still to be deployed in space. 

 

Figure 26 Drag sail concept (19) 

Currently, Cranfield University is developing a family of drag augmentation sails 

with two prototypes already in orbit. With another one scheduled for a 2017 

launch. (20). These devices are better described in section 2.4. 

2.3.7 De-orbiting methods commentary 

In his thesis, Taylor, (13) explores in detail the possibilities of de-orbiting 

strategies. It was found that the most efficient strategy available to satellites in 

the Nano to Small scale, -most of which have no propulsion system on their own- 

is passive de-orbiting by a deployable sail with the objective of increasing the 

satellite’s cross-section. This method is preferred since it does not have a large 

impact on the host satellite and just its budget. Additionally, drag augmentation 

is usually easy to implement in contrast with the extra subsystems that would be 

required to utilize any of the other methods. 
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2.4 Cranfield University’s De-orbiting systems 

2.4.1 Description 

Within this framework, Cranfield University has developed a family of de-orbiting 

devices in the form of drag sails. As described previously, their working principle 

is utilizing a deployable thin-membrane structure to increase the satellite’s cross-

sectional area and thus increase the atmospheric drag that the satellites 

experience. Acting as a break it slows them down, and over time the speed 

becomes low enough so that its orbit decays and burns due to the effect of air 

friction. 

In their paper (21) Palla, et. Al.  

describe in detail the development and 

characteristics of this family of devices. 

 In general, the Cranfield family of de 

orbiting mechanisms consists of two 

types of devices: the Icarus versions 

and the DOM. 

The Icarus type of devices consist on a 

frame that is attached to one side of the 

host satellite and deploys drag sails 

along its sides. On the other hand, the 

DOM is a small, weight efficient and self 

-contained unit that has four booms that 

that deploy in a spiraling fashion.  

 

 

 

  

Figure 27 Icarus-3 in deployed configuration 

in Cranfield clean room (21) 

Figure 28 DOM Engineering Model in 

deployed configuration (21) 
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2.4.2 Comparison 

Both devices have varied advantages and drawbacks, which (2) outlined in his 

thesis see Table 4 Comparison between Icarus and DOM  A summary of these 

can be seen below. It lists key design aspects and how well each system 

addresses them. 

  

  

Table 4 Comparison between Icarus and DOM (2) 
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After analyzing the unique characteristics of both devices. Grinham (2), goes 

further and proposed possible conceptual new systems that would take the best 

traits of both setups minimize their respective shortcomings. (Figure 29) 

 

 

Grinham thoroughly analyzed these concepts and evaluated them with respect 

the already existing system and against each other. For each relevant category 

a weighing factor was assigned and each concept graded accordingly. 

 

As it can be observed in the table above, is a clearly superior design. The edge 

concept was thus selected as a possible successor within the drag augmentation 

family. With the Adapted DOM coming in second place. 

Table 5 Trade-off analysis (2) 

Figure 29 Concepts proposed (2) 
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These studies let to the Edge concept to be selected and developed as the topic 

of this thesis work. 

2.5 Deployable booms 

Since the beginning of the space era, there has been the need of using long-

deployable structures for a variety of reasons from antennas to the ISS. (22)In 

the case of a drag sails, booms have been extensively used in a myriad of 

designs.  

2.5.1 Tape springs 

For this project’s purposes tape springs are considered as the main deployable 

mechanism to be used.  

Tape springs are straight, long, thin-walled semi-circular structures, as shown in 

Figure 30. 

 

Figure 30 Geometry of tape springs (23) 

In practice, these structures are usually strained elastically by being coiled around 

a spool, or by forming localized folds. 

 

Figure 31 Ways of storing a spring tape, by rolling (a) and by folding (b) (23) 

When constraints are released, tape springs return to their original shape in an 

essentially strain-free state.  
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Tape springs can be subjected to two types of moments, Opposite sense bending 

and equal sense bending, as seen in Figure 33. 

 

 

The behavior of tape springs is nonlinear, but very well documented. An example 

of a tape spring subjected to a force producing a bending moment is shown next. 

 

Figure 34 “Schematic M(θ) diagram; the origin is at point O. Arrows show the 

direction in which each part of the path can be followed. The broken-line path 

from A to D is unstable.” (23) 

Figure 33 Equal and opposite sense bending on 

spring tapes (22) 

Figure 32 Resultant stresses in 

a shell-shaped object (23) 
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Due to the robustness of tape springs and their simplicity they have been applied 

as structural actuators in space missions.  

2.6 Mechanical interfaces 

Relevance within the project:  Consideration was taken to design the 

mechanical interfaces and connections to minimize the impact of the device on 

the host. 

Perhaps one of the most important topics in mechanical design, is the selection 

and implementation of structural connections and interfacing. The following 

discussion is based on MIT’s Fundamentals of Design course (24)  

The difference between a structural connection and a structural interface is that 

a structural connection is intended to keep two or more parts permanently 

together, on the other hand an interface allows parts to be easily attached and 

removed.  

Structural joints allow for the transfer of loads between the members.  

They include,  

• Welding. Used in metal-metal joints, depending on the material can be 

hard to weld it, but if the process is appropriate the joint can be as strong 

as the metal it holds together.  

• Adhesive. Simple and versatile. In most cases it is preferred to the usage 

of bolts and welding, since it does not affect the host structure (holes and 

thermal distortion). The adhesive’s strength depends on the its chemical 

composition, as well as the applied area’s cleanliness, and size. Usually 

its strength is about an order of magnitude smaller than welding. 

• Bolts. Easy to design and of very common use, they clamp one part to 

another one. Allow for structural disassembly. It can take moment loads 

but resist shear only by clamping and friction. 
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• Rivets and pins. Are functionally similar to bolts, but bolts have clearance 

between it and the hole. Rivets and pins completely fill the hole. They 

maintain alignment using the shear strength of the rivet itself. 

 

  

Figure 35 Structural joints examples (24) 
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Structural interfaces can be defined as a mechanical interface that can easily 

be disassembled but at the same it is designed to take structural loading. 

Good design practices suggest that the number of contact points should at 

least be the same of the number of degrees of freedom to constrain. 

There are several types of structural interfaces, they can be categorized into 

these two groups: 

• Keys/Pins. Usually are over constrained, in practice tolerances are set 

so pieces there is some room between components. 

• Kinematic couplings. They provide exact constraint by using six points 

of contact. Considered dependable and economical due to its high 

repeatability. 

 

 

 

 

  

Figure 36 Structural Interfaces types (23) 
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2.7 Thermal knives 

Relevance within the project: It has been foreseen that the release mechanism 

would involve a thermal knife that would burn through cords preventing the device 

from deploying prematurely, thus it is important to know their operating principles. 

Thermal knives are simple electric heating elements that are mainly used to cut 

through a cords or wires, usually releasing some mechanism. Due to their 

simplicity and reliability they have been extensively used in Space missions.  

 

Figure 37 Thermal knife cutting (25) 

A good example of the usage of thermal knives would be the Microwave 

Anisotropy Probe (MAP) spacecraft, which used thermal knives to deploy its solar 

arrays at the beginning of its mission. (25) 
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Figure 38 Usage of Thermal Knives in MAP Spacecraft (25) 

 

2.7.1 Heat conduction 

The main mode of heat transfer in a thermal knife system is conduction. This is 

the dominant mode when two solids have a temperature difference between 

them. As an analogy to electrical circuits, a heat transfer system can be seen as 

a circuit with sources and resisting elements; but instead of using electrical 

resistances, the thermal resistance depends on the properties of each medium 

within the system. Exemplified in Figure 39 Heat conduction through a plane wall. 
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Figure 39 Heat conduction through a plane wall (26) 

 

The main equation for one-dimensional heat conduction is the Fourier’s equation 

and it is analogue to Ohm’s law in electric conduction. 

 

Figure 40 Fourier's equation (26) 

 

Where 

• 𝑞𝑥 is the heat transfer rate 

• 𝑘  is the thermal conductivity of the material 

• 𝑇𝑠,1 is the temperature of the hot element 

• 𝑇𝑠,2 is the temperature of the cold element 

• 𝐿 is the distance between the elements 
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2.8 Detailed Requirements 

The following list was based on the requirements list presented by (2) and 

expanded upon tailored to the particular objectives of this project. 

REQ 1 Reliability - The design shall be reliable; this includes having built in reliability 

to ensure the prevention of premature deployment.   

REQ 1.1 The device shall be able to withstand the Space Environment 

without prematurely deployment until the satellite’s End of 

Life (EOL) has been reached. 

REQ 1.2 The device shall be able to deploy with a very high degree of 

reliability during ground test to ensure fault avoidance in the 

final product. 

REQ 1.3 The system shall have incorporated fault avoidance, even if 

some current goes to the release system it should not be 

deployed by accident. 

REQ 2 Low Mass – The mass of the device must be less than the mass or propellant 

required for de-orbit.   

REQ 2.1 The device’s mass should be very small when compared to 

the host’s mass for it to be a feasible alternative to propellant 

for de-orbit. 

REQ 2.2 The device shall make use of low-density materials where 

possible, without compromising structural integrity or 

functionality.  

REQ 3 Low Cost – The cost of the system shall be small to ensure commercial 

viability.   

REQ 3.1 The system should be made from easily procurable 

materials. 

REQ 3.2 The system should be from easily machinable materials. 

REQ 3.3 The cost of the system overall should be much lower than the 

cost of a de-orbiting propulsion system. 
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REQ 4 Simple Design – Allows the design to be easily assembled and interfaced 

with the satellite.   

REQ 4.1 The system shall comprise of as few parts as possible. 

REQ 4.2 The electric release system shall be comprised of few and 

simple components. 

REQ 4.3 The boom deployment shall occur without the need of electric 

motors, servos or actuators. 

REQ 5 Simple Interfaces – The design shall have a simple interface to ensure 

minimum impact on host satellite and in addition to this the deployment 

mechanism should require minimal power.   

REQ 5.1 The system shall be able to be adapted to a wide variety of 

hosts with minimal or no modifications to them. 

REQ 5.2  The power consumption demands of the system to the host 

satellite must be limited to a single event in which it is 

deployed. 

REQ 5.3  The electric power required to deploy must be low. 

REQ 5.4  Interfaces within the system shall be kept as simple and as 

small in number while fully mechanically constraining it. 

REQ 5.5  The deployment of the sails must be spring-loaded to be 

released electronically by the satellite. 

REQ 5.6 The electric release system should be easily interfaceable 

with the satellite’s power bus. 

REQ 5.7 The system must be able to be mounted in the edges of the 

host satellite. 

 

REQ 6 Testable – The design must be easily testable in 1g, to ensure repeatability.   

REQ 6.1 Sail folding shall be as simple and as least time consuming 

as possible. 

REQ 6.2 The system must be able to endure repeated testing without 

degradation of any of the parts. 
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REQ 6.3 The device shall be manufacturable with the equipment and 

tools available at Cranfield University. 

REQ 7 Safe - The overall design must be safe and not pose a risk of damage to the 

host satellite.    

REQ 7.1  The deployment of the booms must occur in a direction 

which does not intersect with any of the satellite’s features or 

systems. 

REQ 7.2  The deployed sails must not interfere with any protrusions or 

systems. 

REQ 7.3 The device must be able to withstand the forces experienced 

at launch and at separation from the launch vehicle. 

REQ 8 Scalable – The design shall be easily scalable to ensure it can facilitate a 

wide variety of commercial satellite platforms.   

REQ 8.1  The system must enable the possibility of being either scaled 

up or down in size by simple resizing of few components. 

REQ 8.2  The system shall be able to accommodate non-standard 

satellite shapes such as hexagons or heptagons. 

REQ 8.3  The deployed sails must increase the satellite’s cross-

sectional area as much as possible. 

REQ 9 No Additional Debris Production – The device shall not create additional 

debris when being deployed and should not fragment when struck by space 

debris. 

REQ 9.1 Materials to be used in the drag sail must not produce 

fragments when tearing occurs. 

REQ 9.2 The deployment sequence must not create any particles or 

fragments. 
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3 Design process 

3.1 Early concepts 

3.1.1 Description  

After reviewing the literature, some concepts were briefly explored. Even though 

they were not developed any further, they helped to better envision the functional 

constraints and requirements that the project would demand. 

The model to the right (Figure 41) shows a 

design concept that would involve a servo-like 

spring loaded mechanism at the center of the 

device. This mechanism would rotate a few 

counterclockwise degrees and push a pair of 

telescopic booms mounted at its sides. The 

sails would have been attached to the yellow 

lids at the end of the telescopic booms and to 

one side of the device.  This concept was almost immediately scrapped since it 

was deemed to be mass inefficient (REQ 2) and 

invasive to the host satellite (REQ 5). 

The sketch to the left (Figure 42) shows a concept 

that featured spiral grooves that would store a spring 

tape in a predetermined pattern. This would be 

mounted at the edges of a host satellite so a sail 

could be unraveled from a spool at its center. 

 The concept was also abandoned since the 

following designs opted to use the pre-existing DOM 

Figure 42 An early concept 

of a spool and a tape spring 

Figure 41 Rotating shaft concept 
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for sail deployment, instead of inventing a whole new mechanism from scratch. 

