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Abstract 

With the advent of nanosatellites the need of developing various micropropulsion systems which can 

provide the thrusts in range of micro-Newton (µN) to mili-Newton (mN) has gained significant 

importance. A liquid monopropellant thruster depends on few components such as propellant tank, 

injector, heating and catalytic chamber and nozzle. This makes it possible to be adapted to microscale 

with suitable changes in design.  

This master thesis reports on the design, manufacturing and characterization of a ceramic- based 

liquid monopropellant microthruster which can be a potential alternative to the silicon based 

micropropulsion systems to provide the thrusts in range of micro-Newton (µN). Few observations 

made for future designs have also been included. The microthruster has been fabricated using the high 

temperature co-fired ceramic (HTCC) technology and consists of five components: microheater, two 

temperature sensors enabling four-point measurements, catalytic bed, and a converging diverging 

micro nozzle, all integrated in a chip with dimension of 25×25× 0.6 mm
3
 before sintering. 

Maximum operating temperature reached with propellant being pumped in catalytic chamber, was 

307°C with a heating power of 5.62 W. Hydrogen peroxide (30%) was used as propellant for the tests. 

Complete vaporisation of the propellant was successfully demonstrated. 

The work has been done at the Ångström Space Technology Centre (ÅSTC), Uppsala University, 

Uppsala, Sweden. ÅSTC is a research group currently dedicated to the development of 

microelectromechanical systems (MEMS) systems for space and other harsh environments. 
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1. Introduction  

1.1 Need of micropropulsion system for the satellite 

In the recent years for different space missions, the demand to achieve or attain extremely low levels 

of thrust has increased. Smaller size of the spacecraft has attracted much interest due to their low cost 

and short lead times. Various propulsion systems are required in a spacecraft depending on the range 

of tasks and performance requirements for a particular mission. They can be used as main engines as 

apogee motors for circularisation of orbit, removal of inclination or as perigee motors for orbit raising 

operation. Other important operations which are carried out with use of propulsion system are attitude 

and orbit control, station keeping [1]. Thrust levels ranging from few micronewtons to tens of 

newtons are required in a continuous or pulsed mode. Therefore low-thrust systems are needed for 

orbit raising manoeuvres or spacecraft attitude and orbit control. In a mission which needs the satellite 

to maintain its orbital attitude and position with high precision level, particularly in a case where 

satellite has to point its scientific instrument towards a particular point in space and maintain the 

position while offsetting extremely small perturbations to its attitude or position because of solar 

radiation pressure or gravitational non uniformities, thrust corrections on the order of micronewtons 

are required.  

Microscale thrust is also required when the size of spacecraft itself is reduced significantly. Satellites 

having mass in range of 1-10 kg are commonly known as nanosatellites whereas satellites having 

mass in range of 10-100 kg fall into category of microsatellites. Especially cubesats (1U-6U) are 

gaining popularity in recent years. Several scientific missions, like LISA, MAXIM and SPECS, have 

set new levels of precision positioning of satellites [2]. These satellites require the thrust levels 

ranging between 1 and 100 μN. Since the existing propulsion technology cannot meet many of the 

design constraints for microsats/cubesats, the need to develop miniaturised micropropulsion systems 

has arised. The use of MEMS-based propulsion system has many benefits with the advancement in 

microfabrication techniques that allow us to realise complicated microcomponents. Their construction 

is extremely lightweight thus reducing the overall mass of propulsion system. They can be mass 

produced reducing, the cost per device. Also, their size allows us to take advantage of unique 

microscale phenomena. 

Table 1.Typical microsatellite operating requirements [3] 

Propulsion system parameter Target value 

Thrust level 1-1000 N 

Impulse bit* 1-100 Ns 

Specific impulse** 160 s 

Mass <0.1 kg 

Power Consumption <1 W 

Volume <1 cm3 

Operating temperature <1700 K 

*Impulse bit is minimum amount of impulse that can be delivered each time the thruster is fired. 

**Specific impulse is the amount of thrust delivered per unit weight of propellant consumed. 
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1.2 Brief overview of current micro propulsion concepts and their fabrication techniques. 

In the few years, lots of micropropulsion development projects have been undertaken by various 

research groups and industry, universities and space agencies. The various approaches implemented 

by these research groups have their own benefits as well as development techniques applied. Reviews 

of micropropulsion systems can be found in Mueller et al. [1], Reichbach et al. [2]. 

 Hitt et al. [3] reported a microscale hydrogen peroxide monopropellant thruster fabricated with 

silicon as structural material and employed DRIE process. To decompose the propellant, silver coated 

diamond shaped pillar and zigzag design were incorporated in the stagnation chamber, but the 

diamond pillars could not withstand the high temperature and high pressure of the chamber. Suitable 

dimensions for complete decomposition of the propellant were studied in this report. Also, the 

necessity to study the hydrodynamic and chemical kinetics at the microscale in order to solve the 

problems of incomplete decomposition was suggested. 

 In [4], a silicon MEMS thruster was fabricated using silicon as structural material. This gave a 1 mN 

thrust. Various components like heater chamber, inlet channel, and outlet nozzle were simulated in 

software and optimised to get desired performance. Means for achieving high thrust values was 

incorporation of two heaters for faster and uniform heating of propellant along the length of the heater 

chamber. No catalyst was used for decomposition. Tests were carried out with water as fuel.  

A microthruster was designed and fabricated by using photosensitive glass as structural material in 

[5]. Wet etching, polishing, thermal bonding and UV bonding were used in microfabrication process. 

The monopropellant used was prepared by blending ethanol with 90% pure hydrogen peroxide to 

enhance the performance. Thrust as high as 30 mN for a flow rate of 1.7 ml min
-1

 was measured for 

blended hydrogen peroxide. No embedded heater was used in this design. 

In [6], a MEMS monopropellant microthruster was realised with silicon as structural material. A 

catalytic bed consisting of embedded MnO2 nanowires to decompose the hydrogen peroxide was 

employed. Thrust in the range of 0.3-1mN was produced by use of 50% pure hydrogen peroxide. Also 

an embedded heater running along the catalytic chamber length was incorporated in design to enhance 

the performance. Electrical power of 2-2.2W was required to preheat the catalytic bed up to 423 K.  

In a study published by Romeo L et al. and his research group [7], the method to prepare the catalytic 

bed by impregnating platinum on various types of foams and cordierite has been used. In [8], a 

comparative study of various monopropellants was presented, which makes it easy to choose the 

monopropellant as per the requirements. 

The chemical propulsion systems involve the conversion of thermal energy to kinetic energy to 

generate thrust. Therefore the thermal properties of the structural material used to construct 

propulsions system are very important. Most of the microthrusters seen above were fabricated using 

silicon or glass as structural material. Silicon based microsystems experience excessive heat loss, as 

silicon is a good thermal conductor and also heat transfer is enhanced at microscale. If catalytic 

material is used, the decomposition process can be highly exothermic. The rate of decomposition 

increases 2.3 fold for each 10ºC rise in temperature [3]. Silicon, however, begins to soften at 600ºC 

thus setting an upper limit to operating temperatures. Also, heat can dissipate through various 

integration points, e.g. the valve. Glass and silicon micro fabrication technique requires sophisticated 

cleanroom facilities. 

In contrast, multi-layered ceramic substrate technology has been used for packaging of integrated 

circuits, and to produce more robust electronic components. This technology is well established and 
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also does not require complicated clean room facilities as needed for silicon or glass material. In 

addition, the exceptional thermal properties of ceramics make it an attractive alternative for 

development of chemical MEMS propulsion systems. Hence use of high-temperature cofired ceramic 

technology (HTCC) can allow us to achieve higher operating temperatures which in turn can increase 

the specific impulse due to higher chamber pressures and temperatures achieved in combination with 

integrated heaters and catalytic bed. 

In [9], a MEMS microthruster has been fabricated using Zirconia (ZrO2) as a structural material. A 

platinum -based micro heater was used to vaporise the propellant. No catalytic bed was included in 

this design. Dry test of proposed microthruster shows that it consumed 21% less electrical power in 

comparison to silicon-based microthrusters.  In [10], a high-temperature zirconia microthruster was 

fabricated by using silicon-based tools. A flow sensor was integrated in this design. It was shown that 

components could be heated locally to temperatures around 1000ºC, using embedded heaters. Thus it 

is seen that we can achieve higher operational temperatures at much lower power consumptions. 

Hence, the use of ceramics as a structural material increases the ability of the component to withstand 

harsh environments thus creating more robust propulsion system.  

In [11], a comparative study was made to determine the best catalytic material for various types of 

fuel. Studies in these reports suggested silver as most promising catalytic bed material when hydrogen 

peroxide is used as fuel.  

The purpose of this thesis is to design a microthruster and develop critical prototyping steps for the 

use of HTCC technology in the field of micropropulsion and microcombustion. Al2O3 was used as 

structural material considering the benefits of ceramics over traditional MEMS material. 

