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Abstract
A structure of micro reciprocating engine (hereafter we call “micro engine”) has been proposed based on silicon bulk
micromachining. An experiment of reciprocation of piston was conducted by using pulsed N2 gas as driving source, in order to
verify a validity of a design concept of the micro engine. In this paper, some improvements of the micro engine structure based
on the previous works [1,2,3] are proposed, and design and fabrication processes of a micro combustion rig are reported to
realize reciprocation of the piston by combustion of the mixture gaseous fuel composed of hydrogen and oxygen.
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case is removed. The mixture gas of hydrogen and oxygen is
supplied from the trapping port, and passes through the
trapping channel to the combustion chamber. After the fuel
burns, the combustion products pass through the exhaust
channel to the exhaust port, and are finally released into
environment. Fig.2 illustrates the working cycle of the micro
combustion rig. Reciprocation of the piston is accomplished
by elastic springs formed at both sides of the piston (we call
“spring-piston system”). We have demonstrated the
reciprocation of the spring-piston by similar system in the
previous works [3].

1 INTRODUCTION
The micro reciprocating engine (hereafter we call “micro
engine”), where we have proposed, has a combustion
chamber and opposed-pistons supported by elastic springs.
As a first demonstration, an experiment to operate the micro
engine using compressed air (N2) was carried out. As a result,
the reciprocation of the pistons was observed and we have
confirmed the validity of the design concept of the micro
engine. However, some technical issues were pointed out
through the experiment. An important issue is to determine
an optimum size of the combustion chamber to realize stable
combustion and to hold stable flame. Another issue is install
method for micro ignition plug into the micro engine, which
is, compatible to micro fabrication process. In this paper, we
propose a micro combustion rig to overcome all of the issues
of the previous works [1,2,3]. Fabrication processes of the
micro combustion rig based on silicon bulk micromachining
are briefly described.

3 DESIGN
We have adopted the design approach for the micro
combustion rig as follows.
1.
2.

2 STRUCTURE
Schematics of the micro combustion rig are shown in Fig.1.
The micro combustion rig is composed of a cylinder case, a
piston and an ignition plug. The cylinder case consists of a
top cylinder case and a bottom cylinder case. The piston is
sandwiched between the top and bottom cylinder cases. In
addition, the ignition plug is attached under the bottom
cylinder case. The ignition plug consists of a plug case and
opposed-electrodes, which is located on the backing surface
of the combustion chamber. Fig.1.b shows the internal
structure of the micro combustion rig where the top cylinder
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4.
5.
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Decide the dimensions of the combustion chamber.
Calculate the maximum combustion pressure from the
working cycle determined from the compression ratio
and the allowable temperature of Si.
Analyze the impulse response of the piston against the
combustion and decide the spring constant and the mass
of the spring-piston for the design stroke.
Decide the dimensions at the trapping and exhaust ports
compatible to design stroke.
Decide the width, length and folded number of the
spring from FEM analysis to obtain the spring constant
decided in 3.

2.1 Dimensions of the Combustion Chamber

Trapping port
Pressure monitoring port

The dimensions of the combustion chamber have to be
decided as small as possible, and more than a quenching
distance, which causes combustion flame out. The
dimensions of the combustion chamber are decided from
view point of ease observation of combustion phenomena
and an enough space which causes stable combustion. Thus,
the dimensions of combustion chamber are found to be 5mm
x 3mm x 1mm (W x L x H).

Top cylinder case (SOI)

1mm
Exhaust port
52mm
38mm

a. Top side
Elastic springs

Piston

Bottom cylinder case (SOI)

3mm

2.2 Maximum combustion pressure
Trapping channel

The maximum combustion temperature of the micro
combustion rig is determined by the allowable temperature
of silicon. An allowable temperature of a substance is
generally considered to be creep temperature. The creep
temperature of silicon is approximately 850K, and the
maximum combustion temperature of the micro combustion
rig should be 850K. The excess coefficient is assumed to be
1 in the calculation of the working cycle and the
compression ratio is assumed to be 1.5 as reasonable value
for free piston engines [4]. The compression ratio is
determined based the geometrical value from the
displacement of the piston. As a result, the maximum
combustion pressure is calculated to be 350kPa. The air
standard Otto cycle as the working cycle of the micro
combustion rig is shown in Fig.3.

Combustion chamber
Exhaust channel

b. Internal view

Combustion chamber
Plug case (pyrex glass)

Electrodes (Pt)

c. Back side

Figure 1. Schematic of the micro combustion rig.
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2.3 Impulse response of the spring-piston

Ignition

When the combustion pressure is applied to the
spring-piston, the behavior of the spring-piston can be
considered as a spring-damper vibration model. Assuming
that the impulse force by the combustion pressure is half
sine wave, the impulse response of the spring-piston against
the impulse force can be calculated. In this calculation, we
assume the maximum displacement and the damping ratio to
be 2mm and 0.7, respectively. As a result, the maximum
displacement, the spring constant and the mass of the piston
are 1.8mm, 100N/m and 0.2g, respectively.

