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Abstract

This study investigates the feasibility of a novel internal combustion engine (ICE) architecture, termed
the membrane engine, in which the conventional piston is replaced by a flexible elastic membrane.
Although the concept appears in several patent documents proposing reduced friction, improved
sealing, and lower heat losses, no empirical data has been published to support these claims. To
the authors’ knowledge, this work presents the first membrane engine built and experimentally
tested. The primary aim is to verify whether such an engine can operate as a functional ICE, regard-
less of its current efficiency or performance level.

To support concept validation, a simplified mathematical model was developed to describe the
membrane’s deformation and its effect on combustion chamber volume. Unlike conventional piston
engines, the membrane introduces a pressure-dependent geometry, enabling a variable compres-
sion ratio. The model is not intended to predict performance but to assist in interpreting experimental
results and assessing feasibility. It combines geometric and pressure-induced volume changes and
was constructed conservatively to avoid overestimating deformation effects.

A single-cylinder spark-ignition prototype was built by modifying an existing piston engine.
Experimental tests were conducted under motored and fired conditions, with comparative measure-
ments taken against the unmodified engine. Results confirmed that the membrane engine can
sustain combustion and produce torque. Notably, the exhaust stroke exhibited a steeper pressure
drop, suggesting improved scavenging, and the torque trace showed a distinct positive spike post-
combustion. These findings support the hypothesis that the membrane’s dynamic behavior influ-
ences combustion and gas exchange.

While some patent claims remain unverified, the study demonstrates that the membrane engine
is a viable concept. The results provide a foundation for further development and refinement,
including material selection and advanced modeling. Future work will focus on improving durability,
expanding the operating envelope, and exploring hybrid configurations for waste heat recovery.
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he reciprocating piston engine (PE) remains a

dominant power source in transportation and

stationary applications [1, 2]. Despite decades of
refinement, the growing demand for cleaner and more
efficient engines continues to drive innovation [3-5].

Current research efforts focus on improving thermal
efficiency to reduce fuel consumption and emissions
[5-7]. Although modern PEs achieve up to 40% efficiency,
significant energy is still lost as heat [7, 9]. To increase
the usable fraction of fuel energy and mitigate the envi-
ronmental impact of internal combustion engines (ICEs),
new approaches are being explored. These include
reducing heat losses, optimizing combustion chamber
insulation, and developing advanced fuel injection strate-
gies [5,10-13].

In parallel, alternative engine architectures are being
investigated to overcome the inherent limitations of the
conventional four-stroke PE. These concepts often involve
variable compression ratios and stroke lengths, achieved
through dynamic changes in engine geometry [14-27].

The piston itself is a critical component, subject to
high thermal and mechanical loads. Together with the
rings and cylinder wall, it forms a major friction pair,
contributing significantly to mechanical losses [28-34].
This sliding assembly requires continuous lubrication, and
its failure can occur within minutes if lubrication is inter-
rupted. Due to this design, complete sealing between the
combustion chamber and crankcase is not possible,
resulting in blow-by of combustion gases and migration
of lubricating oil into the combustion chamber, both of
which contribute to emissions [35-38].

Replacing the conventional piston with a flexible
membrane capable of transmitting combustion energy
to the crankshaft offers a novel alternative [39-43]. The
membrane engine shares key operational principles with
piston engines and piston compressors, where recipro-
cating motion is used to compress and displace gases.
This analogy extends to diaphragm compressors, which
similarly employ a flexible membrane to achieve gas
displacement [44, 45]. These analogies allow established
ICE modeling frameworks to be adapted for membrane-
based systems, enabling theoretical analysis and
performance prediction.

Although numerous patent documents describe
membrane-based engine concepts, none report a func-
tioning prototype or any experimental validation [39-43].
The novelty of the present work lies in providing, to the
authors’ knowledge, the first physical prototype of an ICE
operating with an elastic membrane, together with its
experimental testing under both motored and fired condi-
tions. This establishes a practical foundation for evaluating
the membrane engine concept beyond the theoretical
claims made in earlier patents.

To identify a feasible design, the authors conducted
a comprehensive patent review using databases such as

EPO, WIPO, DPMA, USPTO, and Google Patents. Keywords
included membrane engine, membrane motor, and disk
engine, with care taken to exclude unrelated results from
carburetor or vacuum systems. IPC classification
F02B75/36 (engines with resilient chamber walls) was
used, while FO4B43/02 (flexible diaphragm pumps) was
excluded due to its focus on non-power—
generating machines.

Through critical analysis, approximately 10 patents
were selected for further review. While many documents
proposed efficiency improvements and solutions to PE
drawbacks, only a few were deemed suitable for proto-
type development [39-43]. Selection criteria included
simplicity of membrane design, elastic behavior, and
mechanical linkage to the crankshaft. Designs relying on
bellows or hydraulic power transfer were excluded.