Characterisation was done by performing dry tests and hot firing of thrusters to demonstrate on chip 

catalytic decomposition of fuel. The design of the microthruster includes an integrated heater and 

platinum -based catalytic bed. Unlike other designs, a temperature sensor to monitor the temperature 

on the surface of the catalytic chamber and close to heater is also included.  
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2. Background  

 

2.1 High-Temperature Co-fired Ceramics (HTCC) technology  

Co-Fired ceramic devices are monolithic microelectronic devices, where entire ceramic structure and 

conductive material included in the structure are fired simultaneously in the furnace. Co-fired 

ceramics were first developed in1950s-60s to make robust capacitors. This technology was later used 

to manufacture multi-layered integrated circuit board like structures. In this technology, each layer 

can be processed differently and then all the layers can be assembled together to form a final structure 

[12]. Cofired ceramics can be classified into low temperature cofired ceramics (LTCC) and high 

temperature cofired ceramics (HTCC). For LTCC, firing temperature is below 1000 ºC, whereas for 

HTCC, firing temperature is around 1600 ºC [13]. 

LTCC tapes are thick sheets prepared by tape casting a glass-ceramic mixture on polymeric carriers at 

varying thicknesses. High content of glass material is found in LTCC. No glass material is found in 

HTCC. These green tapes can be laminated together and then fired. By this, the polymer binder is 

removed while ceramic grains and glass phase sinter together. Due to the glass phase in LTCC, its 

firing temperatures are lower than HTCC. Usually ceramic tapes are made of Al2O3, ZrO2, BN, 

combination of silicon dioxide, Al2O3 & borosilicate Glass, AlN, SiC etc. Only the glass contents 

differ which makes them suitable either for HTCC or LTCC applications [14]. 

Table 2. Comparison of LTCC and HTCC for alumina. [13][15] 

Properties  LTCC (Alumina) HTCC(Alumina) 

Youngs Modulus(GPa) 152 394 

Thermal Conductivity(W/m-K) 3 35 

Thermal Coefficient of 

expansion*10
-6

 

5.8 8.4 

Firing temperature (ºC) 850 1550  

Conductor material used Ag, Cu, Au and their alloys Mo, W, Pt 

 

2.2 Working principle of microthruster 

The operating principle of a MEMS-based H2O2 thruster is as shown in figure 1. Liquid hydrogen 

peroxide or high test peroxide (HTP) is fed from the propellant tank to the injector. Pressure drop can 

be produced while feeding the fuel by making suitable changes in design. The injector feeds it further 

to the catalytic chamber, where the fuel is heated by the integrated heater and also undergoes rapid 

chemical decomposition, producing high-velocity gaseous reaction products. The chemical 

decomposition is enhanced by use of catalytic material inside the catalytic chamber [3]. Many 

macroscale thrusters have employed this mechanism especially with hydrazine as monopropellant. 

The thrust production occurs in the converging-diverging supersonic nozzle. The gaseous products of 

decomposition from catalytic chamber are fed to converging nozzle. Here the gases accelerate to local 

sonic velocity at the throat; in the expansion part of the nozzle gases are accelerated to supersonic 

speeds. 
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Figure1. Schematic drawing of propulsion mechanism for H2O2 microthruster [3]. 

 

Chemical decomposition of hydrogen peroxide 

The governing reaction when 100% pure hydrogen peroxide undergoes decomposition is as follows: 

2H2O2 (l) → 2H2O(l) + O2(g) + heat. 

This reaction follows first order chemical kinetics. The rate of reaction strongly depends on 

temperature, purity & concentration of fuel and surface activity [3]. Non catalysed reaction is slow 

most of the times and cannot be used for the thruster applications, but catalysts increase the reaction 

speed, thus enhancing the performance of thruster. This decomposition process is highly exothermic. 

Approximately 700 cal/gm and 350 cal/gm of energy is released on decomposition of H202 (100%) 

and H2O2 (50%) respectively [16]. 
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3. Materials and methods 

3.1 Microthruster design  

The proposed microthruster is comprised of five major components: an integrated platinum heater, 

temperature sensor just close to heater, catalytic bed, the catalytic chamber with micro nozzle and a 

second temperature sensor on surface of catalytic chamber.  

 

 

Figure 2. Exploded view showing the conceptual design of the microthruster. 

 

Mechanical layout of microthruster 

 

          

Figure 3. Heater element with temperature sensor (left) and catalytic bed (right). 
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Figure 4. Microfluidic layer (left) and temperature sensor on upper layer with side wise electrical leads (right). 

 

For this thesis study, an alumina tape with thickness of 150 µm (ESL 44007, Electroscience 

Laboratories ,USA) was used. This was used to provide structural rigidity. The device was fabricated 

from four layers of the tape, three of which were screen printed. Design of each layer is explained 

below. All the dimensions mentioned in this thesis are from before sintering. 

Heater layer 

It is the bottommost layer and consists heater and temperature sensor. The heater element is a 

meander which extends along the whole length of the catalytic chamber. The width of each heater turn 

is 180 µm before sintering. These dimensions were constrained by lowest achievable dimensions 

while screen printing. As many turns as possible were fitted considering above dimensions in order to 

cover whole catalytic bed. Three heater pads each 900 µm in width, for electrical connections can also 

be seen.  A temperature sensor sitting exactly in the centre of heater is provided. This enables us not 

only to monitor the temperatures reached in immediate vicinity of heater but also approximate 

temperatures reached at the catalytic bed. Temperature sensor is designed to enable us to have a four 

point measurement. Care has to be taken that thickness and width of sensor electrical connections 

remain uniform and design is symmetric to ensure accurate measurements by the sensor. The width of 

electrical leads is 270 µm, whereas the width of the sensing element seated in the middle of heater is 

140 µm. 

Catalytic bed layer  

The catalytic bed sits exactly above the heater. Hence the catalytic bed is heated when the heater is 

activated by passing the current through it. The dimensions of catalytic bed are exactly equal to 

catalytic chamber which sits above it. Also we can see an electrical connection extending from 

catalytic bed. This provision was made in case the need arises to electroplate any other catalytic 

material. Length and breadth of catalytic bed are 7560 µm and 4320 µm respectively. The width of the 

electrical connection is 900 µm. 

Microfluidic layer: 

 It consists catalytic chamber with nozzle. The microfluidic layer sits on top of heater and catalytic 

bed layer. The lateral dimensions of the catalytic bed and the catalytic chamber are exactly the same 

in order to make sure that residence time of fuel inside the chamber is enough to vaporize it 
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completely. The nozzle throat width is 200 µm and nozzle exit is 1280 µm. To optimise the 

geometries of the catalytic chamber in the microfluidic layer is beyond the scope of this thesis study. 

Hence dimensions of microfluidic layer were decided after studying various designs found in 

literature review [3, 4, 5, 9].  

The choice of divergence half angle as 28° is not arbitrary. Literature suggest that the divergence half-  

angles in the range of 25°-30° will perform better as opposed to macroscale designs which have 

divergence half-angles in the range of 15°-20° [3,4]. The reason for this is that at low Reynolds 

number, the subsonic boundary layer in the nozzle exit will occupy a smaller percentage of area for 

larger divergence angle.  

Sacrificial microfluidic insert: 

This insert looks similar to the microfluidic layer above except that it is designed to fit well inside the 

channel. The graphite tape (ESL 49000, Electroscience Laboratories, USA) was selected for this 

purpose. This material is designed to be burned out in the temperature range of 600°C-700°C to create 

a void where the tape was placed. The original design was shrunken by 2% from all sides so that the 

sacrificial insert fits properly inside the microfluidic layer. This is done in order to save the walls of 

microfluidic layer especially delicate features like nozzle throat and nozzle exit from collapsing or 

deforming under immense pressure during lamination step.  

Uppermost layer:  

It consists of temperature sensor, propellant inlet hole and sidewise electrical connections extended to 

upper layer. This layer is the uppermost layer and sits on top of catalytic chamber. It consists of a 

second temperature sensor which gives the approximate temperature of the catalytic chamber. This is 

helpful to monitor the temperatures while hot firing of the thruster. The temperature sensor enables to 

have four-point measurements. Precaution to maintain the uniformity and symmetry in the design has 

been taken here too. Propellant inlet hole is provided to connect to the fuel reservoir. The electrical 

contact pads seen on the right side are extended sidewise from catalytic bed layer and heater layer in 

order to facilitate proper connection. The thicker pad is for catalytic bed and other four thinner pads 

are for temperature sensor sitting on heater layer. On the left side three thicker contact pads extended 

from heater layer can also be seen. Temperature sensor electrical leads are 270 µm wide whereas the 

sensing element is 140 µm wide. The propellant inlet hole diameter is 900 µm. 

 

               

Figure 5: (a) Electrical contact from heater layers extended to uppermost layer (b) electrical contacts from 

temperature sensor on lower most layer and catalytic bed layer are extend to upper most layer. 
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3.2 Manufacturing  

Two samples of half-nozzle and one sample of a full-nozzle were manufactured. Half-nozzle consists 

of only three layers: heater layer, catalytic bed layer and microfluidic layer, whereas full nozzle 

consists of all layers and is a complete component. 

Cutting of tapes 

The process starts with cutting the right size of tape. Alumina tape with thickness of 150 µm (ESL 

44007, Electroscience Laboratories, USA) was used. As mentioned in the design section, four tapes 

for each layer of the size 2.5×2.5 cm were cut in 0° and 90° rotation. For e.g. if bottom layer was cut 

out of tape with 0°orientation then the next layer i.e. catalytic bed layer must be cut out at 90° 

rotation. This is done to ensure that during sintering the shrinkage should happen equally in all 

directions. From previous experiences, approximately 20% shrinkage in dimensions is expected from 

sintering. 

