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ABSTRACT 
 
A new planar structure of solid propellant micro -rocket 

for micro-spacecraft and Micro-Air-Vehicle applications is 
reported in this paper. We have successfully fabricated an 
array of micro-rockets using MEMS technology. For a low-
power consumption, the micro-igniter used here is a resistor 
deposited on a low tensile stress thin membrane to ensure a 
good heat transfer to the propellant. Experimental tests of 
ignition and microcombustion employing Double-Base 
(DB) solid propellant mixed with Black-Powder (BP) are 
reported and discussed. Tests have showed successful and 
continuum combustion of about  1.3mm diameter during 
few 100ms from BP ratio in the mixture (x) of 10%. Thrust 
force delivered by considered structure dimensions, is 
ranging from 0.1mN to 1mN for x=10%, 20% and 30%. We 
expect that this planar structure will deliver a suitable thrust 
force of few 10mN when reducing micro-nozzle throat 
dimensions.  
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1 INTRODUCTION 
 
Recently, micro-spacecraft and many other low-cost 

miniature space systems have got a lot of attention due to 
the reduction of launch cost and various mission 
capabilities, and the development of new miniaturized 
systems is required. The propulsion system must be capable 
of providing extremely low levels of thrust and impulse in a 
very short time. For two decades, many micropropulsion 
systems based on MEMS technology have been proposed 
and developed to satisfy the microspacecraft need for 
propulsion system [1] [2] [3] [4] [5]. The solid propellant 
micropropulsion is one option chosen by several teams [6] 
[7] [8] [9] [10] [11] [12]. It is composed basically of three 
parts: a meso-scopic fuel tank, a micro-igniter and a 
micromachined nozzle. The thrust force is generated by the 
combustion of an energetic material stored in a few 
millimeter cube tank and thus the gas is accelerated through 
the convergent-divergent parts of micro-nozzle. The use of 
solid propellant is an interesting choice because the 
combustion of an energetic material is a simple way to 
achieve large quantities of energy from a small volume. 
Moreover, the system is simple, has no moving parts, 

presents a good efficiency (thrust / input power) and there 
could be the perspectives of monolithic integration of 
electronics in order to realize the command. However, it is 
difficult to achieve a successful, reproducible and 
continuum combustion of the propellant in a millimeter 
scale device. 

Based on previous work done in our team [13] [14], we 
propose here a better adapted design (see Figure 1), which 
allows flexibility to obtain a large range of thrust force. 
This one can be easily scaled by varying the geometry, the 
number of micro-thrusters and the type of propellant in 
order to satisfy the specific space/aeronautic applications. 
Chambers and the nozzles were etched on the same silicon 
wafer, and its geometry can be changed at  the same time 
using only one step of DRIE. The modulability of the 
system has been earlier proposed by K.L. Zhang et al. [15].  
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Figure 1 Design of the planar solid propellant micro-rocket. 

In this paper, a summary for fabricating and assembling 
process of the new planar structure of micro -rocket will be 
presented. After that, ignition and micro -combustion results 
employing new propellant mixtures will be presented and 
investigated. 

 
2 SUMMARY OF THE FABRICATION 

AND THE ASSEEMBLY PROCESS  
 
The key point of this MEMS is the silicon micro-igniter. 

It is composed of a thin film polysilicon deposited on 
SiO2/SiNx low stress membrane and then etched for 
obtaining the resistor design. The chambers and the micro-
nozzles are etched on the backside of the silicon wafer 
using DRIE etching until membranes freedom. Figure  2 
summarize the process flow for silicon micro-rocket array 
fabrication. The details of fabrication process were 
described previously [16].  
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Figure 2 : Process flow for the micro-rocket fabrication 

A fabricated silicon chip is shown in Figure 3. It is 
composed of 7 micro-rockets. Each single micro-rocket is 
separated with air grooves of 250µm width to prevent 
undesirable ignition from close neighbors. We realized 14 
micro -rocket arrays, the equivalent to 98 micro -rocket 
units, in the same 4” silicon wafer. These micro -rocket 
units have the same design but variable dimensions of 
reservoir and nozzle. The dimensions of the vehicle tests 
used in this study are presented in Figure  4. 

 
Figure 3 : Picture of a non-assembled micro-rocket array. 

