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Abstract— The advancement in technologies of spacecrafts 

such as artificial satellites of various scaled sizes has 

required the need for appropriate propulsion systems. The 

use of Propulsion systems for accurate and precise control of 

the thrust output, requires the use of Micro-propulsion 

systems. Applications such as altitude control and deep 

space maneuverability require low thrust and minimum 

impulse bit performance. Micro-Propulsion systems give, 

milli or micro Newton thrust accuracies. They can be used 

for the correction of offsetting torques, which can affect 

satellites orbiting lower altitudes caused due to aerodynamic 

drag present in the outer atmosphere. They also play a vital 

role in offsetting the disturbances caused by solar pressure 

on large inflatable spacecrafts. In the following paper, we 

will mainly discuss the applications of Micro-Propulsion 

systems in Micro and Nano-spacecrafts giving emphasis to 

MEMS and hybrid technologies. Due to their constrained 

size and stringent propulsion requirements new technologies 

such as MEMS devices and hybrid technologies will be used 

for these precision thrust requirements. With the 

advancement in Micromachining we are able to create 

precise microstructures such as Micro- valves and Micro-

tubings which will be used in the Micro-thruster systems. 

Micro ion engines and vaporizing liquid micro thrusters are 

few of the systems which will be discussed which use 

MEMS technology in their thrusters. The use of MEMS 

increases the performance and decreases the size of the 

thrusters. Hybrid technologies seek to improve the 

performance of the various existing technologies by 

modifying and integrating them with more sustainable 

sources. This allows us to try previously unexplored designs 

of thrusters. Propulsion systems such as Vacuum arc ion 

thrusters and field emission electric propulsion are more 

efficient than most other conventional propulsion systems, 

which allows it to be used in a wide range of applications. 

Finally we will also be addressing the cost effectiveness and 

economic viability of the use of such systems in present and 

future space exploration missions. 

Key words: Micro-Propulsion Systems 

I. INTRODUCTION 

Propulsion is a process of making force so that it leads to 

movement of an object. A propulsion system is one which 

consists of a source of energy and a propulsor which is used 

to convert the source of energy into a propulsive force 

needed for the movement of the object. Propulsion systems 

used in large spacecrafts would normally give thrust outputs 

in the range of 1000kN, which is used used in escaping 

earth's gravitational pull. 

Micro propulsion systems are miniature versions of 

the larger propulsion systems which are used in attaining 

escape velocity. The thrust output of micro thrusters have 

the range of milli and micro Newtons, they are used in 

applications such as altitude control of spacecrafts and 

correction of disturbance torques on spacecrafts which are in 

orbit. They are also widely used in smaller aircrafts like 

Nano and micro satellites, which will allow us to maintain 

precise formation, flying in large groups of these satellites. 

Systems which require stringent propulsion requirements 

such as low impulse and thrust, allow micro propulsion to be 

an ideal system to be used. The smaller size of these systems 

allows these to be made into integrated modules, which can 

be used in small scaled satellites and spacecrafts. It also 

increases the efficiency of the propulsion system which can 

be used in these systems. 

The liquid propulsion systems which is used in the 

micro systems will have a structural constraint, due to the 

limited quantity of propellant that can be stored, which will 

require liquid or cold gas systems to be used. Due to the 

structural size constraint in smaller satellites there will be 

very low power densities. Even though the technologies 

such as MEMS are small, the inclusion of micro tubing 

structures has increased the overall volume and mass of the 

overall equipment. 

The use of standard Silicon etching techniques to 

manufacture and produce MEMS technologies has made 

these propulsion systems to be mass produced making them 

more cost efficient. The cost effectiveness has allowed small 

business firms and even colleges investing finance and 

resources in building and testing of such systems. 

II. STRUCTURAL DESIGN 

The structural design of micro propulsion systems is defined 

by the precise propulsion which is consumed, to produce 

accurate thrust in the milli sand micro Newton range. The 

structural constraint on integrating the different modules 

into small satellites and space crafts is of utmost importance. 