Screen printing 

Metallisation was accomplished by screen printing of a platinum conductor paste (ESL 5571, 

Electroscience Laboratories, USA) on three layers using 8” × 10”, 325-mesh stainless steel screen 

(ScreenTech, Denmark). This screen contains all the designs needed to be screen printed. In this case, 

screen consists of the designs of heater pattern, temperature sensors on heater layer and uppermost 

layer and the catalytic bed. 

The mesh size decides the quality of printed patterns. Therefore the smallest distance between two 

elements to be screen printed or smallest width achievable depends on the size of mesh opening of the 

screen. Firstly the tape is fixed on a glass surface. Then the screen is positioned exactly above the 

tape. Desired amount of platinum paste is applied just above the patterns on the screen. This platinum 

paste is printed on alumina tape by squeezing the paste through stainless steel mesh of the screen. 

Rubber squeegee is used for squeezing. Care should be taken that squeegee is held at 45° angle and 

the right amount of force to be applied in order to not to damage the screen. Finally the screen printed 

tapes are kept in an oven at 50°C for 15 min to let the printed paste dry.  

It is good to get a porous catalytic bed surface in order to increase the surface area to improve the 

contact between propellant and catalytic bed material.  A new method to prepare porous catalytic bed 

was employed. A mixture of platinum paste and carbon sacrificial paste was prepared. Sacrificial 

paste contributed around 10-15% by volume of total mixture. This mixture was used to screen print 

the catalytic bed. Once a component undergoes sintering, only sintered platinum paste will remain, 

and the sacrificial carbon paste will burn away thus making the catalytic bed porous. 

Milling  

This operation is carried out to manufacture microfluidic layer, the sacrificial microfluidic layer and 

propellant inlet hole. Also alignment holes were drilled in all the layers needed for ease of stacking. A 

PCB plotter, (ProtoMat S100, LPKF, Germany) was used to mill the microfluidic layer in the alumina 

tape and sacrificial tape. Care should be taken that the plastic film behind the tape is safe hence proper 

depths should be chosen for milling. To maintain the better quality of inner walls both, microfluidic 

layer and sacrificial layer were milled with a 0.25-mm diameter RF End Mill (LPKF Drilling, Milling 

and Routing Tools, LPKF, Germany). The alignment holes were drilled with drilling tool 1.1 mm 

diameter and propellant inlet hole was drilled with 0.9 mm diameter drilling tool. 
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CircuitCAM 6.1 software was used to import the files and provide the tooling paths for PCB plotter. 

This file was then exported to BoardMaster 5.1.214, which is a program needed to run the PCB plotter 

machine. In the BoardMaster software, specific tool is allotted for the specified operations. The tool 

position is also allotted. The alumina tape is fastened to the plastic board during the operation to keep 

it firm.  The operation was carefully carried out by increasing the depth in steps.   

Stacking and lamination 

 This manufacturing step is divided into two steps. (a) Pre lamination (b) Full lamination 

Pre lamination 

Before stacking, all the layers manufactured above should be checked thoroughly under microscope. 

Any small particles resting on surface of manufactured layers should be cleaned delicately by using a 

soft brush. If not cleaned, these particles can lead to formation of cracks or big air pockets which 

threaten to compromise the quality of the end product. Particularly in this case we need the thruster to 

be completely air tight and no leakages are acceptable. The inner walls of microfluidic layer should be 

smoothened as much as possible by removing the burrs formed while milling. This makes it easier to 

place the sacrificial layer inside the microfluidic layer. 

Once microscopy is completed, stacking process is started. Special metallic plates designed for 

stacking must be used for prelamination step. These plates contain alignment pins at their four corners 

which makes it easy to stack the tapes layer wise without losing the alignment. Stacking starts with 

the heater layer which is turned upside down. On the heater layer catalytic bed layer is mounted. This 

makes the heater to align exactly below the catalytic bed. Next, the microfluidic layer is mounted. If 

the alignment is proper, the catalytic bed can be clearly seen to fit within the catalytic chamber of the 

microfluidic layer. Now the sacrificial layer is delicately fixed inside the original microfluidic layer.  

Above this, the uppermost layer containing the second temperature sensor is mounted. Finally, the 

stack is covered with the upper metallic plate. For half-nozzles stacking should be done only upto the 

microfluidic layer in which the sacrificial layer is embedded. 

This assembly is packed in a sealed vacuum bag. The bag is then placed in an in-house built iso-static 

pressure chamber. This pressure chamber is now kept under water in a vessel and heated up slowly on 

a hot plate upto 70 ºC. Once temperature is stabilised at 70 ºC, water is pumped into the pressure 

chamber to raise the pressure slowly using a pump (Waters 515 HPLC pump, USA). The pressure 

chamber is pressurised upto 70 bars for 10-15 minutes. After pressurising, the vacuum bag is removed 

from the chamber and checked for any leakages. Pre lamination is done in order to fix together all the 

layers firmly, which is helpful for the next step as need of alignment pins is eliminated. 

Full lamination 

In the full lamination, the pre laminated component is placed between simple metal plates which do 

not have any alignment pins. This assembly is again packed in a vacuum bag and pressurised inside 

the isostatic pressure chamber as explained above. The temperature used is same as prelamination, 

i.e.70 ºC, but the pressure used for full lamination is maintained at 200 bars for 10 min. After 

pressurising, at such high pressures all the layers are bonded together tightly to form a monolithic 

ceramic piece difficult to separate. A bad quality of lamination can always be detected if the layers 

can be easily separated or if water leaks inside the vacuum bag. Hence it is recommended to have 

double vacuum bags for additional safety.  
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Opening of nozzle exit and cutting unwanted edges 

After lamination the unwanted edges containing the alignment holes can be cut to smooth the edges. 

Also the edge containing nozzle exit is cut with great care only to the extent where we can easily see 

the nozzle opening. 

Sintering 

This monolithic laminated piece is now ready to be sintered or fired in a hot air furnace (Entech ECF 

20/18, Sweden). Using the heat profile shown in the figure below the devices were fired upto 1550°C.   

 

Figure 6. Sintering profile [15] 

This temperature is reached in 50 hours and then the cooling phase starts. The binder material burns 

away at 550°C and sintering of only alumina oxide grains starts thereafter. 

3.3 Characterisation 

3.3.1 Optical inspection 

As mentioned earlier sections three thrusters were manufactured which included two half nozzles 

named as sample 1 and sample 2, and one full nozzle named as sample 3. It is extremely important to 

carry out a thorough optical and electrical connections inspection in order to evaluate the quality of 

manufactured samples. All optical inspections were carried out using a microscope (Nikon SMZ 800) 

connected to a computer. Images of the thruster surfaces were taken and were evaluated for following 

parameters. 

1) Quality of the sintered platinum paste. Uniformity in the shape of conductor elements was 

checked. This affects the resistance values of conductors giving very high or low values. 

2) Check for any microcracks in the conductor paste. These microcracks cause electrical 

disconnections when current is passed through conductor. 

3) Cracks on ceramic surface of the sample. These microcracks heavily affect the operation of 

the device and may crack very fast during experiment. 

4) Nozzle opening was also checked to confirm its quality. 

If the shape of the conductor is non-uniform in some places, or if any disconnections are found, these 

discrepancies can be fixed by applying silver paste in affected areas and sintering the sample at 

850°C.  
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3.3.2 Electrical evaluation 

All the three samples were put through electrical evaluation i.e. each and every electrical contact was 

checked if it was intact or if there was any disconnection. Also, circuit resistances were measured 

using a multimeter (Fluke 115, Fluke Corporation, USA). Measuring the resistances helps to keep 

track of any unwanted results during the experiments as we already know the expected resistance in 

the specific circuit. Table 10 in appendix section should be referred for resistance values. 

3.3.3 Calibration of the temperature sensor 

During the operation the resistance values of the temperature sensor will be constantly measured. 

These resistance values will be used to get the temperature values for corresponding resistance. Hence 

calibration of the temperature sensor is very important. Resistance and temperature always follow a 

nearly linear relationship for platinum. Resistance increases as temperature increases. 

Calibration of half-nozzle 

Sample 1 was used for calibration. As seen in the design section all temperature sensors were 

provided with four electrical leads to be able to carry out the four-point measurement of resistance. 

Copper wire connections were made to these electrical leads using silver epoxy (Circuit works 

conductive epoxy CW2400, Chemtronics, USA). The silver epoxy was cured in the oven at 50°C for 

half an hour. The sample was kept in the oven (Memmert vacuum oven, Memmert Gmbh, Germany) 

for calibration. The copper wire connections were made long enough to be extended up to the DAQ 

controller (NI 9219, National Instruments, USA). A LabView program was prepared to be able to 

monitor the resistance from electrical leads of temperature sensor and temperature from 

thermocouple. To monitor the temperature a K type thermocouple was suspended on the surface of 

the sample kept in oven and the wire was connected to the DAQ on other end. Once all the 

connections were made, the oven was set to 190°C, the program was ran to track the temperature and 

resistance. While heating up, temperature inside the oven always fluctuates as the heat is lost due to 

convection as fan inside oven is operating and many other factors contribute for fluctuation. Once the 

required temperature was reached and stabilised, the oven was shut off. Immediately data saving was 

started during the cooling phase.  