These concepts were not graded since they are not directly comparable with the 

subsequent designs. 
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3.2 Version Pre-1.0 

3.2.1 Description 

For the first iteration of what evolved to be the final design, the concept of a drag 

augmentation system mounted on each of the sides of a host satellite was fully 

embraced. It featured a male and female key-type interface between its sides that 

allows the edge to be assembled to any given angle (REQ 5.4). This allowed the 

model to interlock and accommodate any given geometric shape by using a 

number of them. (REQ 5.1) which is also related to (REQ 8.2), which is to be able 

to fit on top of oddly-shaped satellites. As seen in Figure 43, the CAD model was 

assembled as a hexagon, shape that would have been impossible to 

appropriately accommodate using either the Icarus or the DOM alone.  

It also featured a space in its mid-section 

which would hold the sail cartridge and 

provide shielding from the harmful space 

environment. (REQ 1.1). The design 

intended to fit a DOM unit at each of the 

sides so they would provide the booms that 

would pull the sail out of the cartridge. But 

the DOM compatibility was not added until 

Version 1.0.  

According to (2), in his compatibility study, 

many of the uncompliant satellites had a side 

length of 0.6 𝑚 and it was selected for the 

rest of the project as the side length that was 

to be used as standard. The CAD model 

itself was initially carved from a 

600 x 100x 100 mm block as basic shape. 

In practical conditions, if necessary, that 

length would be easily scaled up or down to accommodate the satellite at hand. 

Figure 43 Front, Bottom and 

assembly views of Version Pre-1.0 
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This design was soon modified to become Version 1.0 since it was evidently not 

fulfilling most of the requirements, most notably, it was very mass inefficient (REQ 

2), this would also imply that since more material is being used the cost would 

have been higher (REQ 3). Interfacing with a host satellite would require 

significant modifications to it so (REQ 5). Also, that it would be hard to test (REQ 

6). A requirement fulfillment analysis is provided next. 
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3.2.2 Design review 

In this subsection, an analysis is provided which aims to grade how well does the 

design fulfill the requirements. The final scores were given after benchmarking 

was performed with respect to later design iterations. For simplicity, only the top-

level requirements are considered (REQ 1-9). 

Requirement Description Reason  

REQ 1 Reliability 
Reliability is unknown so grade 
is set as 5 

5 

REQ 2 Low mass Design is mass inefficient 1 

REQ 3 Low Cost 
Low cost is derived as the 
average between mass and 
complexity grades 

2 

REQ 4 Simple design 

Design does not feature any 
way to deploy the sail and 
interfacing with a host satellite 
would be troublesome 

3 

REQ 5 
Simple 
interfaces 

The impact on a host satellite 
would likely be significant 

3 

REQ 6 Testable 
Design would not be able to 
deploy a sail 

1 

REQ 7 Safe 
Device is assumed to be safe to 
the host 

5 

REQ 8 Scalable 
The device would be scalable by 
increasing its length. 

5 

REQ 9 No debris 
The device would not be 
expected to produce any kind 
of debris 

10 

 
 Total Score 35 

 

This design’s total score is of 35, which is very low considering that the maximum 

possible grade is 90. Needless to say, in following iterations these low scores 

were identified as areas of opportunity and addressed accordingly. 

 

Table 6  Version Pre-1.0 Requirement fulfillment grading (Maximum grade per 

requirement=10) 
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3.3 Version 1.0 

3.3.1 Description and improvements 

In Version 1.0 improvements were made to the 

Pre-1.0. 

These mainly concerned its lack of room to 

store the DOM units, and while also drastically 

reducing the volume of the whole system and 

thus its mass requirement (REQ 2), the DOM’s 

would be simply attached at the beginning and 

the end of each of the end of each of the sides. 

These units would deploy a set of booms which 

would pull the sail from the cartridge stored in 

the middle of the structure. 

Regardless of these changes, this version 

retained most of the features of its 

predecessor. Such as the male-female key 

interfacing between the sides and the 

shielding structure for the sail cartridge 

As per REQ 2 this design was also deemed 

mass inefficient, also that the cost would still 

be high due to the need of using two DOM 

units and its high mas requirement (REQ3), 

additionally, the impact on a host satellite would still be considerable due to 

unresolved interfacing issues. Another drawback that was identified is that the 

line of action of the booms is not aligned to the shape of the sail itself. This carried 

on unchanged almost until the end. 

 

 

Figure 44 Bottom view of version 

1.0 

Figure 45 Isometric view of version 

1.0 
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Here to the left (Figure 46) we can observe 

that mass was removed from the top of the 

part. This was because the DOM itself 

does not need to be housed to withstand 

the space environment (REQ 1.1). 

  

Figure 46 Front view of version 1.0 
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3.3.2 Design review 

As before, in this subsection, a requirement fulfillment degree checklist is 

provided.  

Table 7 Version 1.0 Requirement fulfillment grading (Maximum grade per 

requirement=10) 

Requirement Description Reason  

REQ 1 Reliability Reliability is unknown so grade is set as 5 
5 

REQ 2 Low mass Design is mass inefficient 1 

REQ 3 Low Cost 
Low cost is derived as the average between mass 
and complexity grades 

3 

REQ 4 Simple design 
Interfacing with a host satellite would be 
troublesome 4 

REQ 5 Simple interfaces 
The impact on a host satellite would still be 
significant 3 

REQ 6 Testable 
Only one DOM unit was available at Cranfield 
University 4 

REQ 7 Safe Device is assumed to be safe to the host 
5 

REQ 8 Scalable 
The device would be scalable by increasing its 
length. 5 

REQ 9 No debris 
The device would not be expected to produce any 
kind of debris 

10 

 
 Total Score 40 

 

This design’s total score is of 40, which is still very low but does represent an 

improvement ~14% with respect to Pre-1.0 version. The most notable change in 

score happens in testability (REQ 6) from 1 to 4 because the design would now 

allow the installation of the DOM units. In terms of mass efficiency, it is still very 

poorly ranked with respect of later iterations, with a score of 1. The design and 

its required interfaces can be considered to be marginally better than in the 

previous version.  
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3.4 Version 1.1 

3.4.1 Description and improvements 

For this Version 1.1, several key changes were 

implemented. 

Following REQ 1.1, (27) points out in 

Degradation of Spacecraft Materials in the 

Space Environment that 

“Kapton H atomic oxygen erosion data from 

(space) shuttle flight information caused 

concern for the survivability of Kapton… 

Materials that are already in their highest 

oxidation state such as silicon dioxide and 

aluminum oxide, however, do not react with the 

atomic oxygen in the LEO environment. Since 

Kapton had all of the desired properties for use 

on ISS other than its interaction with the 

environment, different types of thin-film metal 

oxide coatings applied by physical vapor 

deposition were tried as a protective barrier. 

Metal oxide coatings proved to be very effective 

barriers,”  

Therefore, it can be assumed that the Aluminized Kapton sail cartridges that are 

being considered in the design do not decay significantly in space. So instead of 

having a housing around them, they are to be left unprotected without the 

shielding structure around them perhaps a thicker cross-section towards the root 

of the sail (which would be the area truly exposed) would be enough to account 

for degradation.  

Figure 47 Version 1.1 

accommodating a heptagonal 

host 
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As a consequence, a significant amount of volume was removed from the design. 

(REQ 2). The main structure was split into different male and female parts and 

these were significantly thinned out. It was concluded that having two different 

interlocking parts would allow for easier installation. Thus, diminishing the 

system’s impact on a host (REQ 5).  

Also, as it can be seen in Figure 48 below, a much more adequate mounting base 

where DOM could be installed was incorporated to the “female” side.  

As before, an oddly-shaped host was selected to showcase the adaptability of 

the system, in this case a fictional heptagonal host was modeled. 

Another consideration that was take in this design iteration is how could a release 

system be integrated within the system without being intrusive or overly 

redundant; while featuring a high level of reliability and simplicity. It was decided 

that a thermal knife would be the best option since power could be drawn from 

the satellite’s batteries or solar cells, and redirected to heat a resistor enough to 

cut through a cord, while at the same keeping the power demand low (REQ 5.2, 

5.3, 5.6). Said cord, would run through the whole sail assembly with the cutting 

point being right underneath the DOM, just as its original design.  

  

Figure 48 Close-up view of the male and 

female parts 
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3.4.2 Design review 

As before, in this subsection, a requirement fulfillment degree checklist is 

provided.  

Table 8 Version 1.1 Requirement fulfillment grading (Maximum grade per 

requirement=10) 

Requirement Description Reason  

REQ 1 Reliability 
Reliability is unknown so grade 
is set as 5 5 

REQ 2 Low mass 
Design has better mass 
efficiency than V1.0 4 

REQ 3 Low Cost 
Low cost is derived as the 
average between mass and 
complexity grades 5 

REQ 4 Simple design 
Design is much more 
streamlined when compared 
with V1.0  6 

REQ 5 
Simple 
interfaces 

Interfacing with a host 
satellite would be easy but the 
parts still take considerable 
space 5 

REQ 6 Testable 

Only one DOM unit was 
available at Cranfield 
University and parts are 
simpler than V1.0 5 

REQ 7 Safe 
Device's safety would be 
unknown so grade is set at 5 5 

REQ 8 Scalable 
The device would be scalable 
by just increasing the 
cartridge's length 10 

REQ 9 No debris 
The device would not be 
expected to produce any kind 
of debris 10 

 
 Total Score 55 
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This design’s total score is of 55, which is could be considered as a passable 

design improving  ~37% with respect to v1.0. Improvements can be seen all 

across the requirements, mass efficiency is better, this combined with simpler 

parts yields a lower cost estimation. Since the parts are simpler, the testability 

grade is also increased. But greatest change in grade is the scalability of the 

system since now only a different cartridge length would be required to adapt a 

larger sail, while the rest of the system remains the same.  
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3.5 Version 1.2 

3.5.1 Description and improvements 

The changes made to version 1.1 that led to 

version 1.2 can be summarized as follows: 

A greater focus was placed to mass reduction 

hoping to better fulfill REQ 2. Firstly, the male 

and female parts were redesigned so the 

male part would serve as a platform for the 

DOM and as support for the sail cartridge. 

While the female part would serve only as 

constraint and support. Also, material was 

removed from the parts to reduce their 

individual mass contribution. Additionally, 

some dimensioning was applied so the DOM 

would more adequately fit in each corner. 

This version kept the best traits from 1.1 and 

improved upon them. Version 1.2 can also 

accommodate any combination of host’s 

aspect ratio and shape. 

  

 

Figure 49 Assembly of version 1.2 

Figure 50 Individual parts of the version 1.2 
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As can be seen in Figure 50 above, there are much more refined features 

compared with previous versions. In addition, the parts themselves are much 

thinner and mass efficient. 

3.5.2 Design review 

As before, in this subsection, a requirement fulfillment degree checklist is 

provided.  

Table 9 Version 1.2 Requirement fulfillment grading (Maximum grade per 

requirement=10) 

Requirement Description Reason  

REQ 1 Reliability 
Reliability is unknown so grade 
is set as 5 5 

REQ 2 Low mass 
Design has better mass 
efficiency than V1.1 5 

REQ 3 Low Cost 
Low cost is derived as the 
average between mass and 
complexity grades 5 

REQ 4 Simple design 
Design is much more 
streamlined when compared 
with V1.1 5 

REQ 5 
Simple 
interfaces 

Interfacing with a host 
satellite would be easier than 
V1.1 and parts take less space 7 

REQ 6 Testable 

Only one DOM unit was 
available at Cranfield 
University and parts are 
simpler than V1.1 6 

REQ 7 Safe 
Device's safety would be 
unknown so grade is set at 5 5 

REQ 8 Scalable 
The device would be scalable 
by just increasing the 
cartridge's length 10 

REQ 9 No debris 
The device would not be 
expected to produce any kind 
of debris 10 

 
 Total Score 58 
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This design’s total score is of 58, which is only marginally better than V1.1 with 

an ~5.5% improvement score-wise. Small improvements can be seen in 

multiple categories like mass efficiency, interfacing would be simpler since the 

parts are much smaller and self-contained which as a consequence could make 

the system easier to test. On the other hand, the score for simplicity in design is 

a point lower because this design has more refined features that could make it 

more difficult to manufacture. can be seen all across the requirements, mass 

efficiency is better, this combined with simpler parts yields a lower cost 

estimation.   
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3.6 Version 1.3 

3.6.1 Description and improvements 

This version was conceived with the aim of finally building and testing an actual 

physical prototype mainly addressing REQ 6.  

The selected prototyping method was 3-D printing the parts since it would allow 

much faster prototyping than manufacturing the parts from metal. The 3-D printer 

that was used for the rest of the project was a Makerbot Replicator which was 

located at Cranfield University (REQ 6.3). 

