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FOREWORD 

 

As an astronautical engineer, throught my whole life, I wanted to build spacecrafts. 

Space vehicles were very unique when compared with planetwise vehicles; they can 

go all over the universe when given enough time and energy.  

 

Every kid wanted to be an astronaut someday but all those kids learn that it is an 

impossible reality for them to become a lucky group of a few people in billions. 

Therefore I choose a different path, since I cannot go up there, I would do my best to 

build things that go. Astronautical engineers are building the vehicles that powers the 

highest levels of imagination. 

 

Istanbul Technical University gave me the very opportunity to work with all different 

diciplines of engineers to build things. I’ve involved in work with whole different 

diciplines therefore I learned how I could use that big chunk of information to design 

the best system. I designed mechanical parts, evaluated chemical experiments, 

machined my own parts, designed circuit boards, programmed microcontrollers, 

optimised production methods, governed big teams of students, wrote software for 

various autonomy and communication systems, managed finances for the very same 

projects as well. I lived a dense university life, so that I feel old now. 

 

I want to thank my collegues on those project who teached me everything I know of. 

More importantly I thank my university to bring us together so we could work on our 

dreams. I want to thank my professors for their efford on our education. Without 

their “push” I would never be able to understand “the Rocket Science”.   

 

I want to build interplanetary probes to carry my efford into the vast unexplored 

space; to be found one day. That very day, we would be immortal. 

 

 

December  2019 

 

Bahadır Onur Güdürü 
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NOMENCULTURE 

TWR : Thrust to Weight Ratio 

Isp : Specific Impulse 

MEMS : Micro electro-mechanical systems 

SSTO : Single stage to orbit 

LEO : Low earth orbit 

Delta-V : Spacecraft’s ability to change velocity 

SOC : System on a chip 

Hydrolox : Hydrogen – Oxygen propellant 

Methalox : Methane – Oxygen propellant 

Gyro : Gyroscope 

IMU : Internal Measurement Unit 

PCB : Printed Circiut Board 

ITU : Istanbul Technical University 

MIT : Massachusetts Institute of Technology 

U. S. : United States 

NASA : National Aeronautics and Space Administration 

GPS : Global Positioning System 

GSM : Global System for Mobile (i.e. 2G cellular network) 

LTE : Long Term Evolution 

BTE : Bluetooth 

TRL : Technology Readiness Level 

AIAA : American Institude of Aeronautics and Astronautics 

CubeSat : a type of miniaturized satellite smaller than a cube of 10cm 

JPL : Jet Propulsion Laboratory 

FemtoSat : A satellite having a mass of 0.1 to 1 kg 

PicoSat : A satellite having a mass of 1 to 10 kg 

AttoSat : A satellite having a mass of 0.01 to 0.1 kg 

G-force : The gravitational force equivalent 

IC : Integrated Circuit 

RF : Radio Frequency 

ChipSat : System on a chip satellite (WaferSat) 

ISS : International Space Station 

NEO : Near Earth Object 

Wet mass : A fully fueled vehicle’s mass 

Dry mass : A fuel empty vehicle’s mass 

LEOPS : Low Earth Operations Satellite 

NanoRacks : An instrument launching picosatellites from ISS 

Sprite : A PCB satellite of 4 grams, developed by Zac Manchester 

HAM : Hobby Ameteur Radio or Ameteur Radio Operator 

FEC : Forward Error Correction 

w/o : without / not included 

w/ : with / included 

Stationkeep : preserving orbit by means of spacecraft manuevers 

AMSL : Above mean sea level 

MOHLAM : Moon Hard Landing Mission 

MCU : Multipoint Control Unit 

UPPER : Upper stage Payload Pusher Efficient Rocket 
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PET : Polyethylene terephthalate 

sscm : standart cubic centimeters per minute 

RPM : Revolutions Per Minute 

Avr. : Average 

HARP : High Altitude Research Project 
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PROPULSION SYSTEM EVALUTION FOR PLANETARY MISSIONS OF 

FEMTOSATELLITES 

SUMMARY 

Advancing technology in MEMS field shrink the size of devices. With the 

introduction of smart phones and improved semi-conductor technology allowed 

satellites to built even smaller. So small that standart CubeSat propulsion systems are 

not adequeatly solve their propulsion problems.  

Femto-satellites, satellites that are less than 100 grams in mass are emerging with 

rapid PCB prototyping technologies. Convensional MEMS devices power their 

sensors, attitude determination and control systems, communications and many 

more. If a lightweight, reliable, high performance propulsion systems can be used in 

these small spacecraft, solar system exploration methodology might change. 

Since 1960s, spacecrafts are expensive machines, therefore reliability is the most 

important aspect of the parts. That comprimises performance in many designs. These 

are K-selected spacecraft. 

With the miniaturization of the spacecrafts, we can form active swarm spacecrafts 

that gather planetary data in a scale that can be only managed by R-selected 

spacecraft.  

This study focuses on a 4 gram spacecraft bus and evaluates performance of some 

propulsion forms on target missions based on available hardware. 

MEMS monopropellant and bipropellant technologies have been demonstrated on 

early 2000s on laboratory tests. Performances are promising and allowing for a moon 

impact mission with current hardware outcomes. Further research is required to 

qualify and improve promising MEMS micropropulsion solutions to reduce costs and 

create a femto-satellite development community. 
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1.  INTRODUCTION 

In this chapter, the purpose of the thesis and its structure will be stated. The literature 

review part of the chapter oversees relevant publications and summarizes recent 

advancements on micro spacecraft technologies and especially micro propulsion.  

1.1 Purpose of Thesis 

This dissertation aims to underline mass-efficient spacecraft main propulsion systems 

for planetary missions of Femto-satellites. 

The potential of small satellites increased rapidly over the last two decades with the 

help of the commercial electronics market. Propulsion systems also benefited from 

these advancements in miniaturization. Therefore, a broad survey of micro 

propulsion systems needs to be evaluated in the realm of new technologies. This 

work is prepared as an overview of micro propulsion for micro-spacecraft design 

engineers.  

1.2 Structure 

The literature review part explores publications and examples of micro propulsion 

systems. The introduction continues with the definition of planetary missions and 

possible science objectives that are beneficial for micro-spacecraft. Next, Femto 

satellites are detailed. Advantages and disadvantages are defined, examples are 

given. A brief explanation of micro-propulsion mechanisms follows.  

Analisis chapter forms a model spacecraft with specific mission profiles. The design 

of the spacecraft allows the formation of propulsion system alternatives. Spacecraft 

power budgets, mass budgets, and propulsion hardware maturity are presented 
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throughout system designs. These designs are evaluated in the Results chapter by 

various graphs as well as solid explanations. 

Future work chapter highlights potential areas of study for improvements. The 

conclusion part summarizes outcomes and comments on results. 

 

1.3 Literature Review 

The cost of space access drives spacecraft designs to be reliable, low quantity 

solutions. But instead, by making use of modern trends in commercial approaches to 

electronics and Microelectromechanical Systems (MEMS), spacecraft can be made 

smaller, cheaper, and mass-producible. This femto-satellite regime has small enough 

size and mass to benefit from novel applications of physics. The technologies 

promising for missions such as interplanetary exploration, magnetic field and 

atmospheric measurements, and various remote sensing applications,1 as well as 

possible commercial applications. 