Calibration of full-nozzle 

Sample 3 is used for calibration.  Since it is a full nozzle we have two temperature sensors. One seated 

on the heater layer and the second on the uppermost layer. This design enables to make a four-point 

measurement. Hence eight copper wire connections were made. Four for each temperature sensor. 

These connections were extended to the DAQ controller (NI 9219, National Instruments, USA). A 

LabView program was prepared to be able to monitor the resistance from electrical leads of both the 

temperature sensors and temperature from thermocouple. To monitor the temperature a K type 

thermocouple was suspended on the surface of the sample kept in oven, and connected to the DAQ. 

Once all the connections were made, the oven was set to 60°C.  As we know that resistance versus 

temperature curve always follows a linear relation, the oven was set to 60°C instead of higher 

temperature. Once the required temperature was reached and stabilised, the oven was shut off. 

Immediately, data saving was started during the cooling phase. 

3.3.4 Dry tests of half-nozzle: 

These tests were carried out using half nozzles mainly to find out the relation between heating power 

needed to reach the vaporising temperature. Two sets of experiments were carried out. The first 

experiment was carried out using sample 2 (non-calibrated) with an intention to find out the upper 
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limit of operation of integrated heaters i.e. finding the maximum amount of power that can be 

supplied without breaking it. This second experiment was improvised based on experiences from first 

experiment and was carried out using sample 1 (calibrated). 

Experiment 1 

The sample was arranged on PCB plate. To track the ceramic and the catalytic bed surface 

temperatures, an infrared camera (A40 FLIR, USA) was used. ThermaCAM Researcher Professional 

2.8 SR-3 was used to analyse the data and plot the heat distributions. The emissivity was set to 0.95 

for alumina [10]. Copper wire connections were made to heater pads using silver epoxy (Circuit 

works conductive epoxy CW2400, Chemtronics, USA). Heater was connected to the power supply 

(TTi QL355P).  

A MATLAB program was used to increase the voltage in steps and also to record the thermocouple 

measurements. Tests were conducted for 10V and 14V cycles. A  40 minute cycle was followed 

which involved stepping up the voltage to desired value in first 20 minutes causing the sample to heat 

up and in next 20 minutes voltage was brought down causing the sample to return to room 

temperature. Voltage was stepped up by 0.5V per minute for 10V test and by 0.7V per minute for 14V 

test. This was done to avoid the sample from cracking due to thermal shock. The IR camera 

simultaneously recorded the heating and cooling of the sample. 

Experiment 2 

Sample 1 (calibrated) was used in this experiment. The temperature sensor integrated on the heater 

layer was used to measure the temperatures reached by the catalytic bed surface and in vicinity of the 

heater. The signal was acquired from the temperature sensor in form of resistance and the 

corresponding temperature values were calculated based on data from calibration experiments. 

The sample was arranged on two wedge platform on a rectangular PCB. Copper wire connections 

were made to the heater pads and the four electrical contacts of temperature sensor using silver epoxy. 

ThermaCAM Researcher Professional 2.8 SR-3 was used to analyse the data and plot the heat 

distributions as captured by IR camera. The emissivity was set to 0.473 for platinum. The heater was 

connected to the power supply (TTi QL355P). The temperature sensor was connected to the HP 

34401A digital multimeter to measure resistance values.  

A MATLAB program was used to increase the voltage in steps and also to record the resistance 

values from temperature sensor. Tests were conducted for 5V, 8V, and 10V. A 40 minute cycle 

involving heating and cooling of sample as explained in experiment 1, was followed. The voltage was 

stepped up by 0.25V per minute for the 5V test, 0.4V per minute for the 8V test and by 0.5V per 

minute for the 10V test. Figure 34 in appendix should be referred for the schematic of this experiment. 

3.3.5 Catalytic bed performance experiments with heater on or off 

These experiments were conducted to observe the effectiveness of heating up the catalytic bed using 

an integrated heater as opposed to using the catalytic bed without heating. The range of power to be 

supplied was decided based on experiences from previous experiments, and temperature change of 

catalytic bed with time was tracked. The experimental setup used for this experiment was exactly 

same as used in experiment 2 of dry tests. Sample 1 (calibrated) was used in this experiment too. IR 

camera was not used in this experiment. Instead the video of surface activity when propellant comes 

into contact with catalytic bed was taken with a normal camera. Micropipette was used to drop H2O2 

(30%) on the catalytic bed surface. 
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Heater off 

This experiment was carried out without supplying power to the heater. As a result the catalytic bed 

stayed at room temperature.10 µl of hydrogen peroxide (30%) was dispersed with micropipette. This 

amount was just enough to cover entire catalytic bed. As soon as propellant was dropped on catalytic 

bed through pipette the MATLAB program logged the resistance values from the temperature sensor.  

The data was recorded for first 3 minutes. The propellant was dispersed only once as the reaction 

continued for several minutes until the catalytic surface had completely dried up. 

Heater on 

Test 1 at 6V  

In this test voltage was raised to 6V in 5 min and is kept there for 6min and then gradually brought 

down. Meanwhile the pipette was kept ready with 10 µl of hydrogen peroxide filled in it. As soon as 

the sample entered its dwell time and temperature was stabilised, propellant was dropped on the 

catalytic bed. Since the catalytic bed temperature is quite high due to activated heater underneath, the 

propellant vaporises instantly. During the dwell time this procedure was carried out thrice. The rise 

and fall in temperature was recorded with the help of the integrated temperature sensor. 

Test 2 at 8v 

In this test the voltage was raised to 8v in 7 min and is kept there for 6min and then gradually brought 

down. The sample was heated up while stepping up the power and cooled down as power is stepped 

down. As soon as the sample entered its dwell time for 6 min and temperature is stabilised, 10 µl 

hydrogen peroxide is dropped on the catalytic bed. During the whole dwell time this procedure was 

carried out thrice. The rise and fall in temperature was recorded with the help of the integrated 

temperature sensor. 

3.3.6 Hot firing of full nozzles 

After carrying out various experiments on half nozzle and analysing the data, enough experience had 

been gained to predict the safe ranges for power to be supplied to the full nozzle, i.e., sample 3 

(calibrated). 

Sample preparation 

The sample was rested on the wedge support structure of the rectangular PCB plate. It was extremely 

difficult to make the copper wire connections directly on the sample. Hence it was decided to use a 

specially designed flexible PCB. It was used to extend the connections from the sample surface to 

bigger surface on the PCB. Copper wire connections were made using silver epoxy (Circuit works 

conductive epoxy CW2400, Chemtronics, USA). Araldite®Rapid glue cured for 24 hours was used to 

fix the nanoport (IDEX Health and Science, USA) above the propellant inlet on the sample surface. 

This nanoport allows us to pump the propellant through the propellant inlet.  
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Figure 7. Flexible PCB used to increase the surface of electrical contacts, making it easier to make proper 

connections. Also, a glued nanoport for pumping the propellant is seen in the figure. 

 

Sample characterisation 

Once the sample was prepared, the nanoport was connected to the syringe pump (Harvard Apparatus-

PhD 2000 infusion pump) with a polymer pipe (IDEX Health and Science, USA). A gas tight syringe, 

(VWR ,USA) was mounted on this syringe pump. A MATLAB program to track resistance values 

from both temperature sensors as well as to supply the power was prepared. The temperature sensor 

on the top surface was attached to the HP 34401A digital multimeter, while the bottom temperature 

sensor was connected to Keithley 2010 digital multimeter. Both multimeters were set to four-wire 

measurement mode. The heater pad connections were connected to the power supply ( TTi QL 

3555P).The nozzle exit was monitored using the Nikon SMZ 800 microscope. Figure 35 in appendix 

should be referred for the schematic of this experiment. 

Three tests were conducted with the full nozzle, all with 50µl H2O2 (30%, BASF, Sweden) pumped 

per minute. Simultaneously, videos showing the activities at nozzle exit were captured using 

CaptureWiz software. Table 3 shows different parameters used during the tests. 

Table 3. Parameters set for tests cycles at 3V, 5V and 7 V. 

Test  Volume 

pumped (µl 

per minute.) 

Maximum 

voltage (V) 

Rise time 

(minutes) 

Dwell time 

(minutes) 

Test 1 50 3 5 2 

Test 2 50 5 7 3 

Test 3 50 7 9 5 

 

Test 4 

Analysing the data from these three tests helped us to devise the next test. It was seen that Araldite 

Rapid glue used to fix the nanoport at propellant inlet hole gets soft with rising temperature and due to 

continuous corrosive reaction with hydrogen peroxide. Therefore another glue EPO-TEK353 ND 

(Epoxy Technology, Sweden), was used to fix the nanoport again. This glue has the property to 

survive higher temperatures around 350°C and also survives corrosive chemicals like hydrogen 

peroxide. The glue was cured for one minute at 150°C.  Also, the copper foil used in above 

experiment was removed in this test to simplify the connections. All the connections were made 

directly to the electrical contacts on the sample surface using silver epoxy (Circuit works conductive 

epoxy CW2400, Chemtronics, USA). Only the bottom temperature sensor, i.e., the temperature sensor 

on the heater layer was used for measurements, to simplify the connection .This sensor was connected 



16 
 

to the HP 34401A digital multimeter. Heater pads were connected to power supply (TTi QL355P). 