The main components from Version 1.2 remained with few significant functional 

changes. The most notable change is that the concept of installing a self-

contained DOM within the system was completely abandoned due to the 

unavailability of spare units and to cater to the simplicity of the design, instead a 

spool was designed to be installed on top of the “male” part. It is important to 

emphasize that 3-D printing meant that the parts would have to be greatly 

simplified; by removing any non-essential features and thinning out the parts 

(REQ 2), extruding errors would be mitigated.  

Another advantage of 

using simplified models 

was that they would be 

easier to assemble 

(REQ 4), identify the 

main kinetic interactions 

between the parts and 

to fix any issues that 

would occur. 

 

 

 

Figure 51 Parts that conformed version 1.3 
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3.6.2 Design review 

As before, in this subsection, a requirement fulfillment degree checklist is 

provided.  

Table 10 Version 1.3 Requirement fulfillment grading (Maximum grade per 

requirement=10) 

Requirement Description Reason  

REQ 1 Reliability 
Device was extensively tested 
and deemed highly reliable  10 

REQ 2 Low mass 
Design has much better mass 
efficiency than V1.2 10 

REQ 3 Low Cost 
Low cost is derived as the 
average between mass and 
complexity grades 9 

REQ 4 Simple design 
Design is much simpler than 
any of the previous versions 
but involves 4 individual parts 7 

REQ 5 
Simple 
interfaces 

Interfacing with a host 
satellite would be easier than 
V1.2 and parts take less space 8 

REQ 6 Testable 
All parts were 3-D printed and 
extensively tested 8 

REQ 7 Safe 
Device's safety would be 
unknown so grade is set at 5 5 

REQ 8 Scalable 
The device would be scalable 
by just increasing the 
cartridge's length 10 

REQ 9 No debris 
The device would not be 
expected to produce any kind 
of debris 10 

 
 Total Score 77 
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This design’s total score is of 77, which is much better than the score obtained 

by V1.2 with an ~33% improvement score-wise. Compared with V1.2 Scores 

were much higher in almost all of the categories from reliability went from 5 to 10 

mostly because V1.3 did get built and extensively tested, this also influenced the 

testability score. Low cost also scored high since the design was much simpler 

and the material used was just 3-D printing (PLA) plastic instead of being made 

out of metal as considered by previous iterations. Interfaces were also simpler by 

making the system volumetrically smaller thus reducing its impact on the host 

satellite (REQ 5). 

3.6.3 3-D printing 

The main part of the prototyping process involved 3-D printing the parts that 

would conform the de-orbit mechanism prototype. These parts were printed, 

utilizing 2mm-thick plastic string for extrusion. 

  

 

The printing of each of the parts would take about four hours each. 

  

Figure 52 3-D printed parts 
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3.6.3.1 3-D printer errors 

In some occasions, the 3-D printer would burn into the plastic or have some other 

irregularity and cause defects that would become worse the longer it kept printing. 

As a consequence, the defects were so dramatic that the parts were effectively 

rendered useless for prototyping purposes as shown in Figure 53 below. 

 

 

On the other hand, in some cases the defects were small enough that the part 

could be reworked by sandpapering or other means and then used normally. 

 

 

 

  

Figure 54 Rehabilitated parts 

Figure 53 Printing errors 
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3.7 Version 2.0 

3.7.1 Description and improvements 

To incorporate the lessons learned 

from previous tests and prototypes, a 

new setup was designed with the aim 

of correcting all the shortcomings from 

the past while maintaining simplicity. 

(REQ 4) 

This design aims to create a self-

contained device (REQ 4.1) that can 

be used to create any geometric shape 

with minimal effort.  

To achieve this, it features an outer housing shell that serves as support for a pair 

of poles at the top that hold the sail canister. One of the poles, is to be installed 

on a grooved-section at required angle. (REQ 5.1) 

Having those poles on top of the housing greatly reduce the offset distance 

between the axis of the canister and the and the axis of the spool compared with 

V1.3. This aims to align the boom’s line of action with the trapezoidal shape of 

the sail. 

The spool itself was also modified to 

allow for its top to be removable so 

the booms can be installed on its 

inside with ease. Additionally, the 

spool now has couple of cylindrical 

attachments around which it spins. 

On the bottom one, there is a hole 

through which a cord is to go, it would 

Figure 55 Quadrilateral assembly V2.0 

Figure 56 Close up view of V2.0 



Enrique Blanco 

65 

 

be firmly attached to both ends, preventing the spool from rotating. This 

mechanism is fully explained in the release system section. 

Another design improvement that was incorporated to this iteration is the 

inclusion of a space where electric release system could be installed.  

3.7.2 3-D printing V2.0 

Applying lessons learned from printing all the variants of V1.3, more appropriate 

settings were set when sending the job to the printer. Consequently, the 3-D 

printing of V2.0 was almost devoid of any errors, only small sections presented 

minor burn-ins which did not affect the usefulness of the parts themselves. 

After assembly and some initial deployment testing, the top pin of the spool broke 

off almost immediately, so in its place an aluminum tube was installed. Then a 

hole was drilled on its side so the release cord can go through it. 

 

 

 

 

 

 

  

Figure 57 Printing and assembly of final version 
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3.7.3 Design review 

As before, in this subsection, a requirement fulfillment degree checklist is 

provided.  

Table 11 Version 2.0 Requirement fulfillment grading (Maximum grade per 

requirement=10) 

Requirement Description Reason  

REQ 1 Reliability 
Device was extensively tested 
and deemed highly reliable  10 

REQ 2 Low mass 
Design has much mass 
efficiency comparable to V1.3 9 

REQ 3 Low Cost 
Low cost is derived as the 
average between mass and 
complexity grades 9 

REQ 4 Simple design 
Design can be easily 
assembled and disassembled, 
also has just 4 parts 9 

REQ 5 
Simple 
interfaces 

Interfacing with a host 
satellite would be easier than 
V1.3 is also more self-
contained 10 

REQ 6 Testable 

All parts were 3-D printed and 
tested for electric boom 
deployment but no sail 
deployment test was 
performed also testing was 
more complex than in V1.3 8 

REQ 7 Safe 
Device's safety would be 
unknown so grade is set at 5 5 

REQ 8 Scalable 
The device would be scalable 
by just increasing the 
cartridge's length 10 

REQ 9 No debris 
The device would not be 
expected to produce any kind 
of debris 10 

 
 Total Score 80 
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This design’s total score is of 80, ~3% better than V1.3. Compared with V1.3. 

The scores are very similar, the only differences would be that V2.0 has a slightly 

lower mass efficiency 9 against 10 from V1.3, that it is easier to assemble and 

interface than its predecessor and its smaller in size which would diminish the 

overall impact on the host. 
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3.8 Release system 

3.8.1 Preliminary considerations 

Historically, there has been many ways in which space-bound systems have been 

deployed. These techniques include: Thermal knives, electric motors, servos, 

inflatable booms and pyrotechnics, among others. The design of this project’s 

release system was shaped by the constraints placed by the requirements and 

the equipment available at Cranfield University. 

For reliability concerns, (REQ 1,7) techniques such as pyrotechnics were 

discarded early on, not only because the deployment itself could lead to more 

debris generation (REQ 9.2), as defined by (28) a “Break-Up” but additionally, the 

reliability of pyrotechnics after an extended period of exposure to the space 

environment is not well documented. Not to mention that Cranfield University 

does not have the facilities and tools that would be necessary to develop and test 

such a device (REQ 6, 6.3). 

The usage of motors or servos was also discarded since they would add 

complexity, mass and power demands to the system (REQ 4.3, 5.2, 5.3,5.6).  

Inflatable booms were not considered since they do not align with the heritage 

provided by previous projects such as ICARUS and DOM and would require to 

be designed from the ground-up. Also, such an approach would demand 

additional resources from the host satellite (such as carrying compressed gas) 

increasing its impact on it (REQ 5). 

This led to the conclusion that the release system had to be a combination of 

mechanical interactions with simple electronics supporting a thermal knife that 

would release strain energy stored in the device, leading to deployment (REQ 

4.2, 5.5). This approach would also allow for testing at 1 G (REQ 6).  
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3.8.2 Conceptual design 

Having established that the release system would be a combination of a spring-

loaded mechanism along with a thermal knife, a number of key possible issues 

that could be faced were identified. 

3.8.2.1 Possible issues 

3.8.2.1.1 Uneven deployment 

An example would be that synchronization would be of great priority, since if 

different sides deployed at different times, the booms would be unable to correclty 

extend. This situation is depicted below. 

 

Figure 58 Uneven deployment 

As it can be seen in Figure 58, if the booms were to deploy at different times, the 

resulting forces would act against the under-deployed boom, this problem was 

encountered in many of the deployment tests. 
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3.8.2.1.2 Relaxation of the cord 

Another issue that arrose, as depicted in the figure below, a cord fixed on both 

ends would be used to prevent the spool from spinning, however even if the cord 

seems tight, there can be still some extra tension before the cord is truly strained. 

This would cause a small rotation of the spool that would lead to L2> L1 as 

depicted in Figure 58. This would mean that a longer boom section would be 

sticking out of the spool. 

 

Figure 59 Undesired rotation after apparent constraining 

3.8.2.1.3 Other 

An issue that was not addressed on this project but would be of importance for 

future work was to minimize any possibility of premature deployment (REQ 

1.1,1.3), and a possible design suggestion to this could be to run two crossing 

cords instead of one through the spool. 
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3.8.2.2 Thermal knife in series vs parallel 

Consideration was taken involving the design implications of the actual wiring of 

the electric circuit of the thermal knives. 

As it is always the case when connecting electrical circuits, the setup can be 

configured to be either in series or in parallel.  

Initially, it was considered to have a wire run through all of the sail canisters that 

would effectively connect all of the resistors in series, while keeping the wiring 

neat. The downside of this approach is that it would imply that the resistors would 

receive different power, this could lead to synchronization issues as mentioned 

before, or it would involve having independent power sources for each of the 

knives. These complications would go against the purpose of reliability and mass 

efficiency (REQ 1 and REQ 2). Thus, the option was discarded. 

In the end, it was decided to have the system to be connected in parallel, situation 

that would ensure that all the thermal knives receive the same amount of current 

at any given time. This would contribute to the synchronized release of all the 

sails. 

In the Figure 60 below, a pair of sketches of the two possible wiring configurations 

for the release system, note that they are exaggerated for clarity. 

 

 

 

 

 

  

Figure 60 Sketches of the possible wiring of the release mechanism 



Enrique Blanco 

72 

 

3.8.2.3 Test bed setup 

As per requirement (REQ 6) the system was to be easy to test. To this purpose 

a test bed setup was devised. It would be comprised of two structures that would 

hold the sail cartridge in place while either a DOM unit or a spool with a boom 

would be able to pull it. These unit would be held in place by two cords attached 

to a fixed, external release unit that could be burnt by either fire from a standard 

lighter or by an actual thermal knife. The concept is depicted in Figure 61. 

 

Figure 61 Test bed setup 
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3.8.2.4 Thermal knife placement 

Furthermore, the placing of the release cord was evaluated to be implemented 

along with Version 1.3 for prototyping purposes.  

Firstly, a concept that was explored was to mount the thermal knife itself on top 

of the spool. This option was later discarded to due to the possibility of the thermal 

knife melting and damaging the 3-D-printed plastic model Also, it would add an 

additional layer of complexity to run a wire through the central axis of the spool 

and prevent it from interfering with the deployment. 

Instead, it was envisioned that it a 

cord tied to the top of the spool 

preventing it from spinning would be 

easier to test (REQ 6) and burning 

said cord with the thermal knife 

attached to the “male” part of V1.3.  

Another reason why it was decided to 

attach it to the top of the spool is that 

once the cord was cut-off it would not 

interfere with the deployment of the 

sail. 

However, after building and testing it, 

cutting point was moved closer to the center to the host (as shown in the previous 

subsection) since it’s easier to tie a cord to another one rather than attaching 

another cord after each deployment attempt. This can be better appreciated in 

the Four-sided test in the Prototyping and Testing chapter. 

 

 

 

Figure 62 sketch of concepts related with 

the placement of the thermal knife 
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3.8.3 Prototype electric release system 

3.8.3.1  Description 

To test the thermal knife performance, the electric release system was designed 

to be used with Version 2.0. 

Is comprised of a hole in the spool’s shaft which allows a cord to pass through; 

the cord would be fastened to the housing and to be put in contact with a thermal 

knife. 

At the time of release the resistor would heat up due to power dissipation, burning 

through the cord, releasing the spool’s axis and allowing it to spin and then deploy 

the booms.  

The release mechanism was designed to include an Arduino Uno board which 

after given a command, it would act as a timed switch and direct power to the 

resistor. This was with the purpose of emulating what an actual spacecraft bus 

would do to activate and de-activate the thermal knife. 

The resistor that was selected for the system is a 10 Ohm TO-247 Power Resistor 

that can dissipate a maximum of 100 W.  

For prototyping purposes, a Kevlar cord was not considered since according to 

(25) a Kevlar-cutting thermal knife would have to be heated up to an excess of 

1000 C which is beyond the capabilities of the proposed setup. So, polymer cords 

were chosen instead because they present a much lower melting point while at 

the same time having enough tensile strength for prototyping purposes. (29) 
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3.8.3.2 Heat transfer analysis 

To establish if the proposed thermal knife would be able to cut through a Nylon 

or polyester cord a one-dimensional heat conduction analysis was performed. 