 
 Wc We Wt Lc 

Dimensions [µm] 1500 600 150 5300 

Figure 4 : Design and technical dimensions of a micro-
rocket considered for test. 

Silicon chip of 545µm thick can be filled with energetic 
material and sealed from both top and backside using 
pyrex-7740 glass. But in this configuration the combustion 
is not continuum in the silicon chamber, and thus the 
generated thrust force is not reproducible. This is due to the 
extinction limit p henomena of the flame caused by heat loss 
in the silicon surrounding the combustion chamber. For this 

reason, we sealed the backside of the silicon micro -thruster 
array by a machined chip to add a supplementary chamber 
space. It leads to increase the ratio of chamber section to 
nozzle throat section, and by consequence increases thrust 
force. In a previous work, we have seen that silicon 
supplementary chamber causes unsuitable firing of the 
close neighbor of the tested chamber [17]. To avoid this 
feature, we have used in this study a Macor®Corning 
ceramic instead of silicon. The Macor has advantageous 
mechanical and thermal characteristics: coefficient of 
expansion very close to the silicon one, very low thermal 
conductivity (1.46W/m°C) and high operating temperature 
(1000°C). Its drawbacks are: the high weight (2.52g/cm) 
and the difficulty of machining. A schematic of the Macor 
chip and photo of realization are shown in Figure 5. 

 

  
Figure 5: Schematic view of the Macor chip (left) and 

photo of realization (right) 

There are three steps for the assembly process which are 
presented in Figure 6. Firstly, the topside of silicon chip 
was sealed with Pyrex glass using H70-E epoxy glue. Then 
the silicon reservoirs were filled of propellant. This  
propellant was glued on the membrane by means of 
deposited micro-drops of the H20-E thermal conductive 
epoxy glue. Finally, the back-side of silicon chip was sealed 
with machined Macor ceramic part using H70-E epoxy 
glue. Figure 7 presents a micro-rocket array assembled and 
ready for test. 

 
Figure 6 : Assembly process for the micro-rocket parts. 

 
Figure 7 : Prototype of an assembled micro-rocket array. 
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3 IGNITION INVESTIGATION 
 

The structure considered for test contains 7mm3 (about 
7mg) of propellant in the total silicon/Macor reservoir of 
20mm3 . The thought section is  of 0.08mm2 and the chamber 
section is of 2.9mm2. First ignition tests has been made 
employing Double-Base (DB) propellant gave less then 
20% of ignition process percentage, and this for any input 
power. This result shows an incompatibility of the DB 
propellant for such millimeter-scale device. In order to 
perform ignition process, the DB propellant was mixed with 
a second more reactive pyrotechnical material named 
Black-Powder (BP). A technological solution allows 
obtaining cylindrical bit of the new mixed propellant 
DB+x%(BP) with a various ratio of BP [18]. Ignition tests 
employing a ration of x<10% exhibits less then 20% of 
ignition process whatever the input power. In the other case 
(x≥ 10%) the ignition process excides largely 20% with a 
minimum input power of 600mW. 

The reliability and reproducibility of ignition depend 
strongly on the contact between resistor and propellant. 
Ignition tests of a structure filled of solid propellant results 
a non-reproducibility of ignition delay and low percentage 
of ignition process. To overcome the problem, a 
micrometer-cube drop of high thermal conductivity epoxy 
glue is used to enhance a good contact between the 
membrane containing the igniter and the cylindrical solid 
propellant bit. This technological point has been optimized 
and validated to achieve 100% of ignition success 
percentage, and this for x≥ 10% in the DB+x% (BP) 
propellant mixture. The ignition power and delay are 
reported in Table 1. 
 

Types of propellant 
 

DB DB+10%BP  DB+20%BP DB+30%BP  

Heater surface 540µm × 540µm  

Ignition Power 600 mW  

Ignition suc cess no yes yes yes 

Ignition delay - 150ms 150ms 150ms 

Table 1 : Results of the ignition tests  

 
4 COMBUSTION AND BURNING RATE 

INVESTIGATION 
 
It is difficult to sustain combustion for such as sub-

millimeter scale, due to the quenching phenomena caused 
by the heat loss throughout the environing material. 
Therefore adequate pyrotechnical material is required. A 
large number of micro-rocket has been tested employing 
DB+x%BP propellant mixture for x% ≥ 10%. To record the 
combustion time and then the combustion rate of the 
propellant, tests are completed under CCD digital camera. 
Figure 8 shows a successful and completed combustion test 
at input electrical power of 600mW . The structure was 

fixed by two alumina parts to avoid explosion risk only for 
the first test. 