This study presents a preliminary investigation into
the membrane engine concept, aiming to validate its feasi-
bility through prototype construction and modeling. The
focus is on demonstrating that the concept can function
as an ICE, rather than proving performance superiority.

One commonly proposed advantage in patent litera-
ture is the potential reduction in the number of sliding
and reciprocating components within the engine. This
simplification could reduce frictional losses and allow a
greater proportion of generated energy to be converted
into useful work [39-43].

Studies indicate that mechanical losses account for
up to 30% of total energy losses in piston engines, with
approximately 70% of those occurring in the piston
assembly [28, 41]. Various strategies have been explored
to reduce piston friction, and one such approach is the
membrane engine, which may offer several advantages
in minimizing internal resistance.

Additionally, the membrane could provide a complete
seal between the combustion chamber and crankcase,
potentially eliminating blow-by and its associated losses,
wear, and emissions, as suggested in several patents
[40, 42].

A significant portion of heat losses in piston engines
occurs through the exposed cylinder walls, especially as
the piston moves toward bottom dead center (BDC). In
contrast, the membrane engine confines combustion
gases to contact only the elastic membrane, which may
act as a thermal barrier. This configuration could theoreti-
cally reduce heat transfer to the cylinder walls and
improve thermal efficiency, as supported by studies on
thermal barrier coatings [12, 13, 46, 47].

The membrane engine is a reciprocating engine that
has several similarities to a PE (Figure 7). In the design
presented in this study, an elastic membrane seals the
combustion chamber from the crankcase. Combustion
gases flex the membrane downward, increasing the
cylinder volume at BDC. At top dead center (TDC), the
membrane returns to its original position, minimizing the
volume. Unlike pistons, membranes deform rather than
translate, enabling variable stroke and compression.
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m Working principle of the membrane engine (right)
compared to a piston engine (left).
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The aim of this study is to validate the concept of a
novel membrane engine by constructing a prototype and
modeling its combustion chamber volume. Unlike rigid
pistons, the membrane deforms under pressure, resulting
in a dynamically changing chamber geometry. Due to
structural and operational similarities with conventional
piston engines, established ICE theory can be partially
adapted to describe its behavior, particularly in terms of
crankshaft kinematics and cycle timing. However, conven-
tional theory does not account for elastic combustion
chamber boundaries, which necessitates a fundamentally
different modeling approach. The pressure-dependent
volume model presented in this study is therefore a
simplified empirical construct, developed to assess
whether membrane deformation under combustion
pressure can produce measurable effects. It is not
intended as a predictive or physically complete model.
Rather, it serves as a conceptual tool to support the feasi-
bility of the membrane engine architecture.

2.1. Reciprocating PE Model

In a reciprocating PE, combustion gases exert force on
the piston, driving it downward and rotating the crank-
shaft. This motion alters the cylinder volume cyclically
minimum at TDC and a maximum at BDC. The clearance
volume V. is the volume at TDC, while the displacement
volume V; is swept by the piston between TDC and BDC.

Their sum defines the total cylinder volume, and their
ratio determines the compression ratio (CR) [9].

Cylinder volume depends on piston position, which
can be mathematically described by the distance s(6)
between the crankshaft and piston pin axes. The instan-
taneous cylinder volume V(6) is calculated with Equation
1 as follows [9]:

2
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where
V(9) is the instantaneous volume of the cylinder m?3;
V. is the clearance volume m?3;
a is the crank radius m;
0 is the crankshaft position ¢
|'is the connecting rod length m;
B is the cylinder bore m.

where V. remains constant, while the second term repre-
sents the dynamic volume based on piston stroke and
bore area. This formulation enables precise modeling of
cylinder volume throughout the engine cycle.

2.2. Simplified Cylinder Volume
Model of the Membrane Engine

As a flexible component, the membrane changes shape
throughout the engine cycle. This requires more complex
mathematical descriptions to accurately model the instan-
taneous cylinder volume.

In a simplified model (Figure 2), the membrane is
assumed to move vertically, with its central clamping disk
(2) defining the displacement. Similar to PEs, the
membrane’s position relative to the crankshaft axis deter-
mines the combustion chamber volume. The membrane
can be designed to lie relatively flat when the crankshaft
is at 90° ATDC, which corresponds to the midpoint
between TDC and BDC. Movement in either direction
alters the volume above the membrane.