The derivation procedure and assumptions used in the analysis can be seen in 

the Appendix D and the resistor’s characteristics were obtained through the 

datasheet (30). 

The results found that to maintain the heat 

flow that would be created by applying a 

current through the thermal knife a Nylon 

cord would have to be at. 

𝑇𝑁𝑦𝑙𝑜𝑛 = 188 𝐶 

or if a Polyester cord was to be used, the 

temperature would be 

𝑇𝑃𝑜𝑙𝑦𝑒𝑠𝑡𝑒𝑟 = 297 𝐶. 

Considering the material properties from (31), these temperatures are much 

higher than their respective melting points of 80 − 160 𝐶 for Nylon and 115 −

170 𝐶 for Polyester respectively.  

 

Figure 64 Temperature gradient for polyester 

Figure 63 Simplified heat conduction 

diagram 
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As a thought experiment, the temperature gradient that would have to be 

achieved between the thermal knife and the ambient with the cord in between is 

shown in Figure 64 above. The melting point for polyester is highlighted. 

Thus, the thermal knife would cut through the cords long before achieving steady 

state heat transfer.  

In terms of a real space mission, Nylon or plastic polymers would be an unlikely 

choice to hold the release mechanism because these materials experience 

significant degradation in the space environment (REQ 1.1). Even if significant 

shielding was used to protect them from radiation their properties would be 

affected quite negatively. (32)  

Other materials that would be more adequate would be Kevlar which has been 

extensively and successfully used in many deployable space structures (25) and 

features good atomic oxygen resistance compared with polymers. (33) 
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3.9 Sail design 

3.9.1 Description 

Since the beginning of the project, trapezoidal sails were considered, as they 

provide a larger area than rectangular sails, thus leading to better weight/area 

efficiency. 

The main concern was to maximize the attainable area with a given side length 

and a finite boom length constrained by its self-supporting length (REQ 8.3). 

To address this design problem, first a MATLAB script was written which 

calculates a trapezoidal shape’s area with all the possible combinations of root 

and boom lengths for a given aspect ratio (see appendix A). The code assumes 

the geometry shown in Figure 65 below; it is worth mentioning that even though 

the boom length and the sail’s lateral length did not end up being of the same 

exact size, their overall order of magnitude is the same, the calculations carried 

on assuming they were the same in order to simplify the problem. 

 

Figure 65 Sail Geometry 
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3.9.2 Optimization 

The first step into optimizing the sail was to determine the optimum aspect ratio 

which was defined as 

𝐴𝑠𝑝𝑒𝑐𝑡 𝑅𝑎𝑡𝑖𝑜 =
𝑅𝑜𝑜𝑡

𝑆𝑖𝑑𝑒
. 

The following graph shows how the maximum attainable area for a 0.6𝑚 root and 

0.6𝑚 boom vary with different aspect ratios. As it can be seen, the graph presents 

a maximum corresponding to an aspect ratio of 2.0, thus this was the first 

parameter to be established. 

 

Figure 66 Dependence of maximum attainable area with respect to Aspect ratio 

Furthermore, the dependence of the total area with respect to any given 

combination of root length and boom length for up to 10𝑚, as expected, the 

maximum occurs where the longest boom matches the longest root. One must 

note that in the surface plot in Figure 67 below, there is a large region where the 

sail area is zero, this was to denote incompatible root-boom combinations. For 

example, where the boom was shorter the side length thus corresponding to 

another aspect ratio other than the one selected.  Other aspect ratios were also 

calculated and can be seen in the Appendix A. 
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Figure 67 Surface plot of Sail area for aspect ratio 2 units in meters 

By analyzing the X-Z projection of the surface plot one might note that just as 

expected, for a given root length, the boom length increases with the maximum 

sail area. The Y-Z projection shows a similar behavior and it is shown in the 

appendix A. 

 

  

Figure 68 Boom length vs Total area for a given root length 



Enrique Blanco 

80 

 

3.9.3 Resulting dimensions 

Finally, the sail dimensions were set as follows: 

 

The design of the sail features a trapezoidal shape that has a 2: 1 as aspect ratio 

between the top and the bottom which measure 120 and 60 𝑐𝑚 respectively. This 

leading to a boom length of about 52𝑐𝑚 and a cross-sectional area of 0.3852  𝑚2. 

The reason why is that the largest test bed available in the lab was approximately 

80 ∗  70 𝑐𝑚 and it’s the largest sail that could be fitted on it, considering also the 

length rest of the parts would require. Also, the size was constrained due to the 

availability of raw Aluminized Kapton.  

 

 

  

Figure 69 Sail dimensions 
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4 Prototyping and Testing 

This section will provide a comprehensive overview of the prototyping and testing 

process and how it influenced the different design modifications. 

4.1 Pull test 

Objective: To get an overall idea of how much resistance a folded sail presents 

when folded in a rectangular fashion. 

Requirement to fulfill: To establish a framework on which a testable platform 

can be built (REQ 6). 

As a first experimental setup, a mockup 

version of the sail cartridge outfitted with a 

rectangular sail was mounted on a pair of 

wooden planks which served as support, 

which at the same time was taped to a 

larger test bed. The purpose of this test 

was to observe how much force was 

needed to unroll a rectangular sail into 

position.  

A standard tape measurer was used to 

pull the sail into deployment along with a spool with a boom. 

The resulting conclusion was that the spring force provided by the stored 

momentum inside a spool would be enough to deploy the drag sail. But this could 

not be established with certainty and more formal tests were to follow this one. 

  

Figure 70 Pull test 
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4.2 Half folded sail 

Objective: The purpose of this test was to devise a simple way in which the sail 

could be folded and then deployed successfully. 

Requirement: The incumbent requirement is REQ 6.1 since the test aims to 

determine the simplest way to fold the sail. 

The test involved one side of the setup to 

have a spool with spring tape around it. The 

boom was taped to the top edge of the sail, 

and at the middle of the sail the measuring 

tape that was used in the pull test was 

attached help ensure a clean deployment. 

The results of these tests were varied. 

Firstly, a viable way of simple sail folding was found, as depicted in Figure 72 

below. 

The process of folding the sail can be 

described in two steps: 

1. A section must be folded from a point in 

the mid-lateral section of the sail towards the 

center from both sides. By doing this, a quasi-

rectangular shape is formed in the mid-

section.  

2. The booms must be coiled inside the 

spool while reeling in the sail into the 

cartridge. 

The only disadvantage of this folding method is that the sail cannot be completely 

stored inside the cartridge, there is always a smaller trapezoidal section sticking 

out of it, with a side length corresponding to the part of the boom that doesn’t go 

Figure 71 Half-folded sail deployment test 

Figure 72 Trapezoidal sail folding 
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inside the boom. Despite this, this usage of this folding pattern continued 

throughout the rest of the project. 

Another, unexpected result that was encountered is that in several occasions the 

spring tape sprung out in undesirable directions because the force required to 

pull the sail was greater than the buckling resistance of the tape. 

 This led to the conclusion that a couple of poles acting as boom guides were 

required to allow the tape to follow the desired direction or alternatively, that a 

housing surrounding the spool would be required to provide a reaction force 

against the buckling.  

  

Figure 73 Undesired direction coiling-out 
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4.3 Lenticular booms 

Objective: To evaluate the possible boom cross-section configurations and their 

respective advantages. 

Requirement to fulfill: The boom cross section affects the amount of strain 

energy stored in the system which allows the spool to unravel (REQ 1), it also 

influences the weight the weight of the boom (REQ 2) but also has to be 

achievable with the available equipment and tools at Cranfield University (REQ 

6.3). 

At this point of the development process, a solution for the inadequate buckling 

of the spring tape was sought. Deployment attempts made it clear that the spring 

tape alone did not have enough bending stiffness to bounce back from the initial 

position and deploy at the desired angle. 

The solution was to use a lenticular arrangement of the booms, as described in 

the University of Surrey CubeSail project (34).Also described by (35) along with 

other possible boom configurations as shown in Figure 74 below. 

 

Figure 74 Possible boom configurations (35) 

 A lenticular boom is consisting of two semi-circular spring tapes assembled in a 

mirrored convex fashion resembling a pair of parenthesis () roughly 

corresponding to e) in the figure. 
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University of Surrey (34) obtained its 3.6 𝑚 lenticular booms by outsourcing them 

to SSC and the kapton sleeve that holds them together was also custom made 

for them.  

Also, DLR (36) was able to manufacture carbon fiber reinforced polymer (CFRP) 

booms and achieving lengths of over 3.6 𝑚 by bonding several matrix-epoxy 

layers and curing them inside a special vacuum bag. 

 

Figure 76 CFRP Boom manufacturing and 3.6-meter self-supporting test 

These resources were not available at Cranfield University, and considering the 

experimental nature of this thesis project it was enough to use duct tape to hold 

two tape springs forming a lenticular section. 

Figure 75 Lenticular boom from (34) 
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Although it would be convenient to have uniform booms, this was avoided since 

it was found that duct tape was very frictional and it caused the deployment to 

stop in several attempts. Instead, the booms were united with on three separate 

locations, one at the root and the other two roughly in the divisions between the 

first-second and second-third thirds of the boom. As seen in the figure below. 

 

This arrangement was intended to yield a uniform buckling at the root of the 

booms so they could be properly coiled in. The second and third ones and to 

prevent any separation of the tape springs and thus almost acting as a single 

lenticular boom. The last third of the boom was intentionally left without any duct 

tape since it was being considered that one of the tapes to be bent while stored, 

this allowing the sail to be better stored in the canister. 

Lenticular booms proved to be vast improvement over a single spring tape, not 

only allowing a much greater strain energy to be stored in the spool, but also 

enables the possibility of implementing much larger booms. (See next 

subsection) 

 

  

Figure 77 First two-boom successful deployment test 
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4.3.1 Self-supporting length tests 

Objective: To compare the stiffness of a normal tape spring with its lenticular 

counterpart by measuring their respective maximum self-supporting length. 

Requirement to fulfill: The sail sizing is dependent on the achievable boom 

length REQ 8. And also since Cranfield University lacks the ability to manufacture 

long Cu-Be booms REQ 6.3 is involved to evaluate testability. 

For the first part of this test a tape spring was horizontally held on one end in 

order to determine the length at which it failed by self-induced buckling. As seen 

below, the tape is held first at 1m then it the critical free length was determined 

to be at 𝐿𝑠𝑒𝑙𝑓 = 1.06 𝑚 

 

 

l 

 

 

 

The characteristics of the observed type of failure mode is discussed in detail by 

(35). 

Next, a lenticular version of the tape spring was used to establish a critical length, 

unfortunately, at there was not enough tape spring available at the lab to make a 

lenticular boom longer than 2𝑚. With that said, the lenticular boom showed no 

sign of any failure mode even after shaking it or changing its orientation.  

Figure 78 Self-supporting length of single tape spring 
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Figure 79 Lenticular boom being held at a length of 2 meters 

Going even further to showcase its superiority over a single tape, a test was 

performed by attaching a water bottle with 200 𝑔𝑟 of water at one of the ends of 

the boom. Surprisingly, it was able to resist the resulting bending moment being 

held at a distance of 1.7 𝑚. A heavier load of 500 𝑔𝑟 was tested but failure was 

observed, in this case failure occurred in form of a crack in the tape spring across 

its width, following the moment caused by the load. 

 

 

Figure 80 Lenticular boom held at 1.7 meters while supporting ~200 gr at the 

other end 
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4.3.2 Boom weight efficiency 

Objective: To assess the achievable weight-to-area ratio of two boom shapes 

that were considered for this project.  

Requirement to fulfill: To minimize boom’s impact on the overall mass of the 

system (REQ 2) and to evaluate its relationship with the maximum achievable 

area. This by utilizing the results of the self-supported tests would ensure that the 

booms would not collapse during 1-g testing. 

Taking into account the overall mass-per-meter of a single tape spring which is 

of about 0.02 𝑘𝑔/𝑚 (appendix F) and assuming a 0.6𝑚 root length, Table 12 was 

constructed with the purpose of evaluating the weight-to-area ratio relating 

directly to a compromise between REQ 2 and REQ 8.3.  

It is worth noting that in the table below, a safety margin of 2 and 1 is introduced 

for the single tape boom its lenticular counterpart, respectively.  