The volume pumped by the syringe pump was 50 µl per minute. 

 

 

Figure 12. Voltage supply profile with time. 

A voltage supply profile, figure 12, was set with a goal to reach higher voltages and catalytic bed 

temperatures. After reaching a voltage value of 13V, voltage was increased in steps of 2V per 2 

minutes and a dwell time of 2 minutes was provided at every step. The profile was set to reach 21V at 

the peak and then step down.  
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4. Results  

 

4.1 Manufacturing results  

One of the important steps in manufacturing is to embed a sacrificial layer inside the microfluidic 

layer to save the inner walls from deforming. In figure 8, milled microfluidic layer and a similarly 

shaped milled out graphite /sacrificial insert are shown. Sacrificial insert is placed on a cleanroom 

tissue therefore a white background is seen in the image. 

                                              

 Figure 8. Microfluidic layer milled on alumina tape (left) and a similarly shaped sacrificial graphite insert with 

higher magnification (right) 

Figure 9 and figure 10 show the half-nozzle and full-nozzle just before sintering. A sacrificial insert 

(black) embedded inside the microfluidic layer to prevent the inner walls from deforming can be seen 

in the image. Alignment holes used during stacking of the layers can be seen at the four corners. 

                                            

Figure 9. Laminated half nozzle sample. Heater layer (left) and microfluidic layer with sacrificial insert (right). 

                                                      

Figure 10. Laminated full nozzle sample; heater layer (left), and upper layer with temperature sensor (right). 
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After sintering 

Figure 11 and figure 12 show the half nozzle and full nozzle samples after sintering. The embedded 

sacrificial layer inside microfluidic channel burns away totally, leaving behind the original sintered 

surface.  

                                                  

Figure 11. Sintered half nozzle sample. Heater layer (left), catalytic bed layer(right). 

                                         

Figure 12. Sintered full nozzle sample. Heater layer (left), and top layer temperature sensor with extended electrical 

contacts on (right) 

 

4.2 Characterisation results 

4.2.1 Optical inspection 

Results from optical inspection of half nozzle i.e. sample 1 (calibrated) are shown. Figure 13 and 

figure 14 show closer view of various components of the sample. Air pockets were seen at some 

places in the samples. No cracks were observed in any of the samples. 

                                          

Figure 13. Heater sample as viewed under the microscope (left). Temperature sensor seated inside heater as viewed 

under microscope (right). 
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Figure 14. Catalytic bed and microfluidic layer as seen from above (left). Closer view of half-nozzle opening shows 

nozzle and the diverging shape from throat (right). 

 

The nozzle exit shown in figure 15 is slightly deformed along the border line. 

 

Figure 15. Nozzle opening for the full nozzle. Diverging part from throat towards nozzle exit can be clearly seen. 

 

4.2.2 Electrical inspection 

Circuit resistances were measured at various points for all the samples to keep track of any unwanted 

results during the experiments. Resistance values can be found in table 10 in appendix. 

4.2.3 Calibration of temperature sensors 

Figure 16 shows the results from the calibrations done on half-nozzle. A linear fit was made for the 

data. The linear equation obtained for the curve is as follows.  

Temperature=116*(resistance) - 252 

 

Figure 16. Temperature (°C) Vs Resistance (Ω) for half nozzle. 
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Figure 17 shows results from calibration of top layer temperature sensor of full nozzle. The linear fit 

was made for the data. Linear equation obtained for temperature sensor on top layer is  

Temperature=65*(resistance) – 243 

 

Figure 17. Temperature (°C) Vs Resistance (Ω) for top layer temperature sensor 

 

Figure 18 shows results from calibration of bottom layer temperature sensor of full nozzle. The linear 

fit was made for the data. Linear equation obtained for temperature sensor on bottom layer is  

Temperature=59*(resistance) – 244 

 

Figure 18. Temperature (°C) Vs Resistance (Ω) for bottom layer temperature sensor 
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4.2.4 Dry tests of half nozzle 

Experiment 1 

 

Figure 19.  Microheater temperature vs power. As soon as sample cracks, temperature is reduced and power supply 

is cut. Hence a sharp turn in graph at point of cracking can be seen for 14V cycle. 

Sample 2 (non-calibrated) was used in this experiment. Figure 19 shows the ceramic surface 

temperatures at different heating powers for 10 V and 14 V test. A power of 3.21 W was needed to 

reach the maximum surface temperature of 195°C with voltage supply of 10 V. In 14V test, a power 

of 4.56W was needed to reach maximum surface temperature of 259 °C. During the 14V test, the 

sample was cracked and the heater broke.  Hence a sharp fall in temperature and power can be seen. 

As a result there was no cooling curve for the 14 V test. 

Figure 20 shows the thermal image for highest catalytic bed temperature achieved. For 10V test, 

average temperature on catalytic bed surface was around 283°C at the highest power of 3.21W, and 

for 14V test, average temperature on catalytic bed surface was around 354°C at the highest power of 

4.56W. The emissivity for both the tests was set to 0.473 for platinum. A colour bar representing 

temperature scale along the image helps to interpret the temperatures seen on catalytic bed. 

 

Figure 20. IR image for highest catalytic bed temperature reached for power of 3.21 W (left) and 4.56W (right) 
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Figure 21 shows the heater cracked at the centre during the 14 V test. 

 

Figure 21. Crack in the heater during 14V test. 

A temperature difference fluctuating between 35°C and 55°C was seen on comparing the temperature 

data obtained from the temperature sensor and the IR camera images for ceramic surface. The above 

results also gave us a better idea of safe voltage supply value range, corresponding powers needed and 

temperatures reached. As a result during the next test the temperature sensor integrated in the sample 

was used for more accurate temperature measurements of catalytic bed surface. The sample was 

operated in safer voltage range in order to prevent sample from cracking. 

Experiment 2 

Based on results in previous experiment, sample 1 (calibrated) was tested in 5 V, 8 V and 10 V cycles. 

Figure 22 shows the catalytic bed surface temperatures at different heating powers for 5V, 8V and 

10V cycles. Temperature sensor seated on the heater layer was used in this test. This gave a more 

accurate value of temperatures reached on the catalytic bed. 

 

Figure 22. Catalytic bed surface temperatures achieved in 5V, 8V, 10V tests and corresponding power needed. 
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Following table gives an idea of various parameters measured in above tests 

Table 4. Parameters measured during the tests. 

Maximum test 

voltage (V) 

Maximum 

corresponding 

power required 

(W) 

Maximum 

corresponding 

catalytic bed 

temperature (°C) 

5 0.93 94 

8 1.95 173 

10 2.69 230 

 

IR camera data 

In figures 23 thermal images of catalytic bed at highest powers reached during 5 V, 8 V and 10 V 

cycles are shown. For catalytic bed data emissivity is set to 0.473. A colour bar representing 

temperature scale along the image helps to interpret the temperatures seen on catalytic bed. 

 

Figure 23. Thermal image of catalytic bed for (a) 0.93 W during 5 V cycle peak. (b) 1.95 W during 8 V cycle peak.   

(c) 2.69 W during 10 V cycle peak. 

A table summarising the results from thermal imaging is given below 

Table 5. Results from thermal image analysis. 

Maximum test voltage 

(V) 

Maximum 

corresponding power 

required (W) 

Maximum 

corresponding 

catalytic bed 

temperature(°C) 

( emissivity=0.473) 

Maximum 

corresponding 

ceramic surface 

temperature(°C) 

(emissivity=0.95) 

5 0.93 74 83 

8 1.95 152 151 

10 2.69 200 199 

 

The thermal images show the uniformity of heating on the catalytic bed. On comparing the catalytic 

bed surface temperature data obtained from temperature sensor and thermal images, a consistent 

temperature difference of 20°C -30°C was seen. This difference is much less than observed difference 
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during previous experiments. Since the values of temperatures from thermal imaging and temperature 

sensor are very close it can be confirmed that measurements made by using the integrated temperature 

sensors were correct thus giving the best possible idea of temperatures achieved on the catalytic bed 

versus power supply. 

4.2.5 Catalytic bed performance experiments 

Figure 24 shows the results from experiments conducted on sample 1 to observe the change in 

effectiveness of catalytic bed with rise in temperature. A stark difference can be seen between results 

of experiments carried out without activating the heater, i.e., zero voltage, and experiments carried out 

by activating the heater. 

 

Figure 24. Sample run without activating heater shows negligible rise in temperature. On activating the heater drops 

can be seen on addition of propellant to the catalytic bed surface. 

When propellant was dropped on the catalytic bed without activating the heater, the catalytic bed 

temperature rose from 22°C to 24°C i.e. approximately 2°C rise. Due to the decomposition of 

hydrogen peroxide a lot of bubbling activity was seen. Reaction continued for a long time until all 

propellant evaporated without heating up the surface with integrated heater. Data from first 3 minutes 

is presented here. 

In the following test, the heater was activated by having a voltage supply of 6 V. During the dwell 

time of 6 minutes, the bed temperature was stabilised approximately at 119°C. Three temperature 

drops from stable temperature can be seen as 10 μl propellant was dropped thrice during dwell time.  

Table 6. Summary of results for voltage supply of 6V. 