According to the U.S. Air Force, a micro spacecraft is a spacecraft with a mass of 

fewer than 100 kilograms [1]. Since the 1980s, micro-spacecraft gained popularity 

with advancements in MEMS technologies.  

 

 

Figure 1.1 : Satellite mass scale 
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Figure 1.2 : Some standarts for small satellites [20] 

About 30 percent of a mission cost is from launch-related spendings. Cheapest rate 

for a kilogram of payload to LEO orbit started from $54,500/kg in the late 1990s 

onboard Space Shuttle. SpaceX can launch to LEO in 2018 starting from $2,720/kg. 

Prices lowered 20-fold with commercial space programs in less than two decades [2]. 

But the cost of a launch by SpaceX to ISS is $23,300 per kg, which is substantially 

higher than LEO cost because of human-related safety requirements. 

 

Figure 1.3 : Cost per mass to LEO versus launch date [2] 

The entry cost is limiting enthusiasts from experimenting, thus halters the rapid 

development in the field. Micro-Spacecraft can get very low launch costs when they 
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can increase their orbit from a LEO launch to the desired mission trajectory by their 

propulsion systems. This way a femto-satellite, having a mass of 100 grams at most 

can have a maximum launch cost of $300 per spacecraft. The cost of a femto-satellite 

on orbit and a land example can cost up to a maximum of $1000 including the 

launch. This is less than a student’s month’s fee in an average U.S. university [3]. 

This price gets 200 times bigger for CubeSats at around $100,000 per Unit of 

Cubesat  [4]. 

For all small spacecraft, costs are lowered with “piggybacking”. Dedicated rocket 

launches are not cheap, therefore small spacecraft such as picosatellites use a primary 

heavy satellite launch to go as a secondary payload [5]. That way small spacecraft is 

bound to the primary payload’s orbit. Secondary payloads have limitations in launch 

windows, hazardous chemicals, high-energy propellants, size, weight, etc. Most 

launch providers offer solutions only for heavy communications satellites. NASA 

seeks solutions for launchers that carry less than 5 kg picosats [6]. A company called 

RocketLab charged a dedicated launch service for a NASA Cubesat mission for 

$7.95M. The market for CubeSats is projected as $22B in a decade [7].  

 

Figure 1.4 : RocketLab’s Electron rocket with founder Peter Beck [2] 

Smartphones revolutionized electronics during the last decade. They have allowed 

the creation of open-source communities to ease development. A smartphone can 
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have a day-long battery and up to 5 cameras, 10+ sensors, a giant touchscreen, GPS, 

GSM, LTE, BTE and many more communication possibilities in a little more than a 

hundred grams. Some devices can sacrifice some of the capabilities to get as low as 

48 grams. These devices have developed telecommunication architecture with their 

abundance. Some smartphone based satellites have been tried successfully in orbit 

using early technology Android OS based devices in 2013. PhoneSAT project 

involved two spacecraft each had a total hardware cost per satellite lower than 

$3,500. [57] 

 

Figure 1.5 : PhoneSAT satellite having an Android smartphone as the main processing and sensory 

unit [57] 
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A modern smartphone use less than a watt of power to run applications, 

communicate with the cellular network and use location service without screen on 

[8]. When compared to a femto-satellite on orbit, that one-watt power requirement 

can be achieved with a solar panel weight of 7 grams, in an area of 5x5 cm [9].  

A regular cell tower can switch to a regular satellite dish as the high gain antenna to 

redundantly send and receive signals from a smartphone with a built-in -3 dBi 

antenna in all directions over 6 degrees above the horizon [10]. As long as doppler 

shifts are concerned, from a relative velocity of 7 km/s would create 800.019 MHz 

instead of 800.000 MHz in the first place. This difference does not contribute to path 

loss because of the modernity of modulation techniques [11].  

 

Figure 1.6 : LYNK’s broadcast on an unmodified android phone from space. Data link is established 

from space using 2G service. 
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Figure 1.7 : LYNK’s satellite seen as attached on a cargo spacecraft docking ISS. 

Recent developments on cellular stations placed on orbit allowed not modified stock 

smartphones effectively communicate with on-orbit cellular network. Demonstrators 

did not use any software modifications either, stock smartphone cellular stack 

allowed connecting into orbiting station just like a ground base cellular network 

switch [58].  In the following years this technology will likely to be established for 

wider use of cellular technology (2G, 3G, LTE, 5G etc.) to gave coverage to remote 

places, oceans and probably, orbital spacecraft. 

A smartphone can send pictures, sensory data, live stream to internet service and 

receive instructions to do so. Commercial off-the-shelf technologies achieved all 

these advancements from scratch in two decades. The same technologies can be used 

in many ways to reduce satellite costs, mass and create mission potential. 

Miniaturization and low cost of piggybacking offers all kinds of mission possibilities 

only if there is a mature primary propulsion technology. Therefore progress in micro-

propulsion is very important for multi-billion-dollar less than 10 kg spacecraft 

industry. Small engine technology for pico-satellites is at TRL 9 level [12]. Some 

CubeSat motors can provide deltaVs up to 3km/s range [13]. Femto-satellites on the 

other hand lack propulsion systems. 

AIAA: Progress in Aeronautics and Astronautics book series mentions micro 

propulsion with the title Micropropulsion for Small Spacecraft in the year 2000 [14]. 

The book consists of 19 papers on the topic. Even though this book was published 



20 11  

before the CubeSat revolution, it included systems that are capable of powering 

CubeSats.  

Thruster Options for Microspacecraft: A Review and Evaluation of State-of-the-Art 

and Emerging Technologies by Juergen Mueller from JPL overviews nearly all 

propulsion methods developed until the late 1990s for use in micro-spacecraft [15]. 

Juergen states that there is a strong interest in micro propulsion devices in the late 

90s. Micropropulsion devices are beneficial for lightweight spacecraft where the high 

thrust is not a necessity for primary propulsion and small impulse bits are mandatory 

for precision attitude control of small spacecraft. Micropropulsion was not only 

useful in small spacecraft constellations for interferometric imagery or location-

based measurements in planetary science of earth and beyond, but also very 

important on drag makeup and disturbance compensation of big spacecraft or 

inflatable orbital vehicles. Juergen does not cover Class-I spacecraft -that is lighter 

than 1 kg-. Class-I spacecraft developed substantially in 20 years since that 

publication. 

For the launch phase of a femto-satellite, current technology only allows 

piggybacking opportunities with now standardized CubeSat picosatellite launcher 

pods. An upper stage of femto satellite launcher spacecraft with dry weights less than 

1 kilograms is very important for the performance of lightweight spacecraft 

launchers. A low dry mass upper stage can have a wet mass around the picosatellite 

class. This research also covers upper stage designs for femto-satellites. A low 

weight implementation of a femto-satellite and a mini-launcher by Joshua Tristancho 

offers a 10 kg orbital rocket solution for a balloon launch to LEO [16]. His work 

shows a launcher with high mass fraction could be facilitated for a femto-satellite 

launch into LEO. It includes a femto satellite development project as well. Equipped 

with magneto-torquer and inertial measurements, that femto-satellite called 

“WikiSat” promising to take photos of an event site for a few orbits. His work 

emphasizes a solid booster upper stage having 160 grams dry-mass can provide more 

than 5km/s dV for a femto-satellite payload thanks to its high fuel mass fraction. 
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Figure 1.8  : WikiLauncher concept [16] 
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Adams and Peck investigate K and R-selection methodologies for spacecraft [17]. 