The margin of 2 for the single tape boom was set to ensure that REQ 1 is fulfilled, 

it’s not good practice to operate near the component’s limits. On the other hand, 

since the lenticular boom was able to self-support even with a concentrated load 

at one end it’s safe to assume that a 2 𝑚 boom is still well below its maximum 

capacity. The fact that the amount of tapes per spool would double if the lenticular 

booms was also considered. 
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Table 12 Single tape vs lenticular booms Weight/Area efficiency and Area ratio 

 % Ratio of Area/Weight (Lenticular/ Single tape-1) * 100 -38.21 

% Achievable area ratio (Lenticular/ Single tape-1) * 100 394.34 

 

 

Single tape 
boom 

Lenticular 
boom 

Amount of tapes per 
spool 2.00 4.00 

Max Self-supporting L 
(m) (Not maximum for 
lenticular) 1.00 2.00 

Safety margin 2.00 1.00 

L (m) 0.50 2.00 

Weight per spool (kg) 0.02 0.16 

Achievable area (m2) 0.36 1.78 

Area/Weight (m2/kg) 17.89 11.05 

 

According to the calculations made, the usage of lenticular booms could yield 

38.2% less weight efficiency with respect to using single tape booms. On the other 

hand, it would allow for much larger sails, more precisely 394% larger sails 

compared with the single tape boom case.  

In this case a trade-off analysis would be necessary to establish if a ~40% 

increase can weight justify a ~500% increase in sail area. Another factor that 

could play a part in the decision is that the stored energy would be greater by 

using lenticular booms, which would in turn make a successful deployment more 

likely, thus concerning REQ 1.  

As a side note, if the resources required to make 3.6 𝑚 lenticular booms as 

featured previously, the area per sail would be 3.23 𝑚2 -around 9 times larger 

than possible with tape springs-. 

For prototyping purposes, the weight of the system is not a main concern. Also 

since lenticular booms can easily be made by simply taping two regular spring 
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tapes testing the setup is also simple and the extra energy helps create a larger 

force to pull the sails out of the cartridge (REQ 3, REQ 6 and REQ 6.3). 

It is worth mentioning that after implementing this kind of booms inside the spools, 

the first successful two-boom deployment tests occurred. 

Unfortunately, even after installing the lenticular booms, the buckling-in problem 

still appeared in deployment tests. 

  
 

 

 

  Figure 81 Undesired buckling in lenticular booms 
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4.4 Boom guides 

Objective: To design a set of boom guides that would direct the booms in the 

right deployment angle so the buckling-in problem is suppressed. 

Requirement to fulfill: This concerns the system’s reliability so REQ 1 is 

involved, REQ 4 because the design is being kept as simple and REQ 6 to ensure 

testability. 

As discussed before, the need of some sort of boom guides was identified earlier 

in testing. A first draft of the guides featured 

a grooved surface on top of a small hollow 

rectangular block, these grooves would serve 

as mounts for the boom guides and allow the 

boom to be directed in any desired direction 

when deploying. This concept was discarded 

as it was considered to be an unnecessary 

complication at this stage violating REQ 4. A 

sketch of the idea is depicted to the left. 

 

Instead of the grooved concept, a more straightforward approach was taken, and 

a simple, barebones design followed. It consisted of a cylinder and a base that 

could be screwed into the test section. As seen in Figure 83 below. 

 

Figure 82 Adjustable boom guides 

concept 
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These simple boom guides were 3-D printed and 

installed but after just a few deployment attempts 

they broke off at the root of the cylinder. And 

instead of replacing them the solution was to 

simply screw a long screw in the place where the 

cylinder had been. This yielded much better 

results in the end. 

Unfortunately, spool guides were not enough to 

ensure correct deployment, because the 

buckling-in problem was still present in a number of attempts. 

 

 

 

  

Figure 83 Boom guide 

Figure 84 Installed boom guides 
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4.5 Housing carcass 

Objective: To mitigate the buckling-in problem and at the same direct the booms 

in the correct deployment direction. 

Requirement to fulfill: Increase deployment reliability and testability (REQ 1 and 

REQ 6), the design was intended to be as light (REQ 2) and as simple (REQ 4) 

as possible. 

Previous deployment attempts made after the installation of the boom guides and 

their unreliable results, led to the conclusion, that another, additional part needed 

to be designed in the shape of a sort of housing around the spool.  

The housing model could be described as a semi-circle that featured three slots 

through which the booms could be inserted through for accoomodating the 

required deployment angle for various types of tests; also it included two holes 

for it to be screwed in place. Then, it was proceeded to install it and two screw 

holes so it could be installed on top of the existing setup. 

Next, test how would the system work if two 

sets of lenticular booms were attached in 

one spool housing two spring tapes with the 

purpose of eventually attaching two sails 

per spool  

Notably, the extra strain energy makes the 

deployment considerably more reliable and 

strong.  

As a by-product of this, the torque required to 

coil in the spool made it quite hard to set it up for tests. 

It can be said beyond doubt that the addition of the external housing was one of 

the key developments that made the spool work by mitigating the effect of the 

boom buckling out in the wrong direction.  

Figure 85 Fractured spool 
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The extra strain, coupled with the shock experienced by the spool when the 

booms finished deploying caused it to break internally. 

It was at this point a new, thicker set of spools was designed and printed. They 

are shown in Figure 86 below.  

 

 

After further attempts the outer housing broke off almost immediately due to 

impact from the boom deployment.  

This led to a second version of the housing shell that featured a thicker wall 

section, and four attach points instead of the original two. This proved to be 

insufficiently thick and broke off, leading to a third version which proved to be 

strong enough to withstand the deployment. 

 

It is to be noted that kind these modifications which involve the thickening of the 

parts to increase their strength, would not be necessary in the final product since 

the strength of any metal far surpasses the stregth of 3-D printing plastic. In this 

Figure 87 Evolution of the carcass 

Figure 86 Spool Version 1 and Version2 
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project in particular, the availability of rapid and iterative prototyping outweighs 

the need of structural strengthening. 

 

Figure 88 Improved housings and spool as 3-D printed 

4.6 Sail tearing 

Another problem that was encountered during testing was 

that due to imperfections in the cutting of the sail, tearing 

would occur along those irregularities when force was 

applied to them.  

These tears proved to be fixable using Kapton tape, and as 

a preventive measure all the edges of future sails cut would 

be reinforced with it. By doing this, the problem was almost 

completely mitigated. 

 

  

Figure 89 Sail tearing 
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4.7 Additional frame sides 

Objective: The objective of adding additional frame sides was to test and later 

demonstrate that the drag sail could be fully deployed by interconnecting the 

spools while accommodating the host’s shape. 

Requirement to fulfil: The main requirement to fulfill was for the model to be 

reliable (REQ 1) and to ensure that a full deployment was possible (REQ 6). 

At this point, the deployment was deemed reliable enough so it was decided that 

it was feasible to build and add more sides to the system. Then, work out how 

the sails could be interfaced with the spools, and evaluate the impact of release 

synchrony on the system as a whole. A draft of the four-sided prototype is shown 

below.  

Figure 90 Draft of the four-sided prototype. All dimensions are in millimeters 
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As it can be seen in the drawing, the model consists of four sides mainly because 

it’s the simplest sail-boom configuration while triangular shapes were not 

considered since all of the noncompliant satellites that (2) mentions have four or 

more sides. A two-boom per-sail configuration was chosen to make sail-boom 

interfacing and testing easier (REQ 6) and it was determined that the extra weight 

(800 𝑔𝑟) was not significant for prototyping purposes. 

Also, for simplicity and boom exchangeability all the booms in the model are of 

the same size 520 𝑐𝑚 this was chosen since the design originally would 

incorporate the DOM’s booms which are of that size.  

The dimension just remained, since the same sail that was used in the one-side 

tests was also used for the four-sided model.  

It is also worth noting that, for two of the sides a shorter canister was used with a 

length of 50𝑐𝑚 with the intention of demonstrating that the system would be able 

to accommodate different aspect ratios on satellites. 

As it can be seen in Figure 91 above, the areas of the trapezoidal sail can be 

calculated by just locating the corresponding intersections in the heat map that 

Figure 91 Calculation of the different sail areas by means of the MATLAB code 
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was obtained by the code in Appendix A. The areas are 0.38 𝑚2 for the left and 

right sails, and 0.34 𝑚2 for the top and bottom ones. All of them together yield a 

total area of 1.44 𝑚2, this compared with the original cross-section of the host 

alone of 0.56 𝑚2 represents an 157% increase in the area. These numbers are 

summarized in Table 13 below. 

 

Host 
Satellite  

 

Sail Total 

Shape Rectangle Trapezoid  
Width (m) 0.8 Root length (m) 0.6 0.5 N/A 

Height (m) 0.7 
Boom length 
(m)  0.52 0.52 N/A 

Aspect ratio 1.142857143 

 

2 2 N/A 

Area (m2) 0.56 0.38 0.34 N/A 

Amount 1 2 2 4 

Cross-sectional 
Area 
contribution 
(m2)  0.56 0.76 0.68 2.00 

%Area Increase 
With respect to 
rectangle alone N/A N/A 35.71 21.43 157.14 

Table 13 Sails and Host Satellite area comparison 
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After having solved other minor issues, some tests were performed to evaluate 

the deployment of two sides at the same time. These tests proved to be 

successful to a certain degree but also showed that there could be some 

interfacing issues regarding the length of the sail and the attachment point of the 

boom to it. These issues were fixed by changing the way the booms were fixed 

to the spool, as described in the next subsection. 

After further testing, one of the main 

conclusions is that a design flaw was 

that there is an offset distance 

between the central axis of the spool 

and the sail canister. This causing the 

creation of a lateral force vector that 

wastes deployment energy; this 

problem was taken into consideration 

and led to one of the main features of 

the next iteration. 

  

Figure 92 Construction of the rest of the 

sides 
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4.7.1 Spool-boom attachment  

One of the last things that were changed in this project, was the way the booms 

were attached to the spool. Previously, the booms would have been loosely 

attached to the spool by having a hole drilled to through them and then inserting 

a screw and a nut, preventing the boom from moving out of the spool. Both booms 

were attached at 90 𝑑𝑒𝑔 from each other and then the complete spool would be 

installed in the rest of the system. This arrangement worked for the most part but 

it did cause some issues such as interfacing between the sail and the booms 

since once one boom finished deploying, the other one would still have roughly 

4𝑐𝑚 inside the spool. Thus, the extended booms would be of different sizes. 

Another, not-so-obvious problem was that by using a single-point constraint (the 

screw and the nut) the coiling-in of the whole spool would concentrate the 

buckling of the booms in just two points, this made it much harder to rig and also 

led irregularities when stowed.  

This problem was solved by drilling a set of four holes next to each other through 

both the spools and the booms. The booms were now to be fixed by a set of two 

screws and bolts, making it much easier to stow. This also allowed the booms to 

deploy in the required angles without any extra parts. 

 

Figure 93 Spool with two booms attached to it in two points 
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4.8 Single-spool deployment time 

Objective: The objective of this test was to measure how much time it took a 

spool to deploy. This would in turn allow to calculate its angular velocity. 

Requirement to fulfill: According to (35), the deployment process involves 

momentum transfer from the spool to the spacecraft. The spool’s change in 

angular velocity, causes a change in the host’s linear momentum. And 

consequently, its angular velocity. 

Thus, it is important to have a measure of the spool’s angular velocity if one is to 

understand the impact of the deployment (REQ 5,7). 

To determine the time, it took the spool to deploy a pair of booms two different 

approaches were followed.  

4.8.1 MATLAB calculation 

The first approach was to adapt a MATLAB code by (35) which was originally 

written to calculate the change in a spacecraft’s angular momentum due to the 

deployment of booms from a spool. This code was modified to exclusively 

calculate the spool’s angular final velocity in RPM. The code can be seen in the 

Appendix E. 
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The main working equation from the code calculates the spool’s maximum 

angular velocity: 

 

Figure 94 Angular velocity for a spool with a simple boom (35) 

Where: 

• 𝑛 is the number of booms 

• 𝛼 is the subtended spring angle as defined in the next figure 

• 𝑏 is the thickness of the tape spring 

• 𝐸 is the Young’s modulus of the tape spring 

• 𝜈 is the Poisson’s ratio 

• 𝜌 is the mass per meter length of the tape spring 

• 𝑙 is the boom’s length 

• 𝑟𝑖 is the inner radius of the spool 

• 𝑟𝑜 is the outer radius of the spool 

• 𝐼𝑝 = 0.5 ∗ 𝑚𝑠𝑝𝑜𝑜𝑙 ∗ (𝑟𝑖
2 + 𝑟𝑜

2) is the spool’s moment of inertia 

• 𝑚𝑠𝑝𝑜𝑜𝑙 is the mass of the spool 

 

Figure 95 Tape spring geometry from (35) 

And the its full derivation is available in (35) for the interested reader. 
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The spool’s volume was obtained directly from the Siemens NX CAD software 

where it was originally modeled. The properties of PLA plastic and steel from (37) 

and (38) respectively. 