 

 
Figure 8 : Solid propellant micro -rocket firing. 

The use of Macor ceramic as  chamber results in a better 
thermal insulation between the rockets of the array, thus 
preventing from thermal cross-talk between each rocket. 
The measured combustion rates for the different ration of 
the BP in the propellant mixtures are reported in Table 2. 
Results show an increasing of the combustion rate when the 
ratio of BP on the propellant mixture increases. 

 
Propellant mixture Mean combustion rate (mm/s) 

DB No combustion 

DB+10%BP  3.1±0.1 

DB+20%BP  3.4±0.1 

DB+30%BP  4.6±0.2 

Table 2: Burning rate for used propellant mixtures. 

 
5 THRUST CHARACTERIZATION 

 
5.1 Description of the thrust force stand 

The impulse thrust is measured using a pendulum 
suspended in ambient air. As shown in Figure 9, the rocket 
is placed on a printed circuit arm and can move freely 
around a pin. A coil is placed on the arm in a permanent 
magnet field to create a force that is exactly the negative of 
the thruster force in order to keep the arm in vertical 
position. A position control loop allows us to determine the 
current coil value. The position is obtained by capacitive 
sensor: an alternative voltage is applied to the magnet and it 
is possible to measure the voltage generated on the metal 
side of the arm. The three conductors; magnet/sensor/coil, 
make up a capacitive divider varying with the arm 
deflexion. The restoring force is relative to the current 
flowing in the coil. Therefore, its measurement gives the 
thrust after calibration. The performances reached with this 
balance are the following: measurement range 0–2g (0–
19mN); sensitivity 20mg (196µN); measurement noise 8mg 
(80µN) and pulse response time 540 µs. 
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Figure 9 Schematic view and photo of the stand 

5.2 Thrust measurement 

The micro-thruster array is fixed on the stand support 
for thrust measurement. The resulting thrust over the time is 
given in Figure 10. Thrust level and combustion time are 
reported directly from the thrust curve vs. time. Thruster 
motor is characterized by total impulse parameter; witch is 
calculated by the following relation: 

dt
t
FI t ∫=  

Table 3 reports the characteristics of thrust force generated 
by micro-rocket using the three mixtures of propellant. 
 

 
Figure 10: Example of a thrust force vs. time for micro-

rocket using DB+30%BP propellant. 

 
Propellant mixtures  

SD+10%DB SD+20%DB SD+30%DB 
Average of thrust 
force (mN) 

0.1 0.35 1 

Combustion time (s) 1.70 1.55 1.15 
Total impulse (mN.s) 0.17 0.54 1.13 

Table 3: Thrust characteristics. 

The disturbances present in the curve during data 
acquisition are caused by the material of measurement and 
the environment air. To these disturbances are  added 
fluctuations present only during the thrust application. They 
can be explained by inhomogeneity of propellant, down 
scaling effect (the size of the propellant’s grains become 
considerable compared to the chamber volume) and/or to 
approach towards the flame extinction limit diameter given 
of one millimeter by the literature. 

6 CONCLUSIONS 
 
High surface to volume ratio is very favorable to the 

output of power density per unit volume, though it tends to 
suppress ignition and quench the combustion in micro-scale 
devices. In this paper, we report on experimentations of 
MEMS-based micro-rocket. The above studies indicate that 
reproducible ignition process and stable combustion can be 
achieved in a millimeter scale device employing new 
formulated propellant: DB+x%(BP). This propellant mix-
ture is based on Double-Base (DB) propellant and Black-
Powder (BP). The use of Macor ceramic as  chamber results 
in a better thermal insulation between the rockets of the 
array, thus preventing from thermal cross-talk between each 
rocket. Combustion rate is about 3.4mm/s for DB+20%(BP) 
propellant mixture . Thrust ranges between 0.1 and 1mN are 
obtained, and more than 20mN is expected using an 
advanced composite propellant for military applications. 
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