With the help of statistics, a constellation of spacecraft with a low possibility of 

survival can perform a mission with a very high success rate. Biological principles 

for mission assurance to trade high quantity for low mission risk. This paradigm can 

outperform the current low-risk spacecraft paradigm in terms of mission success and 

cost. The paradigm is not only beneficial at the mission level but it is also useful in 

the subsystem level. Subsystems that utilize swarm constellations are reducing 

requirements. This study shows a moon-impact mission would be survivable after 

tens of thousands of g’s of accelerations by small spacecraft [17].  

A moon landing mission would be a success if the number of spacecraft is large to 

mitigate risks. This work also includes an atto-satellite -less than 10 grams- named 

“Sprite”, having 4 grams of mass. Flight qualified Sprite spacecraft offers a lighter 

alternative method for the industry. 

 

Figure 1.9 : Effects of scaling on femto-atto satellite mass levels. [20] 
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Length Scaling in Spacecraft Dynamics by Atchison and Peck evaluates size effect 

on spacecraft accelerations. Their study shows the characteristic length of a 

spacecraft can be advantageous [18]. Extremely small spacecraft can facilitate that 

effects in solar sail maneuvers, atmospheric reentry, and Lorentz propulsion.  

 

Figure 1.10 : Athmospheric reenty profile for a spacecraft-on-chip [18] 

A passive, sun-pointing, millimeter-scale solar sail by Atchison and Peck 

investigates a solar sail concept for a 7.5 mg spacecraft with the 1-centimeter square 

area [19]. Their work shows it is possible to create useful orbits without the need of 

active attitude control.  

 

Figure 1.11 : Proposal design of demonstrator spacecraft-on-chip [19] 
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Figure 1.12 : Three face of cube design for redundancy and passive sun pointing attitude [19] 

AttoSats: ChipSats, other Gram-Scale Spacecraft, and Beyond by Hein, Burkhardt 

and Eubanks studies of small spacecraft advantages. Attosats in orbit and 

development are shown and capabilities investigated. It mentioned the idea proposed 

by Mason Peck on physical data handling to surpass energy problems. Since atto-

satellites are so small, they can survive re-enrty and the data can be physically 

retrieved [20]. 

 

Figure 1.13 : Femtosatellites launched and under development. [20] 
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Gun launched guided missile technology has been developed over the years, the 

same techniques can facilitate a planetary body landing mission. Small scale 

electronics can handle up to tens of thousands of g forces when they are potted [21].  

 

Figure 1.14 : Potted electronics gun launch acceleration measurements on three axes. [21] 

Manchester and Peck state in “Stochastic Space Exploration with Microscale 

Spacecraft” that the Sprite project’s goal is to produce an application-specific 

integrated circuit (ASIC), a device fabricated on a silicon wafer using semiconductor 

fabrication techniques. In about 1 cm of total area, and a few tens of microns thick, 

combining, for example, scientific instrument, solar cells, a microcontroller, and an 

RF transmitter. It is possible to build such a device using current technology, and if 

produced in large numbers, economies of scale make it cheaper then a cup of coffee 

[22]. An asteroid impact mission is simulated, since from ground observations we 

can have a probabilistic position for the asteroid it is meaningful to send small 

spacecraft to hit, just like a duck hunt gun with waterfowl shells. Assuming the 

asteroid to be 2011 MD -a 6-meter-diameter near-earth asteroid- some spacecraft can 

hit the asteroid and only a fraction can survive the 2 km/s impact with 140 Joules of 

energy [23]. They state to be 90% confident that at least one ChipSat will impact the 
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asteroid and survive, at least 62,500 should be deployed, with an expectation of 

13.125 survivors.  

 

Figure 1.15 : Sprite spacecraft flown over STS-134 for demonstrations [22] 

Zac Manchester and his team managed to fit a satellite in a 220 mg package [24]. 

Before that, an experimental femto-sized spacecraft inside a Cubesat named 

“Kicksat” is attached to ISS after launching by Space Shuttle Endeavor [25]. A 

flight-qualified spacecraft named “Sprite” is designed in Cornell and it successfully 

operated in 2013 within 5 gr budgets. 

 

Figure 1.16 : Zac Manchester holding one of Sprite Spacecraft [25] 

WikiSat team details their project on their femto-satellite, they incorporate an HD 

camera, altitude control system, high gain antenna and more in only less than 20 
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grams in 2010 [26]. They have developed their system for a competition called N-

Prize. 

N-Prize is a challenge to launch a femto satellite into orbit on a small budget, for a 

very small cash prize. The competition started in 2008. There were two cash prizes 

of £9999 each [27]. Femto satellites had a weight limit of 20 grams and the launchers 

had a weight limit of 10 kilograms. Achieving orbital flight and proof with telemetry 

signals from the satellite was required. None of more than a hundred teams all 

around the world managed to complete the task before the deadline. Many teams, for 

example, WikiSat, experimented with their 19-gram femto-satellite design on 

weather balloon tests [28]. The satellite design used a high gain antenna and it 

incorporated active attitude control system for antenna pointing. 

 

Figure 1.17 : WikiSAT v3 [28]. 
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Building the future of WaferSat spacecraft for relativistic flight by Travis Brashears 

states that a probe with a micro spectrometer, a micro magnetometer, and a MEMS 

camera can be made lighter than 10 grams. An AttoSat would be enough to allow 

many valuable scientific observations of the solar system and beyond [29].  

 

Figure 1.18 : WaferSAT Spacecraft on design phase [30] 
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For a lightweight spacecraft, valuable scientific data collection instruments should be 

also in a small package. An onboard spectrometer can search for compositions on 

surfaces, atmospheres, Near-Earth Objects and more [30]. A high-quality 

spectrometer can determine the relative fraction of cosmic ray particles, and search 

for antiprotons or the decay of the Weakly Interacting Massive Particles for the 

missing dark matter.  

A chip-sized magnetometer can measure suprathermal ions and electrons in the solar 

wind, help characterize the structure of the bow and termination shocks, determine 

flows in the magnetosphere, magnetosheath, heliosphere, and heliosheath, find out 

the reason for the magnetic flux drop, help determine why the heliosheath is almost 

50% thinner than models, determine the nature of instabilities in the heliopause. A 

camera allows us to observe the earth and other planets, rings, moons, Near-Earth 

Objects or extragalactic background light, Kuiper Belt dust distributions. Cameras 

also have the role of providing public interest to the mission -important for 

maintaining funding-. 

2.  ANALISIS 

2.1 Method 

Defining propulsion system masses and comparing them requires mission profiles 

and spacecraft to be designed first. Use cases for femto-satellites can be specified as 

lunar mission, LEO mission, booster mission.  