𝑉𝑠𝑝𝑜𝑜𝑙 = 24052.0652 𝑚𝑚3 = 2.405 𝑥10−5 𝑚3 

𝜌𝑃𝐿𝐴 = 1.25
𝑔

𝑐𝑚3
= 1250

𝑘𝑔

𝑚3
 

𝑚𝑠𝑝𝑜𝑜𝑙 = 𝜌𝑃𝐿𝐴 ∗ 𝑉𝑠𝑝𝑜𝑜𝑙 = 0.030065 𝑘𝑔 (39) 

 After plugging in the mentioned values and appropriate dimensions, the 

MATLAB code calculated that the spool’s maximum angular velocity would be: 

𝜔 = 1116.5 𝑟𝑝𝑚 

4.8.2 Direct measurement 

The second method that was used was a direct measurement approach. It 

consisted of videotaping the deployment of a 

single spool containing a pair of lenticular 

booms next to a stopwatch. It was recorded 

utilizing the slow-motion video setting with a 

Samsung Galaxy S6 phone which records at 

119 frames per second (fps).  Then, the video 

was edited to only contain frames in which the 

spool is moving, each frame was exported to 

an individual image file -yielding 22 frames- 

since the frame rate is known therefore: 

Δ𝑡 =
1

119
= 0.0084033 𝑠 

Between each frame. 

These snapshots were later imported into Adobe Photoshop, in each one of them 

a reference point was established and compared with the next snapshot (for 

Figure 96 Direct measurement of 

deployment time 
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example 1 with 2 and 2 with 3) this allowed for a measurement of the angular 

change between frames. 

 An unexpected limitation was that that the quality of the video itself was much 

lower than expected which made it hard to establish these reference points with 

absolute certainty. Consequently, the measured angles would definitely 

incorporate some degree of error. Despite these shortcomings these 

measurements provide an insight of the overall magnitude of the spool’s 

instantaneous angular velocity with respect to time. The measurement results are 

summarized in Table 14 below. 

Table 14 Spool angular velocity measurements 

 

As it can be seen from the table, the spool attains large angular speed throughout 

de deployment. The measurements taken feature a maximum speed 𝜔max =

1309 𝑟𝑝𝑚 and an average of 𝜔𝑎𝑣𝑔 = 635.4 𝑟𝑝𝑚. It is worth mentioning that the 

last two frames represent the spool rotating in a clockwise direction due to a 

bouncing motion after the boom is fully deployed. The graph below shows the 

angular velocity (rad/s) with respect of time. 

COUNTER CLOCK WISE TAKEN AS POSITIVE

Delta t Reference to zero degrees

119 0.008403361

Time (sec) Frame Angular Position (deg) 0.0 Change in angle (deg) Angular Speed (deg/sec ) Angular Speed (rad/sec) RPM

0.0 1.0 -7.5 0.0 0.0 0.0 0.0 0.0

0.0 2.0 -4.3 3.2 3.2 380.8 6.6 63.5

0.0 3.0 0.6 8.1 4.9 583.1 10.2 97.2

0.0 4.0 10.7 18.2 10.1 1201.9 21.0 200.3

0.0 5.0 39.5 47.0 28.8 3427.2 59.8 571.2

0.0 6.0 85.5 93.0 46.0 5474.0 95.5 912.3

0.1 7.0 136.5 144.0 51.0 6069.0 105.9 1011.5

0.1 8.0 176.1 183.6 39.6 4712.4 82.2 785.4

0.1 9.0 234.1 241.6 58.0 6902.0 120.5 1150.3

0.1 10.0 300.1 307.6 66.0 7854.0 137.1 1309.0

0.1 11.0 364.9 372.4 64.8 7711.2 134.6 1285.2

0.1 12.0 415.1 422.6 50.2 5977.4 104.3 996.2

0.1 13.0 469.8 477.3 54.7 6509.3 113.6 1084.9

0.1 14.0 515.4 522.9 45.6 5426.4 94.7 904.4

0.1 15.0 545.0 552.5 29.6 3522.4 61.5 587.1

0.1 16.0 588.1 595.6 43.1 5128.9 89.5 854.8

0.1 17.0 639.7 647.2 51.6 6139.2 107.1 1023.2

0.1 18.0 678.6 686.1 38.9 4629.1 80.8 771.5

0.2 19.0 694.7 702.2 16.1 1915.9 33.4 319.3

0.2 20.0 708.1 715.6 13.4 1594.6 27.8 265.8

0.2 21.0 704.8 712.3 -3.3 -392.7 -6.9 -65.4

0.2 22.0 697.3 704.8 -7.5 -892.5 -15.6 -148.7

Average N/A N/A N/A 32.0 3812.4 66.5 635.4

Video fps
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Figure 97 Spool angular velocity vs time 

In the graph in Figure 98, one can observe that the whole deployment involves 

approximately 2 revolutions. More concretely: 

708

360
 𝑑𝑒𝑔 = 1.966 𝑟𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠. 

This can be verified to be true by taking the spool’s average radius, 

𝑟𝑎𝑣𝑔 =
𝑟𝑖𝑛 + 𝑟𝑜𝑢𝑡

2
=

26.5 + 36.5

2
= 31.5 𝑚𝑚 

Then, calculating the perimeter: 

𝑝 = 2 ∗ 𝜋 ∗ 𝑟𝑎𝑣𝑔 = 197.92 

Thus, the stowed boom section would be: 

1.966 𝑟𝑒𝑣 ∗ 197.92𝑚𝑚 = 389.11 𝑚𝑚 

And as it can be seen in the figure at the beginning of this subsection the 

remaining boom length would be: 

520 − 389.11 = 130.8 𝑚𝑚 
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Figure 98 Angular position vs time 



Enrique Blanco 

108 

 

4.8.3 Remarks 

It is worth mentioning that after having performed both the MATLAB calculations 

and the direct measurements, that there is good agreement between the obtained 

values.  

From MATLAB: 

𝜔𝑚𝑎𝑥 = 1116.5 𝑟𝑝𝑚 

From direct measurement: 

𝜔𝑚𝑎𝑥 = 1309 𝑟𝑝𝑚 

They agree  

𝜔𝑀𝐴𝑇𝐿𝐴𝐵

𝜔𝑀𝐸𝐴𝑆𝑈𝑅𝐸𝑀𝐸𝑁𝑇
∗ 100 = 85.3 % 

With an ~85% agreement between the calculation and the direct measurement it 

can be hypothesized that the difference would be mainly due to the fact that the 

calculation does not take into account the friction that the spool experiences with 

the rest of the parts, that the booms are both lenticular (bending sense is opposite 

in half of them) and that the booms are in fact pulling the sail out of the cartridge. 

To conclude, the speed can be considered to be at least of the abovementioned 

magnitude. 
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4.8.4 Four-sided deployment test 

Objective: To demonstrate that a full four-side deployment is possible with the 

prototype built. 

Requirement to fulfill:  Firstly, the system has to be extensively tested in order 

for it to be considered reliable (REQ 1). Next, a full-scale test is required to 

demonstrate that the sail folding configuration works for the intended purpose 

(REQ 6.1) The sail shall be able to accommodate different host’s shapes, the 

most basic one is a rectangular (REQ 8.2) 

For this test, as mentioned before, four sides were interconnected and deployed 

at the same time. Each corner of the prototype had two spools and each of them 

would hold two booms. The stowed configuration is shown in Figure 99 below. 

As discussed in the release section, side deployment synchrony is of great 

concern, so a quick solution was devised. Firstly, a hole was drilled through each 

of the spools then a polymer cord was tied to the holes. Then these cords would 

be tied to a set of screws that would be screwed into the test bed in the shape of 

a square. This was with the intention to create a single point of intersection that 

could be burnt, thus releasing all of the spools at the same time. 

  

Figure 99 Four-sided prototype in stowed configuration 
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Figure 101 Intersecting cords 

4.8.4.1 Release with fire 

Then, this intersection point was burnt with a standard lighter. The synchrony was 

not perfect, two of the sides deployed a few tenths of a second before the rest 

but this did not prevent the prototype from deploying successfully. The total 

deployment time was measured to be 0.62 seconds through slow motion video 

footage. 

 

  

Figure 100 Attachment point to the spool 

Figure 102 Fully deployed prototype 
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4.8.4.2 Release with thermal knife 

After the lighter release test a similar, second 

test was made. As it is shown in Figure 103, 

this time the thermal knife was placed in the 

intersection of the cords that held the spools 

from rotating. 

After activation, it took approximately 3 

minutes for it to burn through the cords. 

Longer than the single spool tests since it 

needed to burn eight cords instead of one. 

The synchronization of the release of the 

sides proved to be problematic since the thermal knife burnt released only one of 

the sides, and then a minute after two more and the trial was stopped before it 

could release the last one.  

We can observe that as it was previously foreseen (Section 3.8.2.1.1), the uneven 

poor synchronization led to deployment issues.  

Due to time constraints, no more attempts were made. 

Figure 103 Four-sided release with 

thermal knife setup 

Figure 104 Thermal knife release 

test 
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4.9 Version 2.0 testing 

Due to time constraints, version 2.0 was not tested to see if it would be able to 

deploy a sail from a cartridge. Instead, it was almost exclusively used to develop 

the electric release mechanism that was described before. 

4.9.1 Issues encountered 

Testing boom release in version 2.0 proved to be harder than in version 1.3, it 

was found that due to the carcass being almost completely covering the spool it 

made the actual coiling in of the booms cumbersome and difficult so that some 

disassembly every time it was required be tested. Also, the boom was getting 

stuck inside the carcass due to friction between the duct tape uniting the lenticular 

boom and the plastic structure. An attempt was made to diminish the friction by 

replacing the duct tape with Kapton tape, but it was still stopping the booms, from 

deploying. 

Another problem was that the spool top would become loose and thus making it 

irregular in shape, this was countered by gluing it permanently. 
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4.10  Release mechanism Testing 

4.10.1.1 Mockup model 

Objective: To determine if the designed release mechanism would perform as 

intended, and if not, to identify possible ways to improve it. 

Requirement to fulfill: The release mechanism must be reliable (REQ 1), and 

simple (REQ 4), and the prototype should be easily testable (REQ 6). 

A mockup version of the design was 

built out of scrap parts with the purpose 

of testing the feasibility of the release 

mechanism. The model was mounted 

on a wooden plank and then fastened 

with a cord, then the cord was burnt 

with a standard lighter.  

The test proved to be sucessful and 

gave some insight into how to build the 

main version. However, as predicted at 

the conceptual design, the spool uncoiled noticeably even after fastening of the 

cord. 

  

Figure 105 Mockup version of the 

release mechanism 



Enrique Blanco 

115 

 

4.10.1.2  Thermal knife test 

Objective: To evaluate if the designed electric release system functions as 

intended. 

Requirement to fulfill: The thermal knife must be reliable (REQ 1) and the 

release system must be spring-loaded (REQ 5.5). 

Then, the thermal knife’s circuit was built 

with the purpose of assesing whether it 

would produce enough heat to burn 

through the cord. The circuit was simple, 

it consisted of merely the power supply 

consisting of six AA batteries providing 

9V, a standard ON/OFF switch and the 

thermal knife itself. This setup was 

integrated with the 3-D printed model 

which at was already mounted on a 

wooden planck. Subsequently, the cord 

was tied to a fixed screw as shown in the 

picure, then put trough the hole in the 

spool’s axis, then trough the resistor’s 

hole and tied to another screw on the 

other end. 

As expected, the resistor did produce 

enough heat and thus the spool was free 

to rotate after one minute and thirty 

seconds. 

  
Figure 106 First thermal knife test. 

Setup (top), Cord placement 

(second), Moment of the release 

(second to bottom), Close-up of the 

burned cord (Bottom) 
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 What was not expected is that the inertia due to the release of the boom caused 

the spool to jump out of its place which led to the conclusion that future tests 

would need further constraining not just geometric. 

Next, the Arduino board was programmed with a triple purpose.  

The first one is to act as a switch, which would close the external circuit and direct 

power to the thermal knife. 

 The second purpose was to act as a timer, 

after testing the thermal knife by itself it was 

noted that it would take about a minute for the 

resistor heat up sufficiently to burn the cord, 

the timer function was necessary for two 

reasons: to prevent unnecessary power loss 

and to prevent the thermal knife from burning 

the plastic housing and preventing the 

resistor from overheating. 

The third purpose being that the Arduino would provide an extra 5V to be in series 

with the 8-battery arrangement, this increasing the power dissipation in the 

thermal knife even further, yielding faster deployment sequence.  

  

 

 

 

 

 

  

Figure 107 Arduino Uno acting as 

a switch 

Figure 108 Sketch of the release circuit that was built 
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After installing the Arduino along with the release system, it was a release test 

was attempted. With the setup shown below, after sending the activation 

command, the thermal knife was powered up and it took one minute and ten 

seconds for it to burn through it. After two minutes the Arduino powered off 

automatically as it was previously programmed to do. 

 

Figure 109 Release mechanism test setup 
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5 Discussion 

5.1 Design iterations comparison  

With the purpose of evaluating the progress in each iteration, their performance 

was quantitively and qualitatively graded with respect on how well did they fulfill 

the specified set of requirements. 

5.1.1  Total mass comparison 

The first requirement to be evaluated was the low mass requirement (REQ 2). It 

was assumed that the materials used in them would be uniform, so a direct 

comparison would be possible. The weight of the booms themselves are not 

considered since they would all use the same number and length. The volume of 

each component was calculated by using the CAD software (Siemens NX) and 

then adding them up for each design iteration. As a result, a ranking was created 

taking the most mass efficient model as the top score and grading the rest of 

them accordingly. The results are summarized in Table 15. 