MEMS technology uses micromachining to produce 

accurate structures, which are used in the proper propellant 

consumption in the system. Vaporizing liquid micro 

thrusters (VLM) has three segments that define the system 

which are, the heater, the vaporization channel and the outlet 

nozzle that produces the thrust. The precise amount of 

propellant enters the vaporization chamber through the inlet 

port where it is heated by a thin film heater element. The 

heater elements can be placed on both sides of the 

vaporization chamber which reduces the preheat time for the 

propellant which has to produce the thrust through the exit 

nozzle. Silicon is a good conductor of heat and maintains 

excellent structural integrity, and hence is used for the three 

layers of chips which are bonded using a gold thermal 

compression bond. The nozzle used for such an application 

can be optimized for better performance and maximum 

specific impulse. Nozzles used in such application can be 

manufactured under two configurations, they are the side 

exit nozzle and the top exit nozzle which are used according 

to their specific application. For more geometrically flexible 

designs we normally use side nozzle systems as it does not 

directly restrict the thickness of the silicon wafer to be used 

while manufacturing. 
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Fig. 1: 

 
Fig. 2: 

Normal thruster systems do not have a feedback 

mechanism to control the actual flow rate of the the 

propellant through the nozzle of the system. MEMS devices 

allow the cold gas thrusters to have proportional and closed 

loop systems. The Xenon which is used on these propellants 

can bee controlled so as to obtain maximum specific 

impulse at any required time in the operation of the system. 

The Cubesat initiative has developed a single unit 

closed loop system which consists of the thrusters along 

with the sensors used to control the mass flow through the 

system. The Xenon control systems mainly consists of 

proportional thermally actuated MEMS valves. The valve 

comes with a number of sensors which will allow precise 

mass flow rate of the propellant. The primary structure is 

taken from the PRISMA micro thruster design, the system is 

made in an aluminum housing, which can have more than 

one thruster pods. Each pod consists of the thruster chip of 

MEMS technology and the electronic interface which 

connects it to the rest of the space craft. 

Hybrid technologies have been changing 

propulsion systems, so as to improve its efficiency and to 

reduce the mass of the system. 

 
Fig. 3: 

 
Fig. 4: 

These advances have allowed them to be used in 

smaller aircrafts and satellites. Vacuum arc thrusters (VAT) 

produce a plasma plume that accelerates particles into space 

at high velocities, which generates the thrust required.  The 

earlier systems would use large capacitive power units 

which were bulky and reduced the performance of the 

propulsion system. The use of inductive storage in the 

power processing units of the satellite has allowed the mass 

to be reduce and the efficiency of the propulsion system to 

increase. A new type of system called magnetically 

enhanced vacuum arc thrusters having increased thrust to 

power ratio which also adds an external axial magnetic field 

to the system. 

The system includes two coaxial titanium arc 

electrodes which are separated by a single isolator ring. 

When power is supplied it is first used to power up the DC 

power supply, after which the energy stored in the inductors 

are used to produce the arc between the electrodes. The 

micro plasma produced at the isolator ring junction produces 

the arc between the electrodes. 

Field emission electric propulsion is an advanced 

propulsion mechanism which uses liquid metal as the 

propellant. The system consists of an emitter and an 

accelerator electrode. There is a high electric field which is 

applied on the liquid metal present in the emitter. The effect 

of surface tension and the electric field gives rise to Taylor 

cones on the surface of the liquid metal. Ions are extracted 

from these cones and accelerated by the electrodes to 

produce the thrust required by the system.  

The thrust acquired from this process is of the order 

of micro Newton and hence it is mainly used for altitude 

control of small space crafts. The instantaneous capability of 

the system to turn off or on, along with the throttle 

capabilities enables very accurate thrust rates to be obtained. 

This method is used with different kinds of propellants such 

as cesium, mercury and indium which have high atomic 

weight. 

We see that all the systems have small size and 

higher efficiency which allows them to be used as integrated 

modules which in turn can be used in small space crafts and 

satellites. 

III. MANUFACTURE AND PRODUCTION 

The manufacture of traditional MEMS devices is using 

Micromachining processes. This process comes from the 

very mature field of integrated circuit micro fabrication, 

which is used to create very precise structures. Combined 
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with wafers and die bonding, these structures have can be 

produced with very high tolerance and functionality. The 

earlier versions of the VLM nozzle were created using wet 

anisotropic etching. By exposing the wafer to etchants from 

both sides of the nozzle allowing converging and diverging 

structures to be manufactured. 

 
Fig. 4: 

The three layers of the MEMS device are bonded 

using a gold thermal compression bond where the layers of 

gold are brought together under high pressure so that they 

diffuse into each other to form a single layer. For VLM 

devices it would be more compatible as it already uses gold 

metallic filaments in the heaters system. Deep reactive ion 

etching (DRIE) was a process used to create relatively tall 

microstructures and perpendicular sides. The use of a T 

design reduces the heat losses from the system, making 

them more efficient than previous systems. 