(1)Scavenging

(2)Compression

(3)Combustion (4)Expansion

Figure 2. Working cycle.
1-2: Isentropic compression
2-3: Constant volume heat addition (combustion)
3-4: Isentropic expansion
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2.4 Dimensions at the trapping and exhaust ports
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Conventional engines are started up by external starter, but
the micro combustion rig has to be started up without starter.
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Figure 3. Otto cycle.
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The trapping port of the micro combustion rig is designed to
be opened when the piston is at rest position in order to trap
the fuel at this position (Fig.4.a). The trapping port width is
designed narrower than the quenching distance of hydrogen
to prevent the backfire. The exhaust port should be designed
much wider than the trapping port to scavenge smoothly.
The exhaust port is arranged to be fully opened when the
piston approaches the maximum displacement (Fig.4.b). The
final dimensions are shown in Fig.5.

（a）The trapping port is fully opened.

（b）The exhaust port is fully opened.

Figure 4. States of the trapping port and the exhaust port.

2.5 Design of the springs
The spring length relates directly to the overall size of the
micro combustion rig. Thus it’s not preferable from the
perspective of engine miniaturization to lengthen the spring
excessively. Therefore, the spring should be designed to
obtain the desirable spring constant by varying its width.
From the parametric calculation of FEM analysis, the spring
width, length and folded number were decided to be 0.2mm,
12mm, and 10, respectively. Arranging this spring on the
both sides of the piston, we obtain the spring-piston with
100N/m of spring constant.

e

d

c
a
b

a
b
c
d
e

Length of combustion chamber
Width of combustion chamber
Width of trapping channel
Width of exhaust channel
Distance until the exhaust channel fully open

Figure5. Dimensions of the
chamber and its surroundings.

4 FABRICATION
The top and bottom cylinder cases and the spring-piston are
fabricated using SOI wafer based on silicon bulk
micromachining by ICP-RIE. The ignition plug is fabricated
by conventional mechanical machining. Fig.6 shows the
fabrication processes of the top and bottom cylinder cases
and the piston. These 3 parts can be fabricated by the same
process. SOI wafer of 500µm device layer, 2µm BOX layer
and 500µm handle layer is used. After patterning Cr mask
for ICP-RIE on the one side of SOI wafer, Al mask is also
patterned on the other side of SOI wafer. The Al mask is
used for Al-Al thermo-compression bonding in the
packaging process described later. After formation of masks
on the both sides of SOI wafer, the one side of SOI wafer is
etched to BOX layer. Then the other side of SOI wafer is
etched to BOX layer. After finishing these processes, the
exposed BOX layer is removed by RIE.

Top cylinder case

3.0mm
5.0mm
0.2mm
1.0mm
2.0mm

combustion

Bottom cylinder case

Piston

Formation of mask on the both side of SOI wafer
Al mask

Etching of one side through the BOX layer as etch stop layer by ICP-RIE

Cr mask
Etching of the other side in a similar way

The ignition plug is composed of the plug case and the
electrodes. The plug cases must be electrically isolated, and
these are mechanically machined using pyrex glasses.
Commercial micro probers are used for the electrodes. The
material of the electrodes is Pt, because of its ability of low
erosion by sparking [5]. Fig.7 shows the fabrication process
of the ignition plug. First, a slit and a through hole are

Removal of BOX layer

Figure 6. Fabrication process of the cylinder cases
and the piston.
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formed on a pyrex glass by conventional mechanical
machining. Next, the electrodes are fitted and bonded to the
slit. After that, another pyrex glass is bonded to the pyrex
glass with the electrodes for packaging.

Pyrex glass

Pyrex glass with a slit and a hole

The piston is set in the bottom cylinder case, and the top
case is capped on them. At this point, the top case is
self-aligned with the bottom case by the piston. After
assembling these 3 parts, Al-Al thermo-compression
bonding is carried out to bond the top cylinder case and the
bottom cylinder case. Finally, the ignition plug (Fig.7) is
bonded to the assembled cylinder cases. Figs.8 and 9 show
the internal view of the micro combustion rig, where the top
cylinder case and the ignition plug are removed (Fig.9).

Formation a slit and a hole by mechanical machining
Bonding the top plug case

Electrodes

5 CONCLUSION
In this paper, we have proposed a new design of the micro
combustion rig based on our previous works, and actually
the micro combustion rig was fabricated using the proposed
fabrication processes. Sparking of the ignition plug has also
observed. Currently experiments are undergoing toward
operation of the micro combustion rig by combustion of the
mixture gaseous fuel composed of hydrogen and oxygen.

Fitting the electrodes to the slit

Figure 7. Fabrication process of the ignition plug.
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Figure 8. The fabricated micro combustion rig.
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Figure 9. The internal view.
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