Femto-satellites must be below 100 grams when their fuel depletes to count, although 

systems up to 200 grams will be mentioned as well. Wet masses should be less than 

1kg. 

Propulsion systems are explained and an example integration to three spacecraft 

design will be performed. If the system is not capable to comply with the 

requirements stated above, the system would be considered failed, but it will be 

included in comparisons. 
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Since power is an important commodity for electric propulsion methods, power 

generation and handling for propulsion are accounted for in propulsion system 

budgets. 

Attitude control is crucial for a propulsion system to work properly but it will be 

ignored for the calculations. Spacecraft bus does not require attitude control to 

perform but the use of magneto-torquers is calculated to cost about 5 grams with its 

power generation included, which can effectively torque-out for electric propulsion 

and it can perform spin maneuvers before high thrust applications. This additional 

dry-mass can be accounted for according to the propulsion system requirements. 

2.2 Platform Design 

Three hypothetical mission plans are selected for designs. Missions will have names 

in capital letters for easy identification. 

2.2.1 Scenerio 1: Low Earth Orbiter: LEOPS 

2.2.1.1 Mission Definition: 

Mission abbreviation is “LEOPS” standing for “Low Earth Orbit Operations 

Satellite”. LEOPS mission’s primary goal is to observe the magnetosphere by 3-axis 

magnetometers and a temperature sensor for at least one month. In addition to that, 

spacecraft will incorporate a live stream camera to drive public interest. 

Spacecraft is a femto-satellite deployed in a stable LEO orbit by conventional 

methods, for example, ISS’s NanoRacks or NRCSD.  

 

LEOPS spacecraft needs to perform stationkeeping to fulfill its mission duration. The 

major disturbance for the spacecraft is an atmospheric drag. Therefore it is 

confronted with orbital decay. It would take 20 days for Zac Manchester’s space-

proven Sprite atto-satellites to drop from a 400km orbit [31]. LEOPS only has a 

camera addition. 
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The spacecraft can be used information flying swarms of microsatellites. To fight 

with disturbances between spacecraft, LEO stationkeeping delta-V will be 

incorporated at the expense of mission duration. 

2.2.1.2 Spacecraft Bus Design 

The observation can be performed by a CMOS camera. The camera selection is 

OVM6211, weighing in 0.05 grams [32]. 

For a similar spacecraft with 2010’s technology, current consumption for a femto-

satellite including a camera module is calculated to be 2.42 mA at 3.3 volts [33]. 

Less than 8 milliwatts total average power requirement is calculated. A day of use 

consumes 52 mAh from a lithium-ion battery. Cornell’s Sprite spacecraft planned to 

use at most 35 mA during transmit sessions with a duty cycle of 5 percent. It is 

calculated to use 12 mAh from a 3.7V source per day at most [34]. The spacecraft 

will use solar panels for power generation and it can power from a capacitor bank 

during the eclipse. 

Sprite spacecraft on-orbit managed to successfully transmit a 10 mW transmission 

reached over 1500 km with suitable forward-error correction, requiring only a laptop 

and a medium gain HAM radio antenna [35]. 

Spacecraft characteristics:  

 Maximum acceleration: More than 100 km/s^2 

 Average power use: 12 mAh per day (3.7V) 

 Surface Area: 12.25 cm^2 (3.5x3.5 cm) 

 Mass without propulsion system: 4 grams 

2.2.1.3 Delta-V Requirements 

Initial orbital parameters are similar to ISS [36]; 

Speed: 7.7 km/s 

Period: 92.6 minutes 

Orbits per Day: 15.5 
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Inclination: 51.64° 

Perigee: 410 km AMSL 

Apogee: 410 km AMSL 

Calculated orbit life w/o stationkeeping: 26 days 

 

The propulsion system is required to burn constantly or once every while to get the 

drag compensated. 

 

According to LEO drag calculations based on “Satellite Orbital Decay Calculation” 

by Australian Space Weather Agency, spacecraft loses 10 km altitude from its initial 

410 km AMSL circular orbit in 5 days [37]. Assuming Hohmann Transfer every five 

days, two maneuvers of 2.8 m/s each are required to restore orbit. The coefficient of 

drag is assumed to be 2.2 as generic LEO spacecraft [38]. Direct calculation of the 

drag coefficient is not possible and it is not valuable since loose predictions of 

density. Density measurement errors can vary up to %100 daily.  

Although real-life Oberth Effect and scale height battles for the efficiency of 

stationkeeping maneuvers, efficiency is not the focus of this calculation. These 

values are not exact calculations but ballpark figures intended to be used in further 

sections. 

At the end of the mission duration, the spacecraft has to be on the same altitude as 

the initial orbit, 410 kilometers AMSL. Spacecraft should not overshoot its trajectory 

during maneuvers. 

 

The delta-V requirement for the mission depends on impulse numbers, here are some 

possibilities; (Note: 1 Hohmann transfer requires 2 individual maneuvers) 

1 transfer only is impossible without overshooting or atmosphere entrance. 

2 transfers only: 9.92 m/s each maneuver, 19.84 m/s total per transfer, 39.68 m/s total 

(preferable for low re-ignition numbers) 

5 transfers only: 5.95 m/s each maneuver, 11.9 m/s total per transfer, 71.4 m/s total 

10 transfers only:1.65 m/s each maneuver, 3.31 m/s total per transfer, 33.1 m/s total 

(preferable for high thrust propulsion methods to use Oberth Effect) 

Continuous impulse: 1.1 m/s daily, 33 m/s total (preferable for low thrust propulsion) 

 

An average delta-V requirement is chosen to be 36 m/s. 
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2.2.2 Scenerio 2: Moon Impactor: MOHLAM 

2.2.2.1 Mission definition 

Mission abbreviation is “MOHLAM” standing for “Moon Hard Landing Mission”. Since Moon 

landing is the easiest surface science objective for planetary science spacecraft to be done 

logistics wise it is selected as the target. Mars, Venus, Mercury or Jupiter missions would be 

similar in terms of deltaV through the use of gravity assists. It is a femto-satellite deployed in a 

stable LEO orbit the same as LEOPS and it has not any time limits for the burns (good for 

electric propulsion). 

 

MOHLAM’s primary goal is to survive a landing on the lunar surface. Althought it benefits 

from high G-force tolerances of potted chips’, a non-assisted lunar impact is proven non-

survivable in the following sections. Besides, spacecraft incorporates a live stream camera to 

drive public interest and measure the surface regolith composition through spectroscopy. 

2.2.2.2 Spacecraft Bus Design 

MOHLAM Spacecraft uses the same infrastructure as the LEOPS mission. It adds a 

spectrometer for surface science and potting cover. Increased ground station antenna gain can 

be used to keep contact with the satellite without increasing communications subsystem power 

or mass budgets. 

 

The spectrometer is chosen as Hamamatsu’s C12880MA which weighs only 5 grams [39]. 