In a closed loop, feedback system the thruster and 

control systems is integrated into a single MEMS chip 

containing the flow control valve, flow sensor and the 

nozzle. In the CubeSat program four of such chips are 

integrated into a single unit, filled with propellant and four 

isolation valves. The mass flow rate sensors are used in the 

closed loop system to control the flow of propellant through 

the thruster. 

An MicroVacuum arc thruster(MVT) consists of 

two coaxial titanium arc electrodes which are separated by 

an insulator ring, between which the arc is struck which is 

used for propulsion. The insulator ring is coated with carbon 

paint allowing the breakdown at a voltage of 100V. The 

PPU used as a DC source to charge the inductor which is 

then used to get an arc between the electrodes. The switch of 

the PPU is triggered using a transistor switch. The magnetic 

coil is mounted coaxially to the electrodes so as to produce a 

curved magnetic field in the thruster channel. The magnetic 

coil is movable getting the desired strength of the magnetic 

field. 

Field emission thrusters use a liquid metal ion 

source as the propellant to achieve thrust for the spacecraft. 

The applied high electric field makes the liquid metal form 

into cones which are emited using the emitter, after which 

there is a ring or a slit which acts as the accelerator to speed 

up the particles giving its specific impulse. The choice of 

propellant is dependent on the factors like atomic number, 

making the maximum achievable thrust higher for higher 

atomic number elements. The wetting properties, melting 

point and also the vaporization pressure are factors that 

affect the choice of propellant used. 

Experimental Data Analysis 

Propulsion systems can be tested in different ways, 

so as to determine the thrust output of the systems. They are 

tested in vacuum and radiated conditions so as to check for 

their structural integrity. These tests will replicate the 

environment of space which will allow us to understand its 

performance and behavior during the mission. 

The thrust of the VLM can be tested using the 

torsion spring systems that can measure the thrust up to an 

accuracy of 5 micro Newtons. Initial testing of the thrust 

was done using water as the vaporizing propellant, due to its 

convenience in using. The water was supplied to the 

vaporizing chamber using a peristaltic pump through micro 

tubing attached to the inlet of the vaporization chamber. In 

practice a fluid of lower heat of vaporization and low 

boiling point would be easy to vaporize and would require 

lesser power, along with giving higher force capabilities. By 

the data obtained it was inferred that the nozzle geometry 

played a vital role in determining the presence of water 

droplets in the output stream.  

The pump and the micro tubing of the system is 

attached to the inlet to the vaporization chamber using silver 

epoxy. Required data such as fluid temperature, flow rate, 

the power supplied to the thruster and the resulting force is 

recorded. The resultant force seemed to increase with the 

increase in voltage provided to the heater filaments, used for 

the vaporization of the propellant. Larger flow rate 

mandated that there be a larger temperature gradient 

between the inlet and the heater filament which increases the 

mass of the liquid propellant which is vaporized. The force 

output was found to be linearly related to the temperature of 

the input fluid for a constant flow and power. 

Due to the power constraint the heaters could not 

be used over 11W of power because of the decomposition of 

the epoxy used. Future optimization of the chamber size and 

the nozzle geometry will allow for increased efficiency of 

the propulsion systems along with reduced the power 

consumption of the thruster. 

Closed loop systems allow the propulsions system 

to control the actual flow of propellant through the thruster 

system using control systems and optimization algorithms. 

When the CubeSat was tested with a proportional thruster 

and a closed loop system, in steps of 5 micro Newton thrust 

capacity the system was able to respond to changes in mass 

flow rate accurately with a time delay of about 500ms. In 

closed loop system it was found that the drift of the 

temperature due to prolonged use of the thruster is 

eliminated due the feedback system which has been 

implemented. 

In MVAT systems the use of magnetic coils which 

are coaxial to the electrodes that produce the arc, increases 

the plasma plume that is produced. It also allows the 

electrons to be ejected towards the open end and prevents 

them to be ejected uniformly in both axial directions. The 

ions are extracted without the magnetic coil reaches a 

velocity of 16km/sec but with the help of the magnetic field 

it reaches speeds up to 48km/sec. The magnetic field 

ensures the arc rotation within the electrodes, which leads to 

homogenous erosion leading to the long time performance 

of the thruster. 

Field emission electric propulsion gives a high 

specific impulse and low impulse bit electrostatic 

perfomance. Depending on the mass flow rates there is 

ejection of ions or droplets of the propellant. The 

performance of the accelerator was seen to increase with 
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lower voltage values used in its operation. Using higher 

voltages makes the ion beam more divergent, which allows 

the deposition of the propellant on the accelerator. The 

deposition brings about sparks and the back bombardment 

of electrons. Drain current need to be reduced, for long term 

use of the system due to the localized heating that occurs in 

the system. Due to low thrust rates required for the 

propulsion of such systems, the voltage can be reduced so as 

to optimize the power consumption and the output thrust of 

the propellant. 