Table 15 Design iterations volume comparison 

 

  

Pre-1.0 V 1.0 V 1.1 V 1.2 V 1.3 V 2.0

Single frame 2959019.32 1349007.55 0.00 0.00 0.00 0.00

Left (mm3) 0.00 0.00 74195.72 48386.44 27343.68 0.00

Right (mm3) 0.00 0.00 91756.21 7138.33 24853.51 0.00

Box (mm3) 0.00 0.00 0.00 0.00 0.00 60105.73

Carcass (mm3) 0.00 0.00 0.00 0.00 32654.83 55719.48

Spool or DOM (mm3) 380129.74 380129.74 380129.74 190064.87 29049.10 33190.91

Key (mm3) 530641.58 50054.47 50054.47 14795.13 13321.95 0.00

Amount per side 1.00 1.00 1.00 2.00 2.00 2.00

Volume in cm3 3869.79 1779.19 596.14 520.77 254.45 298.03
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After calculating the volume requirements, Figure 110 was made to represent the 

data. With each iteration the volume was reduced, it is especially evident on the 

evolution between Pre-1.0 to V1.1 when it decreases in a quasi-exponential 

fashion. 

 

Figure 110 Volume of each design iteration 
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5.1.2 Global comparison 

Following with the discussion, a quantitative evaluation of requirement fulfilment 

is no longer possible. Because of this, a grading was made considering the 

attributes of each version of the design as presented in Chapter 3. The 

summarized scores are presented in Table 16. 

Table 16 Design score summary 

Description Version/Score Pre 1.0 V 1.0 V 1.1 V 1.2 V 1.3 V 2.0 

Reliability REQ 1 5 5 5 5 10 10 

Low mass REQ 2 1 1 4 5 10 9 

Low Cost REQ 3 2 2.5 5 5 8.5 9 

Simple design REQ 4 3 4 6 5 7 9 

Simple 
interfaces REQ 5 3  5 7 8 10 

Testable REQ 6 1 4 5 6 8 8 

Safe REQ 7 5 35 5 5 5 5 

Scalable REQ 8 5 5 10 10 10 10 

No debris REQ 9 10 10 10 10 10 10 

 Total Score 35 39.5 55 58 76.5 80 

As it can be seen, the later designs do present higher scores in all the categories, 

showcasing the advantage of using iterative design which is to improve on the 

shortcomings of their predecessors. Best seen in Figure 111. 
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Figure 111 Requirement fulfillment total scores 

Next, a weight factor was assigned to each requirement taking into consideration 

how well it could be assessed and how relevant it was to the design process. 

Table 17 Requirement score weighing factor 

Description Requirement 
Weighing 
factor 

Reliability REQ 1 1 

Low mass REQ 2 9 

Low Cost REQ 3 5 

Simple design REQ 4 5 

Simple 
interfaces REQ 5 6 

Testable REQ 6 5 

Safe REQ 7 1 

Scalable REQ 8 5 

No debris REQ 9 1 

Then the weighing factor was applied to the scores shown before. Unsurprisingly, 

the same iterations had the highest scores just as before. This meaning that the 

later designs are better in the most important categories overall. 
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Table 18 Requirement fulfillment weighed scores 
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The total scores were plotted in against their respective iterations in Figure 112, 

showcasing the same trend that was seen in Figure 111. 

 

Figure 112 Weighed Total scores 
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Version/Score REQ 1 REQ 2 REQ 3 REQ 4 REQ 5 REQ 6 REQ 7 REQ 8 REQ 9 Total Score

Pre 1.0 5 9 10 15 18 5 5 25 10 102

V 1.0 5 9 13 20 18 20 5 25 10 125

V 1.1 5 36 25 30 30 25 5 50 10 216

V 1.2 5 45 25 25 42 30 5 50 10 237

V 1.3 10 90 43 35 48 40 5 50 10 331

V 2.0 10 81 45 45 60 40 5 50 10 346

Weighed Score
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5.2 Benchmarking against existing systems 

To evaluate the advantages of continuing this project and its possible usage in 

future space missions, its performance must be compared with existing systems. 

Even within the realm of drag sails, a direct comparison proved troublesome, but 

some rough parameters can be benchmarked. 

5.2.1 Comparison with Icarus 

5.2.1.1 Mass efficiency 

Considering the facts, figures and conclusions provided by (21), the performance 

of the ICARUS system can be compared with this project’s Edge concept. 

The Icarus frame has seen two versions since its conception, their main 

properties can be seen in Table 19 below. 

Table 19 Properties of ICARUS 1 and 3 from (21) 

 

To make a fair comparison, first one must take into consideration how much 

weight would it add to the launch payload if either system was to be used. The 

following calculations were made considering a four-sided host and each side is 

of the length of the corresponds either Icarus version Furthermore, it was also 

assumed that the de-orbiting system would be made of aluminum with steel 

lenticular booms. An inaccuracy on the calculations is that, however negligible, 

the weight of the sail is not accounted for. Thus, the sail cartridge is assumed to 

be just an aluminum tube of the dimensions shown in Figure 113. 
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Figure 113 Aluminum tube sample 

To analyze the relative mass efficiency of both of the systems it is important to 

note that there are two possible approaches that can be taken. 

Firstly, one can assume that four sides could be used to achieve the desired 

area. The other approach would be to 

use the least amount of sides and use 

larger sails by using longer booms since 

they can be considerably extended, 

compared with the length required if four 

sides were to be used. Following this 

approach, less sides would be required 

to provide the same area, leading to a 

similar better mass efficiency but with 

less complexity. Perfectly achievable by 

a single sail but if tumbling is to be 

avoided, a symmetric arrangement is necessary so the comparison is going to 

be made with two sails. (Figure 114). 

Taking the first approach, with respect to Icarus-1 which has an area of 5 𝑚2 a 

boom length of roughly 1.13 𝑚 would be required. The system to have a total 

weight of 4.08 𝑘𝑔. This represents an ~16% increase in weight with respect to 

Icarus-1. 

Figure 114 Two-side symmetric 

configuration 
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On the other hand, comparing it with Icarus-3, having an area of 2𝑚2 would 

require a ~0.725 𝑚 boom and by using a four-sided configuration the mass of 

the Edge system would be of 3.8 𝑘𝑔. This means that it would be ~65% heavier 

than using the Icarus-3. 

Next, by using the second approach, when considering a two-sided Edge 

system of Icarus-1 area, the required boom length to achieve 5𝑚2 would be of 

~1.91𝑚, and its mass would be of 4.17 𝑘𝑔. Being ~19% heavier than Icarus-1. 

Similarly, to match Icarus-3 and to create a 2𝑚2 sail with only two sides a boom 

length of 1.38 𝑚 would be necessary, and the mass would be of ~ 2 𝑘𝑔, 

representing an ~69% increase in mass with respect of Icarus-3. 

Although it might seem that the Edge concept fails to achieve a better mass 

efficiency than Icarus, it has to be noted that the model that is being used to 

make the comparison was made to be 3-D printed of plastic and thus, it is much 

thicker than it would be needed if it was made of Aluminum. Due to time 

constraints, such a model was not drawn or built. 

Notably, similar mass efficiencies can be seen by using less sails but larger 

ones instead 

The mass efficiency comparison between the systems are summarized in Table 

20 below. 

Table 20 Mass efficiency comparison with Icarus 

 

 

System Area (m2) Boom length Mass (kg) Area/Mass (m2/kg) Edge/Icarus %mass

Icarus-1 5 N/A 3.5 1.428571429 N/A

4-side Edge (Icarus-1 size) 5 1.13 4.08 1.225490196 16.57142857

2-side Edge (Icarus-1 size) 5 1.91 4.17 1.199040767 19.14285714

Icarus-3 2 N/A 2.3 0.869565217 N/A

4-sideEdge (Icarus-3 size) 2 0.725 3.8 0.526315789 65.2173913

2-side Edge (Icarus-3 size) 2 1.38 3.901 0.512689054 69.60869565
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5.2.2 Maximum possible area comparison 

Another parameter that can be compared is the maximum achievable area. This 

means to explore the limits of the system to see how scalable the sails can really 

be. 

First, considering the graph shown in Figure 115, it represents the maximum area 

that can be attained by using the Icarus-type design. One can see that the 

maximum area of the sail is limited by the shortest side of the spacecraft because 

it sets the maximum boom length. This leads to a maximum area of around 70 𝑚2. 

It is important to mention that in the Icarus frame, the sides are dependent on 

each other, whereas in the Edge design one can choose the amount of sides and 

booms to be used, and they can either be connected by the spools or completely 

independent. 

  

Figure 115 Sail area achievable with Icarus frame design 

(21) 
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On the other hand, a similar graph was prepared for the Edge system (Figure 

116), also detailing the maximum achievable area. It is worth noting that the 

maximum area was calculated considering the booms prepared by both Surrey 

University and DLR with a length of 3.6𝑚 but longer booms might be possible. 

The calculated maximum area was of ~59 𝑚2. This being  16% smaller than the 

maximum area of the Icarus system. 

 

Figure 116 Maximum area for a Four-sided edge system 

The difference in the maximum size can be considered of lesser importance when 

compared with the possible mass efficiency attainable by using less sides. Also, 

as a possible improvement to the Edge design, additional sail sections could be 

attached between the booms as seen in Figure 117 (shown in orange). 

 

Figure 117 Extra sail material between the booms 
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5.2.3 Comparison with DOM 

As it was done with Icarus, the DOM is going to be compared with the Edge 

design in terms of mass efficiency and maximum area. 

5.2.3.1 Mass efficiency 

As per (21), the mass efficiency of the DOM can be considered as very high, 

since the unit itself is very light (about 0.5 𝑘𝑔) it presents a very high Area-per-

Kilogram ratio, within the current configuration it is above 1
𝑚2

𝑘𝑔
 and increases with 

longer booms. 

To have a point of comparison with DOM, an Area/Mass curve was calculated by 

using a root length of 0.6𝑚. Figure 118 shows that if the same performance of 

1
𝑚2

𝑘𝑔
 was to be obtained by the four-side Edge system, it would require booms of 

lengths above ~1𝑚. 

 

Figure 118 Edge design Area/Mass efficiency 
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5.2.3.2 Maximum area comparison 

In terms of both the DOM and the Edge designs, the maximum area is exclusively 

limited to the maximum boom length that can be manufactured. But since the sail 

sections are different in shape they do scale up in a different manner. Firstly, the  

DOM’s area versus boom length curve is shown in Figure 119. 

Next, the Edge design’s curve is shown in Figure 120. It can be seen that the 

slope is slower than the one presented by the DOM’s curve. This could be 

interpreted that the DOM scales better with boom length, by providing a larger 

area than the Edge design. However, this curved was produced by assuming a 

given root length of 0.6 𝑚 it is evident that with longer root sections the curve has 

a steeper slope. To exemplify this,Figure 121 shows the slope calculated for a 

sail with a 10 𝑚 root length. 

Figure 119 DOM’s Maximum area with 

respect of boom length (21) 
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Figure 120 Edge design's four sided-area vs boom length (root length of 0.6m) 

 

Figure 121 Edge design's four sided-area vs boom length (root length of 10 m) 

It is also very important to stress that the DOM sail’s overlap with the satellite’s 

cross-section, depending on the place where it is installed. This reduces its 

overall efficciency since that overlapping sail area does not produce any 

additional drag. Avoiding this issue was one of the main drivers for the Edge 

design. 

Although this analysis provides some insight into the device’s performance, either 

design should be evaluated for any particular host to ensure the best fit. 

Following up next, an adapted comparison table from (21) has been updated to 

include the Edge concept along with its own advantages and drawbacks. 



Enrique Blanco 

131 

 

 

Table 21 Table from (20) updated to include Edge concept 

 

  

Icarus Frame Concept DOM Unit Concept Edge concept

Sail area constrained by shortest panel 

length.

Sail area constrained by boom 

length. Sail area constrained by boom length

Sail area currently larger than DOM.

Longer booms to be 

manufactured for larger sail area, 

not possible in house. Sail area comparable to Icarus

Maximises useful sail area, no overlapping 

with satellite panel.

Overlapping sail area with 

satellite panel can be inefficient.

Maximizes useful sail area, no overlapping with 

satellite panel

Allows access to satellite panel.

Mounted on satellite panel, once 

deployed obstructs satellite panel Allows acces to satellite panel

Sail folding is time consuming. Sail folding is time consuming. Simple sail folding

Frame is less mass efficient. 

Self-contained unit is more 

compact and mass efficient Intermediate mass efficiency, customizable

Scalability is limited due to panel side length 

constraints

Suspected to be more scalable for 

different satellites Scalability limited by boom length

Currently with higher mass than DOM.  Very light unit.

Currently mass is similar to Icarus but it can be 

greatly optimized 

Design has a minimal impact on host 

satellite.

Design has a minimal impact on 

host satellite. Design has minimal impact on host satellite

Deployment is slower than DOM as there is 

less stored energy.

Fast deployment through stored 

energy Fast deployment through stored energy

Frame has potential to cast shadows onto 

satellite panel within.