Considering 20mA current use, a very low duty cycle measurement resulting in 5-10 mA is 

expected during the mission. Surface area increase is accounted as 220 mm^2 and 

corresponding PCB mass is added. Computational hardware is not used since MCU can handle 

all processes. 
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Figure 2.1 : Hamamatsu’sw C12880MA [39] 

 

For thermal protection on hot Moon day, the spacecraft might covered by soft aerogel. Aerogel 

might be incorporated to decrease impact shocks as well. Additional potting is required for 

favorable survival odds. Accelerations up to 200 km/s^2 are expected upon regolith impact. 

 

Spacecraft characteristics:  

Average power use: 15 mAh per day (3.7V) 

Surface Area: 15 cm^2 (4x3.75 cm) 

Mass without propulsion system: 20 grams  

 

2.2.2.3 Delta-V Requirements 

Initial orbit parameters: 

Speed: 7.7 km/s 

Period: 92.6 minutes 

Orbits per Day: 15.5 

Inclination: 51.64° 

Perigee: 410 km AMSL 
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Apogee: 410 km AMSL 

For a trip to the Moon from 400 km LEO, low-energy transfers can offer lower delta-V than a 

Hohmann Transfer, but it is out of consideration of this study. Assuming Hohmann Transfer, a 

Trans Lunar Injection burn without any orbital capture would take at least 3,150 m/s delta-V 

[40].  

Lunar surface stiffness coefficient of 5.0E+08 N/m and damping coefficient of 5.0E+05 Ns/m 

assumed based on prior research [59]. 

Assuming spacecraft made a lunar transfer from LEO, and did not perform any slowing 

manuever, it would have about 2.5 km/s relative velocity to the moon. When calculations are 

made, this concept fails since it requires femtosatellites to be 50k times G force tolerant, which 

is out of reach with current technology.  

The mission will be considered as a non-surviving impact. The code snipped could be found in 

appendix. For a 20 gram spacecraft impacting lunar regolith deceleration accelerations are very 

high. Since only a couple hundred km/s^2 can be tolerated by potted electronics of a possible 

impactor, such an impact will result in a rapid unscheduled disassembly. 

 

2.2 Figure : Generated lunar impact deceleration profile 

 

2.2.3 Scenario 3: High-performance rocket stage: UPPER 

2.2.3.1 Mission definition: 

Mission abbreviation is “UPPER” standing for “Upper stage Payload Pusher Efficient Rocket”. 

This mission is a technology demonstrator for efficient upper stage design for femto-satellite 

level payloads. Lighter payloads can have higher delta-V potential because of the exponential 
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nature of the rocket equation. Nowadays, lightest upper stage designs are made with at least 

15kg payload masses in mind. This is a huge efficiency loss in terms of delta-Vs. To maximize 

mass ratio is the goal for the UPPER mission. High accelerations are required since this is an 

upper stage design. The propulsion system burns at apoapsis point to raise periapsis and use 

residual fuel for intended orbit. This is particularly useful on-air, balloon, rockoon, or gun 

launched missions. If high delta-Vs can be achieved through a proper thruster, even pico or 

microsatellites can make good use of it for orbital maneuvers if appropriate. 

 

UPPER’s initial orbit is a suborbital trajectory with a low perigee value, the propulsion system 

is required to raise the periapsis to stabilize orbit. Initial orbit is chosen to the trajectory of an 

expendable Falcon 9 First Stage Engine Cutoff moment.  

2.2.3.2 Spacecraft bus design:  

UPPER mission spacecraft has a payload which is also the flight controller. The bus is the same 

as the LEOPS mission. The propulsion system is required to be detachable since it is an 

UPPER stage but this is not a concern of this study.  

2.2.3.3 Delta-V Requirements: 

Initial suborbital trajectory: 

Speed: 3.4 km/s 

Altitude: 80 km AMSL 

Required delta-V until stable LEO orbit (9250 m/s): 5850 m/s  [41] 

Time available for burn: ~10 minutes (600 seconds) 

 

 

The propulsion system is required to deliver at least 5850 m/s of delta-V in at most 600 

seconds.  
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2.2.4 Summary of the Mission Requirements 

Table 2.1: Summary of spacecraft masses. 

Mission Mass (kg) w/o 

Propulsion Sys. 

Delta-V (m/s) 

Requirement 

Min # of engine 

restarts 

Min accelerations 

(m/s^2) 

LEOPS 0.004 ~36 (33-39) 4 1.273x10^-5 

MOHLAM 0.020 3150 1 Not specified 

UPPER 0.004 5850 1 9.75 

3.  MICROPROPULSION OPTIONS 

This thesis covers some of the propulsion methods. Most electric propulsion and some 

chemical propulsion methods are not covered although beneficial. 

3.1 Chemical 

Chemical thrusters are known for low-electricity dependant, high thrust, low to moderate 

specific impulse and heritage. They are the most common thruster family on spaceflight. 

3.1.1 Liquid 

Liquid propulsion systems consist of three main parts, propellant storage tanks, valves, and 

engines. Some engines also use pumps to increase propellant flow and some use filters to 

prevent particulates from contaminating the valves. 

 

Over the last decades, small propulsion devices shared tank pressure fed architecture to make 

the design more basic. The 1990s technological development gave rise to micro machinery on 

silicon or similar metals and MEMS born. During the early 2000s, rapid developments 

followed. Launcher rockets used turbomachinery to pressurize propellants before the 

combustion chamber, thus low-pressure tanks were employed, reducing overall system weight. 

With recent developments, the use of turbopumps can pressure fuel without high-pressure 

storage, which results in significant savings. First, tank structure and thickness will be thinner 
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since less pressure is required. Secondly, valves would be operating with a lot fewer pressures, 

reducing design challenges and leakage concerns. Low leakage combined with reduced tank 

mass per kilogram of fuel can allow micro spacecraft to harvest more delta-Vs from their 

propulsion hardware. Turbomachinery is critical for the femto-satellites to reach intended 

mission goals. 

 

Moreover, since high pressures are achieved with turbomachinery, combustion chamber 

pressures are increased as well. Higher combustion chamber pressure meant a smaller engine to 

provide the same thrust levels. Providing further mass savings. Most rockets, upper stages are 

twice the weight of the payload, therefore it is not efficient to launch lighter payloads to gain 

delta-V or vice versa [42]. But advanced micro-turbomachinery can provide the leap for mini 

rocket upper stages.  

 

Engine mass is proportional to the volume but the thrust is proportional to the surface area. 

Multiple engines are more efficient than a big single engine because of that, on the other side 

adding more complexity. In practical rockets, there is an optimum number of engines for every 

rocket. If a higher TWR can be achieved without sacrificing efficiency, micromachined engines 

can be clustered to provide enough thrust for bigger spacecraft as well.  

 

Micro-sized combustion chambers are thought to suffer from reaction time since it does not 

scale with the engine size. In reality, it is not a problem for MEMS production, it allows 

fabrication of very small propellant injector spacings. Thus, propellants mix earlier and achieve 

complete combustion in mere millimeters of space. 

 

 

Tank mass/volume ratio increases as the surface area/volume relationship of r^2/r^3. 