IV. COMMERCIALIZATION AND ECONOMIC VIABILITY 

Micro-electro mechanical system, micro system technology 

and micro machines are synonymous in developed countries 

such as the US and Japan. They have been classified under 

the the M3 category of technologies. The use of these 

technologies has opened a new frontier in modern 

technology. The commercialization of such technologies 

would be a revolutionary breakthrough in our society. Many 

buisness firms in many countries have initiated large scale 

production and research of the M3 technologies. Global 

endeavors to unify these technologies are under way, which 

will provide a much more rapid progress in these 

technologies.  

The difference in manufacturing techniques and the 

volatile market infrastructure has made the 

commercialization of such technologies more challenging. 

Universal standards and nomenclature would allow the 

development of such technologies in a more structured and 

productive manner. The manufacture of such products 

requires the expertise from many fields unlike the 

electronics industry. Established firms and startups have 

difficulty in capitalizing on the new technology. But with 

newly emerging manufacturing technologies which are 

commercially viable has allowed the large scale use of M3 

devices.  

As the use of hybrid technologies have, 

revolutionized the transport industry their use in propulsion 

systems has allowed high levels of efficiency over a broad 

range of power outputs. Advances such as transitioning 

seamlessly between two types of propulsion, will maximize 

efficiency while lowering fuel consumption. These systems 

would still be able to give high power needs during takeoff 

and climbing. The reduction of weight, complexity and cost 

of these systems will allow it to become commercially 

viable, so as to allow small scale firms and even educational 

institutions like colleges to work on them. 

V. FUTURE TECHNOLOGICAL ADVANCES 

As we reach the farthest edges of our solar system, the 

exploration we do using unmanned probes would be 

significantly high. The use of robotic systems with 

autonomous capabilities will have to be designed so that the 

spacecrafts may be able to reach their target and maneuver 

to obtain data samples. Such mission usually require 

significant power in extreme environment, thus the 

advanced propulsion used in such systems play a crucial role 

in the success of the mission. Few of the key advances in the 

future for advanced propulsion and power, include electric 

propulsion with higher efficiencient thrust along with 

reduced cost and risk factors, precision propulsion which 

include systems that use micro and milli newton thrust for 

precision formation flying in orbital control and science 

missions. Advances in electric propulsion include thrusters 

that use ion and Hall Effect. The use of solar electric 

propulsion will be done with decreased cost and for future 

flagship missions which will provide higher power thrust 

and specific impulse capabilities. 

Chemical propulsion is also making advances using 

monopropellant thrusters and bipropellant thrusters. 

Research is going on to reduce the risk and the consumption 

of propellant to be ideal for deep space missions. Systems 

for re-entry descend and landing mechanisms are being 

developed, the use of light weight tanks to increase the 

efficiency of the thrusters have allowed advances such as 

variable thrust bipropellant engine modeling and cryogenics. 

Precision propulsion is being advanced using concepts like 

solar sails and solar winds, which provide equivalent thrust 

as micro propulsion systems. Advances in this system will 

help the used of self navigating and control spacecrafts. 

The drift of larger satellites being replaced with a 

group of smaller satellites, communicating with each other 

allowing increased functionality and the use of adaptive 

networks, will be a boost to use MEMS based micro 

propulsion systems. The used of precision propulsion in 

large swarms of satellites will determine the longevity and 

functionality of the group of satellites. 

As the use of smaller propulsion systems increase 

the functionality of the different types of space crafts and 

satellites will become more flexible and compact, making it 

a very promising platform for future technologies to 

develop. 

VI. CONCLUSION 

The present age has brought about global advancements in 

space technologies. Global endeavors to expand our reach 

into space, has become a technological necessity of almost 

all countries of the world. As we are getting more connected 

as a global community, the need for connectivity is ever 

increasing. Small scaled satellites and spacecrafts are the 

critical link to this problem. Since use of Micro propulsion 

systems plays an important role in determining the 

functionality and success of a particular mission, advances 

in these technologies are of key importance. 

The economic stability of many countries have 

improved, turning governments to space exploration, which 

has accelerated the use of space technologies. Mass 

production and commercialization allows smaller firms to 

take advantage the evolving market for space technologies. 

Due to globalization, the global village of our connected 

world has made space accessible to people throughout the 

world. 
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