Drop number Drop in 

temperature(°C) 

Time needed to 

drop (seconds) 

Time needed to drop and 

rise again to stable 

temperature(seconds) From To 

1 119 88 10 95 

2 120 89 5 85 

3 120 89 10 (Before reaching plateau 

cooling  starts)  
 

The next test was carried out by activating heater by having a voltage supply of 8 V. During the dwell 

time of 6 minutes, temperature was stabilised at 170°C.Three temperature drops from stable 

temperature can be seen. This sample cracked due to constant thermal shocking. 
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Table 7. Summary of results for voltage supply of 8V. 

Drop number Drop in 

temperature(°C) 

Time needed to 

drop (seconds) 

Time needed to drop and 

rise again to stable 

temperature(seconds) From To 

1 170 100 1.6 99 

2 169 95 0.8 93 

3 167 92 1.6 (Before reaching plateau 

cooling  starts)  

 

4.2.6   Full-nozzle hot firing 

Three tests at voltage supply of 3V, 5V and 7V were conducted with the full-nozzle samples and 

hydrogen peroxide of volume 50 μl per minute pumped inside the catalytic chamber of the thruster. 

Figure 25 shows the catalytic bed temperature for different heating powers during 3 V, 5 V and 7 V 

tests. Only heating and dwell time phases have been represented in the figure. 

 

Figure 25. Catalytic bed temperatures for different heating powers during 3V, 5V and 7 V test. 

Rising peaks at the end of each curve represent the dwell time during which power more or less 

remains the same but temperature is seen rising. Due to constant pumping of propellant frequent 

fluctuation in temperature values are seen. Video analysis of the nozzle exit shows mixture of liquid 

and vapour coming out of the nozzle exit above 60°C.With the rise in temperature, the vapour content 

dominates at the nozzle outlet; however occasional spitting of liquid could be seen during 7 V test 

where temperature reached was 83°C. 

                               Table 8. Summary of results for voltage supply of 3 V, 5 V and 7 V. 

Maximum test 

voltage (V) 

Maximum 

corresponding 

power 

required(W) 

Maximum 

corresponding 

catalytic bed 

temperature(°C) 

3 0.23 41 

5 0.64 66 

7 1.22 83 
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Endurance test of full nozzle: 

Based on the results from the above tests, the sample was put through a range of voltage supply and 

corresponding temperatures were measured. Propellant was pumped inside the catalytic chamber at 

the flow rate of 50 μl per minute. From 13 to 21 V, the voltage supply was configured to increase in 

steps of 2 V per four minutes during the test. Figure 26 shows the catalytic bed temperatures at 

different voltages.  

 

Figure 26. Catalytic bed temperatures at different voltages. Four rising steps can be seen at 13 V, 15 V, 17 V and 19 V 

as configured in the program. 

Temperature rises with the rising voltage. Dwell time at every set voltage point is represented by the 

rising peaks at 13 V, 15 V, 17 V and 19 V. Between 9.5 and 13 V temperature rises approximately by 

1°C hence a plateau can be seen until the voltage reaches 13V. A mixture of liquid and vapour was 

seen at the nozzle exit between 5 and 13 V. Between 13 and 15 V only vapour could be seen. From 15 

V and above nothing could be seen at the nozzle exit but on placing a glass plate close to it, a small 

amount of condensation was observed, figure 27. 

 

Figure 27. No vapour is seen at the nozzle exit yet condensation is observed on the glass plate. 

The sample cracked while in the dwell time at 19 V. Hence a sudden drop in temperature can be seen 

in the graph. The corresponding temperature at which sample cracked was 307°C. Figure 28 shows 

the crack cutting through the centre of the heater. 
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Figure 28. Crack developed on sample surface cutting through the heater. 

Results of various parameters of this test are summarised in table below. 

Table 9. Results from endurance test of full nozzle 

Maximum test 

voltage (V) 

Maximum 

corresponding 

power (W) 

Maximum 

corresponding 

catalytic bed 

temperature (°C) 

13 3.71 147 

15 4.27 221 

17 4.91 265 

19 5.62 307 
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5. Discussion 

5.1 Characterisation 

5.1.1 Optical inspection 

Since the microthruster will be used for thrust generation, it is important for the sample to be leakage 

free. The air pockets in the sample as seen in figure 14 occur due to any foreign particles sitting on 

one of the layers during manufacturing. Therefore it is extremely important to manufacture the sample 

in a clean environment to avoid contamination of sample. While embedding the sacrificial 

microfluidic layer, extra care should be taken to remove all sacrificial particles lying on surface. 

These particles burn away while sintering, but the gases are trapped within the layers forming the air 

pockets in the sample. These air pockets contribute to uneven distribution of heat in the sample 

leading to cracking of sample at early stages. 

A slight deformation seen on nozzle exit border in figure 15 can be due to damages caused while 

cutting the edge in order to open up the nozzle.  

5.1.2 Electrical inspections 

Resistance values for sample 1 and sample 2 in table 10 in appendix are seen to be slightly different 

for heaters and temperature sensors in both samples. This is due to very small differences in width of 

elements of the pattern and mainly due to the inconsistent deposition of conductor paste during screen 

printing. All the samples must be observed under microscope to recognise any bad quality of screen 

printing. If an element in the heater gets narrower than other elements, it can heat up very fast as 

compared to others, creating huge temperature gradient. Therefore, bad quality screen printing should 

be avoided. If unavoidable, the errors can be fixed by using the silver paste in damaged areas and 

sintered upto 850°C. This sintered and cured silver paste makes up for the damages. For the half-

nozzle design, heater resistance values in range of 15 Ω -25 Ω are expected, whereas for the 

temperature sensors, resistance values should be in the range of 4Ω -8 Ω. 

5.1.3 Calibration of half nozzle (sample 1) and full nozzle (sample 3) 

Results from calibration of temperature sensors integrated in half and full nozzles in figure 16, 17 and 

18 shows that a linear relationship exists between resistance and temperature as expected. 

5.1.4 Dry tests of half nozzle: 

Results from initial experiments with half-nozzles gave a safer range of operation. A difference of 35-

55°C for ceramic surface temperature data obtained from sensor and thermal imaging was seen. Also, 

the accuracy of the absolute temperatures measured by the IR camera depends on factors like 

emissivity of the material which is a temperature dependent parameter. Therefore any error in 

emissivity values, results in error in the absolute temperature values measured by the IR camera. The 

IR camera is more useful to understand the uniformity of heating.  

Based on observations in initial experiments it was safe to operate the sample below 14V as 

temperature reached on the catalytic bed surface was around 283°C by operating sample at 10 V. 

Figure 22 shows the catalytic bed temperatures at varying heating powers for different voltage 

supplies. For heating power of 2.69W temperatures achieved on catalytic bed surface is around 230°C 

at voltage supply of 10V. The temperature difference between sensor and IR camera data is 

consistently between 20 and 30°C clearly showing the improvement in readings from last experiment.  
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5.1.5 Catalytic bed performance experiments: 

Figure 24 shows the drop in temperature every time with addition of propellant to catalytic surface 

causing the surface to cool. Whereas a rise of 2°C was seen while heater was off due to exothermic 

decomposition reaction between propellant and catalytic surface. For both 6 V and 8 V tests we see 

the rise and fall in temperatures is approximately same, every time we disperse the propellant on 

catalytic surface. This repetitive performance of catalytic bed shows that the thruster can be fired 

multiple times with very less degradation. However it is clear that raising the temperature of catalytic 

bed by using an integrated heater is more beneficial, and helps to increase the reaction rate of 

propellant decomposition as opposed to not having the heater. It is important to have a dry catalytic 

bed to avoid cold start of microthruster. Not having a heater can significantly affect the performance 

of the thruster and also increase the waiting times between the firings as propellant does not vaporise 

quickly. 

5.1.6 Full nozzle firing tests: 

Figure 25 shows that, unlike half-nozzles, the catalytic bed temperature in full nozzle is much less for 

typical heater power values seen in half nozzle experiments. For example in half nozzle experiment at 

heating power of 1 W, the  temperature on the catalytic bed was around 100°C but for the full-nozzle 

only 70°C of catalytic bed surface temperature was achieved at 1W. As propellant was being pumped 

continuously inside the catalytic chamber any heating power supplied by the heater was absorbed by 

the propellant. Hence the temperature of the catalytic bed increases slowly.  

Figure 26 shows the slow rise in temperature with increase in voltage. Between 5 and 9V the 

propellant at lower temperature absorbs the thermal energy generated by the heater hence a slow rise 

in temperature was seen and a mixture of liquid and vapour with frequent liquid spitting was seen. 

Between 9-13V, the temperature remained almost constant. During this phase, propellant absorbed 

sufficient energy for complete vaporisation. Only after reaching the 13 V and a heating power of 

3.71W, pure vapour coming out of nozzle was seen, and the temperature started rising during the 

dwell time. This constant stream of vapour can be called a wet saturated vapour. Between 13-15V a 

constant addition of thermal energy to the vapour pushes it to the dry vapour phase. Between 15 and 

19 V, i.e., heating powers between 4.91 and 5.62 W nothing could be seen at the nozzle exit but 

condensation on glass plate. This suggests an entry into a dry vapour phase but with a low dryness 

fraction, although nothing was observed at nozzle exit. Even higher heating powers are required to 

generate completely dry steam or superheated steam. The heating power needed to achieve super-

heated state can be reduced by improvising the design. 
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5.2 Future work 

As discussed previously, most crucial step in manufacturing is to safeguard the the microfluidic layer 

by embedding the sacrificial tape into it. Efforts can be made to find an alternative to the sacrificial 

tape because even if smallest particles from the sacrificial tape get stuck on the layer it may lead to 

formation of air pocket which is not desirable. 