With current DOM design, 

deployed sail can obstruct part of 

satellite panel.

Frame has potential to cast shadows onto 

satellite panel within

Frame is not as flexible in its placement 

location on satellite when compared with 

DOM

Being a small, light, self-

contained unit provides 

opportunity for more than one 

DOM to be mounted onto a 

satellite. 

Not as flexible as DOM but can accommodate 

different aspect ratios and oddly shaped 

satellites

Very high TRL, as there are currently two 

active missions

Design is over engineered for 

testing in 1g environment. Design still in prototype stage
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5.2.4 Comparison with other types of systems 

Next, a case study was performed. It involved calculating what would be the mass 

requirements for different de-orbiting methods, comparing the Icarus frame and 

Edge design against different Δ𝑣 thrusting propellants. The CARBONITE-1 and 

TechDemoSat-1 missions were selected since those spacecraft were launched 

with Icarus frames on board, making comparison more straightforward. Other de-

orbiting methods were not considered for this comparison because they would 

involve a more sophisticated analysis to obtain a mass cost (for example Space 

tethers). 

The first step of the comparison involved determining how much change in orbital 

speed was required to de-orbit into the atmosphere (for simplicity it was taken as 

80𝑘𝑚). This required change is dependent on the orbital altitude of each mission, 

CARBONITE-1 (40) at 500 𝑘𝑚 and TechDemoSat-1 (41) 635𝑘𝑚 would need a 

Δ𝑣 = ~0.12
𝑘𝑚

𝑠
 and Δ𝑣 = ~0.15

𝑘𝑚

𝑠
, respectively. (See Figure 122) 

 

Figure 122 Delta-v requirement to De-Orbit to 80km altitude (10) 

Next, a sample set of propellants was selected to benchmark against, from (10)  

 

  

Spacecraft/Method mass (kg) Icarus Edge Cold Gas fuel Hydrazine fuel Solid propellant Plasma 

Isp (s) N/A N/A 50 290 290 608
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From (42), taking Tsiolkovsky’s equation for ideal rockets: 

Δ𝑣 = 𝐼𝑠𝑝𝑔0ln (
𝑚𝑓

𝑚𝑒
) 

Where: 

• Δ𝑣 is the change in orbital speed in 𝑚/𝑠 

• Isp is the specific impulse of the propellant 

• 𝑔0 is the gravitational acceleration 

• 𝑚𝑓 is the spacecraft’s mass including propellant 

• 𝑚𝑒 is the spacecraft’s mass after spending the propellant 

The fuel requirements were calculated for each of the missions combined with 

each of the propellant types. It’s important to mention that the configuration 

chosen for the Edge design would involve two sides with longer booms instead 

of four sides as Icarus. The combined results are shown in Table 22. 

Table 22 Mass requirements by using different types of de-orbiting methods 

 

As it can be seen, the Edge design would represent only 2.5 − 5% of the total 

mass of the host satellites, on the other hand propellant fuel would range from 

2 − 35%. Even though the plasma thruster looks like it would have a smaller 

impact on the host’s mass this is still without considering the actual weight of the 

thrusters themselves and it is likely to be costlier than a drag sail. Also, the Edge 

design can still be further optimized as previously noted. 

Therefore, it is evident that there would be very significant mass savings by 

implementing the Icarus or Edge systems. 

 

Method mass (kg) Isp (s) TECHDEMOSAT-1 % of S/C weight CARBONITE-1 % of S/C weight 

Icarus N/A 3.50 4.38 2.30 1.53

Edge N/A 4.08 5.10 3.80 2.53

Cold Gas fuel 50.00 22.17 27.72 53.66 35.77

Hydrazine fuel 290.00 3.45 4.31 8.12 5.41

Solid propellant 290.00 3.45 4.31 8.12 5.41

Plasma 608.00 1.63 2.03 3.82 2.55
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6 Conclusion 

In conclusion, the project met the objective of designing a new de-orbiting 

mechanism which would incorporate the best traits of the previous systems 

designed by Cranfield University, while maintaining their heritage. 

Objectives and requirements were set, leading to several iterations of the design 

were made and great improvements were achieved leading to a better design. 

But due to time constraints, the project is still in a prototype stage. Nevertheless, 

early analysis shows promising traits such as low-cost, simplicity, mass 

efficiency, low impact among others, that would prove to be very beneficial as a 

de-orbiting system in future space missions with respect to other techniques. 

Reliability was not properly assessed due to the experimental nature of the 

project and this would be needed to be addressed by future efforts. 

The design allows for any combination of host aspect ratio and shape, increasing 

the potential satellite hosts to include the ones that can’t be outfitted with an 

Icarus frame or a DOM. All this while enabling the simple scalability of the sail. 

Calculations shown that trapezoidal sail shapes were ideal when an aspect ratio 

of 2.0m. Also, an easy way to stow them was devised, but with the current method 

the sail can’t be completely stored inside the cartridge and further work is 

required. 

Lenticular booms were found to be vastly superior to their single side 

counterparts, presenting much greater stiffness, allowing for larger sails while 

storing greater energy in the spools. But a way to manufacture them is still do be 

devised. 

Further testing and refinement is going to be required to move the project forward 

and eventually become a finalized product.
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8 APPENDICES 

 Sail design 

A.1 Y-Z projection of Surface plot with aspect ratio 2 

 

A.2 Area plots for varying aspect ratio sails 

 

Figure 123 Surface plot of aspect ratio 1 
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Figure 124 Surface plot of aspect ratio 4 

 

 

 

Figure 125 Surface plot of aspect ratio 10 
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  Sail calculator MATLAB code 

close all 

clear all 

clc 

num=4; %number of sails being considered 

maxl=3.6; % max length of either root or boom 

maxl2=3; %max length of other side 

step=.1; % step increments in 

mxaspect_ratio=2; %means root is this times as long as side 

arv=[1:1:mxaspect_ratio]; %aspect ratio vector 

boomv=[.1:step:maxl]; %boom length vector 

rootv=[.1:step:maxl]; %root length vector 

rootv2=[.1:step:maxl2]; %root length vector 

maxareav=zeros(length(rootv),length(rootv2)); 

totalarea36=zeros(length(boomv)); 

m=0; %counter 

n=0; %counter 

b=0; %counter 

c=0; %counter 

max_area=zeros(1,length(mxaspect_ratio));% maximum area vector placeholder 

for aspect_ratio=1:mxaspect_ratio; % nesting structure for aspect ratio 

    c=c+1; 

    matrix=zeros(length(boomv),length(rootv)); %main matrix placeholder 
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    m=0; 

    totalareav=zeros(length(boomv)); 

for boom=.1:step:maxl; % nesting structure for boom length 

    m=m+1; 

    n=0; 

    for root=.1:step:maxl; % nesting structure for root length 1 

     n=n+1; 

side=root/aspect_ratio; 

angle=asin(side/boom); 

 

if boom>=side 

    for a=1:1; 

    if root==0.6 

% if angle<90 && angle>0 

reclength=boom*cos(angle); 

rec_area=reclength*root; 

trig_area=side*reclength/2; 

total_area=trig_area*2+rec_area; 

% tf=isreal(total_area); %checks if the area has an imaginary component, if it does it 

corresponds to a different aspect ratio 

% if tf==1; 

totalareav(m)=total_area; %stores the area values 

    end 

    end %dummies 
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    for a=1:1; 

     if boom==3.6 

% if angle<90 && angle>0 

reclength=boom*cos(angle); 

rec_area=reclength*root; 

trig_area=side*reclength/2; 

total_area=trig_area*2+rec_area; 

% tf=isreal(total_area); %checks if the area has an imaginary component, if it does it 

corresponds to a different aspect ratio 

% if tf==1; 

totalarea36(m)=total_area; %stores the area values 

     end 

    end 

    reclength=boom*cos(angle); 

rec_area=reclength*root; 

trig_area=side*reclength/2; 

total_area=trig_area*2+rec_area; 

% tf=isreal(total_area); %checks if the area has an imaginary component, if it does it 

corresponds to a different aspect ratio 

% if tf==1; 

matrix(m,n)=total_area*num; %stores the area values 

% end 

else 

    matrix(m,n)=0; 
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%     disp('error') %debugging 

%     disp('boom') 

%     boom 

%     disp('root') 

%     root 

end 

%     end 

    end 

    b=0; 

     for root=.1:step:maxl2; % nesting structure for root length 2 

     b=b+1; 

side=root/aspect_ratio; 

angle=asin(side/boom); 

if boom>=side 

    reclength=boom*cos(angle); 

rec_area=reclength*root; 

trig_area=side*reclength/2; 

total_area=trig_area*2+rec_area; 

% tf=isreal(total_area); %checks if the area has an imaginary component, if it does it 

corresponds to a different aspect ratio 

% if tf==1; 

matrix2(m,b)=total_area; %stores the area values 

% end 

else 
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    matrix2(m,b)=0; 

%     disp('error') %debugging 

%     disp('boom') 

%     boom 

%     disp('root') 

%     root 

end 

%     end 

    end 

end 

max_area(c)=max(total_area); %stores the maximum area for the current iteration 

end    %main calculator 

equis=matrix(end,:)/num; 

ye=matrix2(end,:); 

for x=1:length(equis); 

    for y=1:length(ye); 

        maxmatrix(x,y)=2*equis(x)+2*ye(y); 

    end 

 

end 

 surf(rootv,rootv2, maxmatrix.'); % 3-D plot of the root length, boom length, total area 

 title('Achievable sail area (four sided-configuration)'); 

 xlabel('Side 2 (m)'); 
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 ylabel('Side 1 (m)'); 

 zlabel('Total area (m2)'); 

% maxma(equis,ye) 

boomwpm=0.02; 

boomw=boomv*boomwpm*num; 

sysv=0.000298032; % version 2.0 volume in m3 

sysd=2800; %aluminum density 

sysw=(boomv*boomwpm+(sysv*sysd))*num ; 

sysw=(sysw.'); 

figure 

plot(boomv,totalareav*num*(1./sysw)); 

title('Area/mass efficiency for four-sided host'); 

xlabel('Boom length (m)'); 

ylabel('Area per Kilogram (m2/kg)'); 

figure 

 surf(boomv,rootv, matrix.'); % 3-D plot of the root length, boom length, total area 

 xlabel('Boom length (m)'); 

 ylabel('Root length (m)'); 

 zlabel('Total area (m2)'); 

%  figure 

% plot(arv,max_area) %plots Aspect ratio vs Maximum attainable area for the given 

lengths 

% xlabel('Aspect Ratio'); 
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% ylabel('Maximum area'); 
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 Schematic drawings 

All dimensions are in millimeters. 

C.1 Spool 

 

Figure 126 Schematic drawing of the Spool 
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C.2 Housing 

 

Figure 127 Schematic drawing of the housing 
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C.3 Release housing 

 

Figure 128 Schematic drawing of the release housing 
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C.4 Sliding pin 

 

Figure 129 Schematic drawing of the sliding pin 

 

  



 

155 

 

C.5  Sail cartridge 

 

Figure 130 Schematic drawing of the Sail cartridge 
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 Arduino Code 

int d=2;   // to store on or off value 

void setup() 

{pinMode(2,INPUT); 

pinMode(13,OUTPUT); 

pinMode(12,OUTPUT); 

} 

void loop() 

{ 

d=digitalRead(2); 

if(d==0) 

{digitalWrite(13,HIGH); 

digitalWrite(12,HIGH); 

delay(120000); 

digitalWrite(12, LOW);    // sets the LED off 

digitalWrite(12, LOW);  } 

 

else 

{digitalWrite(13,LOW);} 

} 
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  Release system thermal analysis 
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 Adapted MATLAB code from (35) 

clc 

clear all 

alpha = 60; % subtended spring angle in deg 

b = 0.1; % thickness tape spring in mm 

E = 200e3; % Young’s modulus tape spring in MPa 

ell = 520; % free length of the boom arm in mm 

m_S = 0.03; % mass of the spool in kg 

n = 4; % number of tape springs attached to the spool 

nu = 0.27; % Poisson’s ratio 

r = 36.5; % outer radius of the spool in mm 

r_i = 26.5; % inner radius of the spool in mm 

rho = 0.05; % mass per meter length in kg/m 

% convert from mm to m and radians 

b = b/1000; 

E = E*10^6; 

ell = ell/1000; 

r = r/1000; 

r_i = r_i/1000; 

alpha = (alpha/180)*pi; 

% moments of inertia 

I_p = 0.5*m_S*(r_i^2 + r^2); 

omega_th0 = (-n*alpha*E*b^3*(1-nu)/ (12*(rho*r^2*ell*n+I_p)*(1-nu^2)))* 

sqrt((12*ell*(rho*r^2*ell*n+I_p)* (1-nu^2))/(n*r*alpha*E*b^3*(1-nu))); 

% return disturbing moment and angular velocities 

disp('angular velocity of spool for theta => 0 in rpm'); 

disp((-omega_th0/(2*pi))*60); 

angular velocity of spool for theta => 0 in rpm 

  649.9175 
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 Weight per meter length of a tape spring 

 