Micropropulsion devices suffer from this loss but in return, they can offer better production 

techniques such as boring and drawing which in turn can make them lighter. 
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Consumer market evolved daily products to a level that the space industry can make good use 

of. Aluminum soda cans weigh about 13 grams and houses more than 330 mL volume. A wall 

thickness of 75 microns can withstand up to 6 bars at room temperature, at cryogenic 

temperatures it can stand up to 7.5 bars. 

 

PET soda bottles can withstand up to 10 bars and they weight approximately 20 grams per liter 

volume. They can operate from -40 up to 70 degrees Celcius temperature. PET can be very 

brittle at cryogenic temperatures but it also increases tensile strength. It can be up to 4 times 

lighter than aluminum soda cans as the propellant tank material [43]. 

 

For a ballpark estimation for tanking requirements of this section, aluminum soda can’s weight 

to volume ratio will be used. An additional safety factor of 1.5 is chosen for standard 

conditions. 

For propellants 0.01 gram/mL*atm tank specific weight will be assumed. 

 

 

Thermal conductivity also increases by specific heat flow increase per fuel mass due to 

increased surface area effect as discussed above. This effect can be advantageous for some 

rocket engine cycles as they operate turbomachinery with the energy of the waste heat from the 

combustion chamber or nozzle as in the expander cycle.  

 

Micropropulsion engines require microvalves to save weight. Valves can be staged in 

arrangements to reduce energy requirements, in that system a pilot stage operates the main 

valve with inlet pressure support. Since microvalves can integrate the actuator and the valve 

mechanism in one product, the resultant system is lighter, energy-efficient and cost-effective 

than conventional vanes.   

 

High thrust micro propulsion engines need high flow rates to perform. Spacecrafts in planetary 

missions require long mission durations, therefore low leak rates. Valve designers take with 
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low leak rate designs that are also capable of high flow rates. Low operation energy 

consumptions are compulsory for micro-spacecraft. 

 

In 2006, researchers managed to shrink an actuator and a valve in a MEMS fabricated package 

of a few grams. The valve design proved 60 mg/min active flowrates, milliwatt level operation, 

very low (5x10^-3 sccm for 55 atm pressure) leakage [44]. The design allowed a small impulse 

bit, high inlet pressure, micro thrusters. The pump also proved high-speed actuation and throttle 

ability with varying voltage input. 

 

Figure 3.1 : Proposed microvalve operation principle [44] 

 

The use of a pump avoids the need for heavy tanks capable of holding high pressures and the 

high amounts of inert gas needed to keep the tanks pressurized during flight. 

 

Pump mechanisms are mostly consisting of turbomachinery: a turbine and a centrifugal pump. 

Similar technology has been demonstrated by MEMS production techniques. A radius of 6 mm 

turbine and a 1mm rotor has been fabricated and successfully tested by MIT. It is designed for 

pressure rises of 120 atm while turning 750,000 RPM [45].  

 

Another pump approach up to 70 atm pressure and mg/s level flow rates is Electro Kinetic 

pumps. These pumps are tested in hydrazine monopropellant engines and performed up to 3 

mN of force with Isp values ranging from 120 to 190 seconds. Whole micro thruster assembly -
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including engine, valves, and pump- weighs less than 10 grams and fits in 5 cc volume, 

consuming less than 100 mW [46]. 

 

Figure 3.2  : Schematic of a capillary thruster for tests of electrokinetic pumps [46] 

 

A MEMS Methalox bipropellant engine designed in MIT promises a thrust of 15N at an Isp of 

300 seconds. The system is a rocket-on-a-chip including valves, turbopumps, combustion 

chamber, and nozzle. During the early six test firings, the maximum recorded thrust was 1 N, at 

a chamber pressure of 12.3 bar and a specific impulse of 150s, resulting in a TWR of 85:1 (1.2-

gram total engine mass) [47].  

3.1.1.1 Monopropellant 

Monopropellant systems are used frequently in space applications due to its simplicity. 

Propellant chemically decomposes with the use of a catalyst, after exothermic decomposition 

combustible gases may or may not appear. The gases further combust in some monopropellants 

to produce even hotter and low molecular mass exhaust. Specific impulse levels are lower than 

most bipropellant engines but monopropellant motors are lightweight and simple. They are 

used as the main propulsion system or mostly as an attitude control system.  

 

Out of various micro thrusters, microelectromechanical systems (MEMS) thrusters have been a 

challenge. A 2013 study included a hydrogen peroxide -greener than hydrazine- 
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monopropellant rocket engine on a chip. Researchers used MnO2 nano-wire -each wire of the 

mesh is about 80 nm diameter- as the catalyst. The wire has microstructures which enlarge the 

surface area. A cold start requires 20 seconds of 2W resistive heating for the catalyst wire to get 

423K temperature. Then pumps are opened and the 50% w/w H2O2 mix flows within the 

chamber, due to exothermic reactions the wire no longer requires heating. A flow rate of 1.25 

mg/s has resulted in a total of 1.1 mN thrust. It can reach to 180s of specific impulse at 0.5 

mg/s flow rate  [48].  

 

Figure 3.3 : Wafer layers to form the engine [48] 

 

Figure 3.4 : Design of the nanowire based monopropellant engine [48] 
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Figure 3.5 : Microscope photos of the produced engine [48] 



44 

 

Figure 3.6 : Catalist for the monopropellant engine [48] 

 

 

For the spacecraft utilization, MnO2 nanowire peroxide thruster is chosen. Engine probably 

weighs less than a few grams. To be more precise, pump, tank connectors, filters, and MEMS 

vane included in the engine mass calculation, the resultant system is assumed to weigh about 16 

grams. Inlet pressures are assumed to be about 4 bars. 

LEOPS Mission Configuration:  

With test results of the 2013 study’s monopropellant motor. Monopropellant system is easily 

reactivated.;  

Table 3.1: LEOPS Mission mass configuration for monopropellant engine. 

 

Metric Amount Unit 

Spacecraft bus mass: 4.00 g 
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Attitude control: 4.00 g 

Engine mass: 16.20 g 

Tank mass: 0.02 g 

Oxygen mass: 0.50 g 

Methane mass: 0.00 g 

Total Propellant mass: 0.50 g 

Isp: 180.00 s 

Dry mass: 24.22 g 

Wet mass: 24.72 g 

Delta-V: 36.00 m/s 

Max. Acceleration: 0.004210 G 

Avr. Acceleration 0.004168 G 

 

MOHLAM Mission Configuration: 

With the test results of the 2013 study’s monopropellant motor, 300 grams of wet mass resulted 

in required delta-V values. It would take about 2 days to burn all the fuel onboard. Therefore, 

although it performs better in terms of acceleration performance, it is still very low for 

chemical propulsion systems;  

 

Table 3.2: MOHLAM Mission mass configuration for monopropellant engine. 