Making the connections to electrical leads was found to be extremely difficult. The technique to 

extend and increase the surface of electrical leads by using a copper foil worked, but many difficulties 

were faced during the test in form of lost connections or copper foil not being able to remain firmly 

placed. Alternative solution can be use of wire bonding technique. The entire setup was extremely 

complicated and efforts can be made to simplify the setup which makes it easy to reproduce the 

experiments explained above or any other experiments. 

In hot firing of full nozzles, a continuous supply of propellant was made. By introducing a flow valve 

the propellant mass flow rate or duration for which propellant is fed can be regulated in order to 

provide the precise impulse bit from the thruster. In future tests, care should be taken to fire the 

thruster only after catalytic bed surface temperature of 150°C is reached, which is boiling point of 

hydrogen peroxide. To increase the heating efficiency of deposited microheater and to reduce the heat 

lost to surroundings, the structural material of the thruster can be changed to zirconia which has lower 

thermal conductivity. It is desirable to bring down the required heating power due to constraints on 

power budget in micro/nano satellites. It is also important to make thrust and specific impulse 

measurements. Hence, future experiments can focus on development of set up used for thrust 

measurements at micronewton levels. 

One of the crucial factors in liquid propellant thrusters is the efficiency of catalytic bed and the 

material used for the same. Provisions can be made in the design which allows electroplating the 

catalytic bed with different catalytic material. A small via in the layer above catalytic bed can be 

provided to allow the electroplating liquid to pass inside catalytic chamber. This via can be sealed 

once electroplating of catalytic bed surface is done with desired material. Developing a way to seal 

the via effectively can be the focus of future research. 
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6. Study of Heat isolation grooves for future 

designs 

6.1 Design of heat isolation grooves 

 

 

Figure 29. Microheater surrounded by isolation groove of width 250 µm 

The objective of this study was to observe the effects of having a heat isolation trench in order to 

concentrate the heat around the heating element. This will help us to incorporate heat isolation trench 

in future designs to seal the vias used for in situ electroplating of catalytic bed. A heat trench is 

nothing but a simple groove of certain depth around the heating element which acts as a barrier for the 

heat transfer from heater to other parts of the surface. This was a two layer design with 300 µm. One 

layer consists heater and second layer is just to provide additional support. A groove around the micro 

heater which is 250 µm wide is designed. It was intended to keep just 30-40 microns of material in the 

bottom of the groove. The heater design chosen for this study was already developed in ASTC and no 

new design was required. This heater has shown the capability to reach temperatures around 

1000°C.Outer diameter of the groove is 5mm and inner diameter 4.5mm.  

 

6.2 Manufacturing steps of sample with isolation groove 

The layers were first laminated and then milled as our intention is to remove maximum material in the 

groove leaving behind only 30-40 microns at the bottom of the groove. 

Cutting tape 

Alumina tape of 150 µm thickness (ESL 44007, Electroscience Laboratories, USA) was used. Two 

square tapes of 0° and 90° orientation are cut. 

Screen printing 

Platinum conductor paste ( ESL 5571, Electroscience Laboratories, USA) is used to screen print this 

heater pattern on one of the tape cut in above step. The procedure followed to screen print the heater 

is exactly similar as explained earlier in section 3.2 except the screen used for printing is different and 

contains the design for heater pattern. 
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Stacking and laminating  

Pre lamination 

The blank layer is first mounted and heater layer is mounted above this layer. The metallic plates are 

then packed in vacuum bag and placed in pressure chamber. The pressure chamber is placed under 

water in a vessel and heated upto 70°C. Once temperature is stabilised the pressure chamber is 

pressurised upto 70 bars for 10-15 minutes. Pre lamination gives us a properly aligned 2 layered 

assembly. 

Full lamination 

This assembly is placed between simple metallic plates and packed in a vaccum bag and pressurised 

inside the isostatic pressure chamber. The temperature used is same as pre lamination i.e.70 ºC but the 

pressures used for full lamination is 200 bars for 10 min. After pressurising we get a monolithic 

ceramic tape micro heater. 

Milling 

Milling procedure carried out for the grooves is same as done for microfluidic layer above except that 

we specify different tooling path here. A 0.25-mm diameter RF End Mill (LPKF Drilling, Milling and 

Routing Tools, LPKF, Germany) was used to mill the groove. The feed depth was increased gradually 

by 30-40 microns in every step as it was critical to leave behind as less material as possible at the 

bottom of the groove. Finally operation was stopped after reaching the depths of 260-270 µm. 

Sintering 

Sintering of this monolithic heater device is carried out in hot air furnace using the same heating 

profile explained in micro thruster section. This device was also fired upto maximum temperature of 

1550°C and then cooled down thus taking atleast 60 hours to complete the heating and cooling cycles. 

6.3 Characterisation of heat isolation groove sample 

 Sample preparation 

The sample contained quite thick heater connection pads which made it easy to make silver wire 

connections to the sample. Silver epoxy (Circuit works conductive epoxy CW2400, Chemtronics, 

USA) was used to make electrical connections. The sample was cured for 24 hours at room 

temperature. The sample was placed at the edge of two small ceramic bricks.  

 

Figure 30. Sample with heater patterna t centre and a circular heat isolation groove around it 
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Figure 31. Heater sample placed on the edge of two small ceramic bricks 

Heater connections were connected to power supply (TTi QL355P). A MATLAB program was 

prepared to step up the voltage supply. Voltage supply was stepped up to 3v in 20 minutes. A dwell 

time of thirty seconds was provided and the voltage was stepped down. The heating and cooling of the 

sample is captured by using an infrared camera (A40 FLIR, USA). ThermaCAM Researcher 

Professional 2.8 SR-3 was used to analyse the data and plot the heat distributions. The emissivity was 

set to 0.95. 

6.4 Manufacturing results of heat isolation groove sample: 

Figure 32 shows the sintered micro heater sample. Circular heat isolation groove can be seen around 

the micro heater. The deep circular trench shows that considerable amount of material was removed. 

The silver wire connections are made to heater pads. 

 

Figure 32. Microheater sample with heat isolation groove. 
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6.5 Characterisation results of heat isolation groove test: 

 

 

Figure 33. Thermal image of microheater sample surrounded by heat isolation groove. 

 

Figure 33 shows the thermal image of microheater at highest voltage point i.e.3V. Average 

temperature at the centre of heater was approximately 410.5°C. Average temperature in immediate 

outer vicinity of heater but inside the groove was approximately 395°C. Average temperature outside 

the groove was approximately 289.4°C.Therefore the temperature difference between inside and 

outside the groove was about 106°C. 

6.6 Discussion 

Figure 33 shows how heat transfer is affected by having the isolation groove. Due to deep isolation 

groove very less material was available for the heat to transfer on outer side of groove. Hence the 

inner side of groove heated up more than outside part of groove. This causes the temperature gradient 

to be formed over the sample surface. However such a high temperature gradient over same surface 

can also lead to cracking of sample. 
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7. Study of sealing via for future designs 

7.1 Background of sealing via 

The function of sealing via is to allow the electroplating liquid to pass inside catalytic chamber in 

order to carry out electroplating of catalytic bed. This electroplating is done with an objective to 

accelerate the exothermic reaction when propellant comes into contact with catalytic bed. Once 

electroplating is done we need to seal this via. For sealing, the solder metal has to be deposited on this 

Pt lined vias. On applying current this solder metal should melt/flow over Pt lining of via’s and seal 

the via tightly. This will ensure there is no leakage in final product. Various samples were prepared by 

drilling of various sizes of via on three different thicknesses of 50, 70& 150 micron alumina tapes. 

Via diameter chosen were 400 µm, 600 µm, 800 µm, 1mm and 1.5 mm. For 70 micron tape only150 

µm and 250 µm via were drilled. A small area surrounding and including via was screen printed with 

the platinum  paste. When screen printed the inner walls of via gets coated with this platinum paste. 

After sintering these samples, the depth upto which the Pt coating reaches on inner walls and the 

quality of coating were analysed under microscope and by Xray imaging.  

7.2 Observation under microscope and Xray imaging 

For visual observation an Olympus AX70 Research Microscope was used. Topside and back side 

images of via were taken. For X ray imaging an X ray inspection station by Nikon XT V 130 was 

used. 

Dimensions Microscope images X ray Images 

50µm tape 

400 µm via 

a) Coating was well intact at edges, has 

reached backside & extra paste seen 

suspending outside in some areas. 

 

Topside image:  

 
 

Backside image :  

 

a) The darker part can be seen running at least till 

midway. 

b) Suspended part can be slightly seen. 

c) We can also see white area downwards. It means 

paste is not coated well in some areas as it moves 

down. 
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Dimensions Microscope Images X ray images 

600µm via a) From backside image we see that 

some edges are really well coated where 

as some edges aren't. 

b) From top, coating is seen running 

down the inner edges. 

c) Maybe the paste failed to reach 

completely down or on certain edges it 

burnt away after sintering. 