 

Spacecraft bus mass: 20.00 g 

Attitude control: 4.00 g 

Engine mass: 16.20 g 

Tank mass: 10.03 g 

Oxygen mass: 248.96 g 

Methane mass: 0.00 g 

Total Propellant mass: 248.96 g 
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Isp: 180.00 s 

Dry mass: 50.23 g 

Wet mass: 299.19 g 

Delta-V: 3150.00 m/s 

Max. Acceleration: 0.002030 G 

Avr. Acceleration 0.001185 G 

  

UPPER Mission Configuration: 

With the test results of the 2013 study’s monopropellant engine, it is impossible to reach 5850 

m/s delta-V. It can only manage 5270 m/s of delta-V. Still very promising, it might reach 

intended levels by tank mass optimizations. The tank mass model uses linear interpolation, the 

actual mass would be less than the calculated values. Even though it had reached intended 

deltaV values, it would not satisfy the required accelerations. Results are below for 5270 m/s 

deltaV;  

Table 3.3: UPPER Mission 5270 m/s delta-V mass configuration for monopropellant engine. 

 

Spacecraft bus mass: 4.00 g 

Attitude control: 4.00 g 

Engine mass: 16.20 g 

Tank mass: 75.44 g 

Oxygen mass: 1872.86 g 

Methane mass: 0.00 g 

Total Propellant mass: 1872.86 g 

Isp: 180.00 s 
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Dry mass: 99.64 g 

Wet mass: 1972.49 g 

Delta-V: 5270.00 m/s 

Max. Acceleration: 0.001023 G 

Avr. Acceleration 0.000538 G 

3.1.1.2 Bipropellant 

  

The smallest bipropellant rocket engine is not made by humans. Bombardier beetles eject a hot 

noxious chemical spray from the tip of the abdomen for defense. The spray is produced from a 

reaction between hydroquinone and hydrogen peroxide. When the solution of hydroquinones 

and hydrogen peroxide reaches the vestibule, catalysts facilitate the decomposition of the 

hydrogen peroxide and exothermic oxidation reaction boils water, ejecting all combustion 

elements -at 100 degrees Celcius- through a nozzle. Some bombardier beetles can direct the 

spray in any directions up to 270 degrees freedom, just like a gimballing pulse rocket [49]. This 

biologic rocket engine is only a few milligrams in mass but not producing a significant impulse. 

 

The smallest human-made bipropellant engine is MIT’s MEMS bipropellant engine design that 

outperforms almost all alternatives by its small size. Therefore the design for a modern 

bipropellant engine for given missions would be evaluated by MIT’s 1.2 gram MEMS thruster 

design.  
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Figure 3.7 : MIT Rocket chip design 

 

MEMS silicon wafer technique allowed scientists to form a rocket engine chip in 18*13*3 mm 

size. The engine uses METHALOX propellant less than 6 gr/s mass flow rate to produce 15N 

of thrust, with 300s of specific impulse. They used a regenerative cooling cycle with methalox 

and oxygen to prevent the meltdown of silicon motor casing having 1200 degrees Celcius 

melting temperature. The silicon rocket can reach to a combustion chamber pressure of 125 

bars. They harvested 4kW power from hot - 3050K - combustion products and they used it to 

pressurize propellants up to 300 bars. They designed the engine for a thrust power of 20kW by 

using an engine that weighs in mere 1.2 grams (1000:1 Engine TWR). They achieved %15 

percent of the possible thrust in the early test phase, even that allowed for a TWR of 85:1 [50]. 
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Figure 3.8 : MIT’s bipropellant engine’s wafer layers. Six layers are combined to get a rocket chip. [50] 
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Figure 3.9 : Two halves of the MIT rocket engine after production [50] 

 

Figure 3.10 : Coolant channels and injectors of the chip [50] 

 

 

Figure 3.11 : Turbopump of the engine under SEM [50] 
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Figure 3.12 : MIT’s motor operating at 10% thrust on the test stand [50] 

 

Oxygen has a boiling point of 90K and methane has a boiling point of 111K [51]. These fuels 

have close boiling points, therefore they are easy to store together. Every liter of O2, we need 

to store 0.73 liters of Methane. O2 has a density of 1141 g/L and CH4 has a density of 422 g/L.  

 

If we use a propellant tank similar to the aluminum soda cans, the spacecraft will have a high 

fuel mass ratio, thus resulting in higher deltaV. Oxygen and Methane tank weigh will be 

extrapolated from soda can values. 

LEOPS Mission Configuration: 

Theoritical performance -300 second specific impulse- of the motor; 

Table 3.4: LEOPS Mission mass configuration for design values of bipropellant engine. 

 

Spacecraft bus mass: 4.00 g 

Attitude control: 4.00 g 

Engine mass: 16.20 g 
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Tank mass: 0.02 g 

Oxygen mass: 0.23 g 

Methane mass: 0.06 g 

Total Propellant mass: 0.30 g 

Isp: 300.00 s 

Dry mass: 24.22 g 

Wet mass: 24.51 g 

Delta-V: 36.00 m/s 

Max. Acceleration: 63.16 G 

Avr. Acceleration 61.56 G 

 

Test performance -150 seconds specific impulse- of the motor; 

Table 3.5: LEOPS Mission mass configuration for test values of bipropellant engine. 

 

Spacecraft bus mass: 4.00 g 

Attitude control: 4.00 g 

Engine mass: 16.20 g 

Tank mass: 0.03 g 

Oxygen mass: 0.47 g 

Methane mass: 0.13 g 

Total Propellant mass: 0.60 g 

Isp: 150.00 s 

Dry mass: 24.23 g 



53 

Wet mass: 24.83 g 

Delta-V: 36.00 m/s 

Max. Acceleration: 63.12 G 

Avr. Acceleration 30.57 G 

 

MOHLAM Mission Configuration: 

Theoritical performance: 

Table 3.6: MOHLAM Mission mass configuration for design values of bipropellant engine. 

 

Spacecraft bus mass: 20.00 g 

Attitude control: 4.00 g 

Engine mass: 14.20 g 

Tank mass: 4.49 g 

Oxygen mass: 64.46 g 

Methane mass: 17.40 g 

Total Propellant mass: 81.86 g 

Isp: 300.00 s 

Dry mass: 42.69 g 

Wet mass: 124.55 g 

Delta-V: 3150.00 m/s 

Max. Acceleration: 35.83 G 

Avr. Acceleration 19.62 G 
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Test performance of the motor: 

Table 3.7: MOHLAM Mission mass configuration for test values of bipropellant engine. 

 

Spacecraft bus mass: 20.00 g 

Attitude control: 4.00 g 

Engine mass: 14.20 g 

Tank mass: 26.78 g 

Oxygen mass: 384.34 g 

Methane mass: 103.77 g 

Total Propellant mass: 488.11 g 

Isp: 150.00 s 

Dry mass: 64.98 g 

Wet mass: 553.09 g 

Delta-V: 3150.00 m/s 

Max. Acceleration: 23.54 G 

Avr. Acceleration 3.29 G 

 

UPPER Mission Configuration: 

 

Theoritical performance (Isp: 300 s) of MIT Bipropellant engine with 5 percent performance loss to 

account for transient Isp and unused propellant; 

Table 3.8: UPPER Mission mass configuration for design values of bipropellant engine. 
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Spacecraft bus mass: 4.00 g 

Attitude control: 4.00 g 

Engine mass: 14.20 g 

Tank mass: 14.20 g 

Oxygen mass: 203.79 g 

Methane mass: 55.02 g 

Total Propellant mass: 258.81 g 

Isp: 285.00 s 

Dry mass: 36.40 g 

Wet mass: 295.21 g 

Delta-V: 5850.00 m/s 

Max. Acceleration: 42.02 G 

Avr. Acceleration 11.52 G 

 

With test values (Isp: 150 s) the rocket can only get a maximum delta-V of 4000 m/s without exceeding 

limits. Wet mass exceeds 1.5 kilogram, tank becomes very heavy at that delta-V levels. Higher Isp 

performance is mandatory for UPPER mission. 

Table 3.9: UPPER Mission mass configuration for test values of bipropellant engine. 

 

Spacecraft bus mass: 4.00 g 

Attitude control: 4.00 g 

Engine mass: 14.20 g 

Tank mass: 77.55 g 
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Oxygen mass: 1112.89 g 

Methane mass: 300.47 g 

Total Propellant mass: 1413.36 g 

Isp: 150.00 s 

Dry mass: 99.75 g 

Wet mass: 1513.11 g 

Delta-V: 4000.00 m/s 

Max. Acceleration: 15.33 G 

Avr. Acceleration 1.44 G 

 

3.2 Propellantless 

Since weight scales by its cube, femto-sized spacecraft benefits more from propellantless 

propulsion systems.  

3.2.1 Radiation Pressure: 

There are some system-on-chip approaches to solar sailing. A spacecraft design weighs 7.5 mg, 

roughly the mass of two ants. That spacecraft can provide infinite impulse and passive attitude 

control from the radiation pressure of the Sun. It takes 600 years to reach Mars for the small 

sail [52]. 

3.2.2 Tether 

 

Electrostatic tethers (EST) can provide Lorenz force driven propulsion [53]. A study shows 

17.8 meters per day along-track movement in the LEO orbit is possible for a 123-gram femto-

satellite. 
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Figure 3.13 : A proposed elecrostatic tether femtosatellite [53] 

 

Although magneto-torquers are used in a variety of small spacecraft, they are problematic in 

the polar regions. Magneto-torquers cannot provide torque on the magnetic field axis as well. 

Therefore they can only stabilize 2 axes. 

 

Electrodynamic tethers (EDT) can be used for femto satellites. A femto-satellite with EDT’s 

simulation showed that it can stop the angular velocity of a radian per second in less than 5 

seconds [54]. 

3.2.3 Gun Launched 

The electromagnetic launchers were proposed for propelling small spacecraft, especially the 

railgun is an intrinsically very high-power device, reaching up to 1000 TW power levels. This 

power level imposes weight penalties for energy storage materials, as well as the distribution 

and dissipation elements, making orbital railguns uneconomic. Railgun devices launching 0.3 

kg payloads with delta-V capabilities of 4–10 km/s is possible [55]. But at least 200 tons are 

needed for capacitors alone, therefore very inefficient mass-wise. 

 

Project HARP used a giant gun and launch rockets from it. In 1963 it successfully reached up 

to 200 km high suborbital trajectories with 160 kg payloads. The gun launched the projectiles at 

2.2 km/s from the ground with conventional methods [56]. 
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Figure 3.14 :  Project HARP’s 16 inch gun in Barbados [56] 

 



59 

4.  CONCLUSIONS AND RECOMMENDATIONS 

This study focuses on a 4 gram spacecraft bus and evaluates performance of some propulsion 

forms on target missions based on available hardware. 

MEMS monopropellant and bipropellant technologies have been demonstrated on early 2000s 

on laboratory tests. Performances are promising and allowing for a moon impact mission with 

current hardware outcomes. Further research is required to qualify and improve promising 

MEMS micropropulsion solutions to reduce costs and create a femto-satellite development 

community.  

 

4.1 LEOPS Mission Comparison 

LEOPS mission requires only low thrust which can be performed with flight-ready hardware. 

Some integration is required, propellant boil-off problems can be a disadvantage for the 

bipropellant engine. Therefore monopropellant solution might be a good fit for the LEOPS 

mission. 

4.2 MOHLAM Mission Comparison 

MOHLAM required a trans-lunar injection burn with high delta-V. The maneuver can be 

performed with spin stabilized spacecraft and bi-propellant engine. But any mishap might not 

be tolerated.Since the engine uses turbopump assembly to run, it brings complexity at startup 

sequences. Instead monopropellant thruster can provide an overall mass of 300 grams for the 

spacecraft. It is more reliable than bi-propellant alternative.  

4.3 UPPER Mission Comparison 

UPPER requires high accelerations and delta-V’s. Standart rocket upper stages use bi-

propellant engines to reach that delta-V levels, as expected the turbopumped bipropellant 

engine is the only solution for the UPPER vehicle. Current development is only 15 percent 

effective, therefore the UPPER mission needs more time to develop. Bi-propellant engine need 



60 

to improve its performance near the design values to perform good enough in UPPER vehicle. 

It cannot make it to orbit with current technology. 

 

Figure 4.1 : Comparison of design values with existing spacecrafts 

4.4 Future Work 

MEMS micropropulsion solutions need to continue its development. Very powerful engine 

designs are made in the last two decades but it requires more attention to mature the technology 

into design specifications. Without design specifications of these engines, it is impossible for 

femto sized spacecraft to perform valuable interplanetary missions. Piggybacking orbits are not 

useful for most of the planetary science objectives, low delta-V solutions need to qualifty 

immidiately for the industry to expand. 
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APPENDIX 

 

1) C code for lunar impactor acceleration profile calculations: 

 

//THIS CODE GENERATES A DECELERATION PROFILE OF A SPACECRAFT IMPACTING 

LUNAR REGOLITH WITH ANGLE. 
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#include <stdio.h> 

#include <math.h> 

 

//S/C PROPERTIES 

double mass = 0.020;  //kilograms 

double impact_velocity = 2500;  //m/s 

double impact_angle = 80*(3.141592/180);  //to surface normal 

double surface_area = 100;  //cm^2 

 

//MOON PROPERTIES 

double stiffness = 5E8;  //N/m stiffness_coefficient 

double damping = 5E5;  //Ns/m damping_coefficient 

 

//REQUIREMENTS 

double kinetic_energy; 

double velocity; 

double acceleration; 

double delta_time; 

double depth; 

double time; 

double force; 

 

int main(void) { 

printf("Hello World:"); 

   

 

//SOLUTION 

surface_area *= 1E-4;  //conversion to m^2 

kinetic_energy = (1 / 2) * mass * pow(impact_velocity, 2);  //joules 

velocity = impact_velocity * cos(impact_angle); 

printf("%f",velocity); 

delta_time = 5E-9; 

 

for (int i = 0; i<50; i++) 

{ 

 

  time=i*delta_time; 

  depth += velocity * delta_time; 

  force = depth * stiffness + velocity * damping; 

  acceleration = force / mass; 

  velocity -= acceleration * delta_time; 

  printf("\nTime= %.6f, force= %.0f, acceleration (km/s^2)= %.0f, depth= 

%.6f, velocity= %.0f", time,force,acceleration/1000,depth,velocity); 

} 
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return 0; 

} 

 

 

Results: 

 