 

Topside image:  

 
 

Backside image:  

 
 

a) Inner walls look white which means paste hasn’t 

spread evenly around the edges or it has burnt away on 

some edges or paste just reached midway. 

 

 

 

 

 

 

 

 

1.5mm via 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) From topside, it looks like coating 

runs down well along edges. 

b) From backside it is not clear if coating 

has reached back surface properly. 

Topside image:  

 
Backside image:  

 
 

 

a) In this image it can be clearly seen that inner walls of 

via are not coated properly as they look white 

uniformly at inner walls. 
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Dimensions 

 

Microscope images X ray images 

150µm 

tape-400 

µm via 

a) Coating has shrunk. A thinner layer of 

coating seen. 

b)Coating seems like its lifted up.(chips 

coming out) 

c) Non uniform coating around edges. 

 

Topside image: 

 
 

a) Disapproves all observations made under 

microscope. 

Walls coated very well. 

b) Coating is not lifted up but it seems to be extra. 

c) A hole can be seen in this extra suspended coating. 

 

 

 

800µm via 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) Coating evenly spread. 

Has remained intact up to backside but 

for a small part coating seems to be 

uneven. We can see small gaps in certain 

parts. 

 

Top side image:  

 
 

Back side image:  

 
 

 

 

a) Coating is intact & well coated at inner edges 

confirming observations made under microscope. 
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Dimensions Microscope images X ray images 

1.5mm via Backside image shows a suspended layer 

near back surface. 

Little non-uniformity seen and we can 

say that coating almost reached back 

surface. 

From top image walls seems to be coated 

throughout but it might not be the case. 

 

Topside image:  

 
 

Backside image:  

 
 

Coating around walls looks good but at some places at 

the end of edge we see the coating is removed which 

explains point 2 from above. 

 

 

 

 

 

 

   

70µm tape- 

150 µm 

a) From topside image the coating looks 

thick, intact and well coated around the 

edges. 

 

Topside image:  

 
 

The darker part can be seen running down deep 

confirming the observations made earlier. 

Suspended burs might be from extra paste. 

 

 

   

250µm a) Extra coating has formed suspended 

layer above & cracks formed in it. 

b) At back side coating has spread really 

well. 

 

  

 

 

a) Dark areas spread around inner walls confirm 

observation made under microscope. 
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Topside image: 

 

 
 

 

Backside image:  

 

 
 

 

 

 

 

   

        
 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

7.3 Which via size is good? 

a) From observations, smaller holes for 150 micron (0.8mm) looks promising since they were well 

coated at inner walls and coating has remained well intact even after sintering. Bigger via size can 

show better results if proper care is taken during screen printing like using more paste, bigger print 

surface above, etc. 

b) 50 micron tape via are equally good but due to very small thickness of the tape it is very delicate to 

handle thus increasing the risk of failure. 

c) Via drilled on 70 micron tape show good results even though via size is much smaller especially 

250µm via. 

In order to provide rigidity to the component and ensure uniformity of all layers, it would be a wise 

decision to start experimenting by using 150 micron tape with 800 µm via. 
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8. Additional tests and observations for porous 

catalytic bed preparations. 

8.1 Objective and catalytic bed preparations 

Catalytic bed is one of the important features of the microthruster. A parallel study was made to 

investigate various types catalytic bed & their method of preparation.  The aim of this study was to 

find a method to maximise the surface to area ratio of the catalytic bed material. More the propellant 

comes into contact of catalytic material, more it decomposes to result in a highly exothermic reaction. 

Hence porosity & maximum surface contact with propellant play a crucial role. In traditional 

macroscale thrusters this was achieved by passing the liquid propellant through catalyst-coated 

metallic screens or packed beds of pellets. Unfortunately, this option is not feasible in microscale 

thusters. Hence new, alternative catalyst configurations are needed. 

As a result very simple solution was thought of to start with. A mixture of platinum and carbon 

sacrificial paste was prepared. Initially two types of mixture were prepared. 1
st
 mixture contained 80% 

Pt & 20% carbon by volume. Second mixture contained 60% Pt and 40% carbon by volume. These 

paste mixtures were then used to screen print on two sample 150 micron tapes. These screen printed 

samples were sintered. The carbon paste burnt away at high sintering temperatures and only platinum 

remained behind. Hence expected porous layer of platinum was formed. 2 samples were prepared and 

sintered. Sintered samples were observed under Olympus AX70 Research Microscope. 

8.2 Observations  

Images Observations 

 

1
st
 mixture sample: 

 
 

Porosity: Close up of above image 

 
 

 

1
st
 mixture sample: 

a) Because of less carbon paste this sample 

appears dark compared to 2
nd

 sample. At some 

places blind spots were formed where a thin 

layer of Pt can be seen. These blind spots are 

formed as a result of burnt away saturated carbon 

paste at certain spots thus leaving empty space. 

 

 

 

 

 

 

Porosity : 

a) The surface might be well porous as we see 

some parts which come up& appear shiny 

compared to part which looks a bit darker. 

The carbon content can be still reduced in order 

to avoid large number of blind spots and empty 

spaces. 
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Borderline: 

 
 

At borderline : 

a) Stark difference can be seen between ceramic 

colour and dark layer on which Pt paste rests. It 

might be a thin Pt layer left over after sintering. 

The thickness of porous Pt paste becomes little 

rare at borders. We can use more paste in screen 

printing step to get uniformity all over the 

catalytic bed. 

  

2
nd 

mixture sample:               

 
 

Porosity: Close up of above image 

 
 

Borderline: 

 
 

 

2
nd

 mixture sample: 

a) More carbon paste used hence less porous Pt 

surface can be seen. Sample appears faint 

compared to 1
st
 sample. 

b) A thin dark layer can be seen under porous Pt 

paste which is similar to what we observed in 

darker sample case. 

c) Blind spots were observed in this sample as 

well. Since more carbon paste was used we see 

even bigger blind spots & empty space left 

behind by burnt out carbon paste. 

 

 

 

Porosity: 

a) Porosity can be confirmed from comparison 

between shinny and darker surfaces of Pt 

coating. 

 

 

 

 

 

 

 

 

At Borderline: 

a) Borderline image showed same results as 

darker sample. Except that empty space appeared 

more for which excess burnt away carbon paste 

was responsible. 
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Reference image: Plain Platinum paste. 

 
 

Porosity: Close up of above image 

 
 

 

Reference image: 

a) A normal sintered sample was observed under 

microscope to compare surface porosity of 2 

earlier samples with normal sample which does 

not contain any sacrificial carbon paste added to 

platinum paste. 

 

b) Difference can be clearly seen as a uniform 

height/thickness of Pt paste is observed .This 

layer is spread uniformly over intended surface. 

 

c) Unlike porous paste used above, this plain Pt 

layer is densely packed so very less porosity 

compared to other 2 samples. 

 

From above observations it can be said that the method of mixing platinum and carbon paste can be 

safely employed to get a porous catalytic bed. To achieve better results it is advised to use carbon 

paste in even smaller amounts, between10-15% by volume of total mixture. 
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9. Conclusions 

 

 A high temperature cofired ceramic (HTCC) microthruster has been designed, developed and 

test fired successfully.  

 

 Components like catalytic bed compatible with current and future designs allowing 

electroplating; temperature sensors which allow four-point measurements to get accurate 

temperatures from sample surface and catalytic chamber, and a microheater to heat up 

catalytic bed were integrated successfully in the thruster. Different techniques and ways were 

employed to meet the challenges of integrating these components in the design and 

manufacturing the sample. 

 

 The microthruster can be fired numerous times with very negligible loss in performance of 

catalytic bed. 

 

 Maximum operating temperature reached was 307°C with a heating power of 5.62W during 

hot firing of full nozzle. 

 

 With further improvements in overall design and by insulating the nozzle to avoid heat losses 

to the surrounding, ceramic microthruster has high potential to become an alternative for 

silicon based micropropulsion system. 
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Appendix  

Schematics of the setup mentioned in experiment 2 in dry tests of half nozzle.  

 
Figure 34. Schematics of setup used for experiment 2 

 

Schematics of the setup mentioned for full-nozzle experiment  

 
Figure 35. Schematic of full nozzle experiment setup. 
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Electrical inspection table 

Table 10. Resistance values for sample 1, sample 2 and sample 3 at different points. 

Resistance values 

between 

Half nozzle, 

Sample 1 (Ω) 

Half nozzle, 

Sample 2 (Ω) 

Full nozzle, 

Sample 3 (Ω) 

Heater  external 

leads (1 and 3) 

21.2 18.5 30.4 

Heater leads (1 and 

2) 

10.8 10 16.8 

Heaters leads ( 2 

and 3) 

11.2 9 14.9 

Temperature sensor 

heater layer 

external leads (4 

and 7) 

4.2 6.7 6.9 

Temperature sensor 

heater layer internal 

leads(5 and 6) 

3.5 6.8 7.1 

Upper layer 

temperature sensor 

external leads  

NA NA 7.3 

Upper layer 

temperature sensor 

internal leads 

NA NA 7.2 

                    Refer to figure 36 and figure 37 for electrical lead numbering of upper and heater layer.                 

Figure 36 and figure 37 show the numbering for electrical leads of heater and temperature sensors. 

 

Figure 36. Upper layer Electrical lead numbering for electrical inspection table. 

 

 

Figure 37. Heater layer electrical numbering for electrical inspection table. 