Assuming a flat central disk (2) remains rigid during
deformation, the membrane can be approximated as
forming a truncated cone. In Figure 2, the lower diameter
D corresponds to the cylinder bore, and the upper
diameter d to the clamping disk. For simplicity, the
membrane is modeled as a uniform truncated cone
whose height h varies with crankshaft angle. In this
model, it is assumed that the membrane shape is
governed solely by crankshaft position, and no additional
forces act on the membrane surface. As a result, the
membrane maintains a uniform conical shape throughout
the cycle. The volume occupied by the membrane is
described using the standard formula for a truncated

cone, using Equation 2.
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m Principle drawing of the membrane engine cylinder volume (1—elastic membrane; 2—rigid center clamping disk; d, D,
h—upper and lower diameters and height of the truncated cone, respectively).
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where
V., is the volume of the conical membrane m3
h is the cone height m;
D is the lower diameter of truncated cone m;
d is the upper diameter of truncated cone m.

Since the clearance volume remains constant, the
change in cylinder volume during the cycle is attributed
to membrane motion. The membrane forms two
opposing truncated cones during its stroke, and the total
displacement volume is expressed with Equation 3:

Vg =Va+Vo 3)

where
V, is the engine displacement m3;
V., is the upper truncated cone volume m?3;
V., is the lower truncated cone volume m3.

Combining Equations 2 and 3 above with the PE
volume model Equation 1 yields Equation 4 for the
membrane engine’s instantaneous volume as a function
of crank angle:

V(6)=V. + ”1'2'” (o +d-B8+8?)
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where

V(#) is the membrane engine instantaneous cylinder
volume m3;

V. is the combustion chamber volume m?3;

h; is the height of the upper cone at TDC m;

B is the upper diameter of the membrane (cylinder
bore) m;

dis the lower diameter of the membrane (membrane
fastening disk) m;

a is the crank radius m;

l'is the connecting rod length m;

6 is the crankshaft position °.

As described in Figure 2, the upper cone decreases
the combustion chamber volume, and the lower cone
increases the chamber volume. This must be considered
when modeling the instantaneous volume of the
membrane engine. The first term represents the volume
when the membrane is flat, while the second term
accounts for the dynamic volume change due to
membrane deformation. This model captures the
membrane’s influence on combustion chamber geometry
throughout the cycle.

2.2.1. Actual Engine Geometry Considerations While
Setting Up the Model While the simplified membrane
engine model illustrates the principle of volume change
during the cycle, it does not fully capture the membrane’s
actual shape, which is influenced by mechanical constraints
and pressure fluctuations. Membrane thickness also
affects internal and external volumes depending on
engine position.

Preliminary experiments on a test rig (Figure 3)
confirm that under ambient pressure, the membrane
forms a truncated cone, consistent with the simplified model.
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m Stretched membrane in BDC position in the TABLE 1 Piston engine DB3500CL parameters.
test bench. Strokes 4 Connection 84.8 mm
rod length
Cylinder 1 Crankshaft 27 mm
radius
Engine power 36 kW Bore 70.00 mm
Speed 3000 rpm Stroke 5400 mm
Fuel supply Carburetor Displacement 20742 cm?
_ system volume
E Ignition Magneto Clearance 2828 cm?
< system spark ignition volume
—§ Compression 8 Total volume 2357 cm3
o ratio

© Roland Allmégi

However, unlike the idealized sharp-edged cone, real
membranes exhibit curved transitions at fixation points
and may form concave surfaces. These deformations
depend on material properties and applied forces.
Therefore, while the model focuses on displaced volume
rather than exact geometry, adjustments must account
for nonuniform membrane behavior between TDC
and BDC.

The first prototype was built by modifying a single-
cylinder, naturally aspirated petrol engine (Eigure 4), while
retaining similar mechanical constraints to the original
PE, with its parameters provided in Table 1. The membrane
is clamped between the cylinder head and block using

large aluminum plates to ensure sealing with minimal
force. To accommodate this, the pushrod assembly was
relocated outside the cylinder head without altering valve
timing or Iift.

The modified engine will be tested under similar
conditions to the unmodified engine to establish a baseline
for test results.

The membrane shape, and thus the cylinder volume,
varies throughout the four strokes of the Otto cycle. A
cross-sectional schematic of the prototype membrane
engine in TDC and BDC positions is shown in Figure 6.
At TDC, the membrane is likely pressed firmly against the
rigid guiding member (Eigure 5) by combustion pressure,
resulting in a relatively flat or slightly domed shape. During
the intake stroke at BDC, the membrane is pulled
downward and stretched into a conical form. The resulting
pressure drop may cause the membrane walls to curve
inward toward the central axis if the pressure differential
exceeds the membrane’s internal restoring forces.

Based on the created mathematical models in the
previous section, the shape of the membrane at TDC
(red) and BDC (blue) positions can be simplified to two
truncated cones, as depicted in Figure 7. In this

m Original piston engine (left) and the membrane engine prototype (right).
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m Guiding member for membrane fastening within
the engine cylinder bore.

configuration, the lower cone has a larger volume than
the upper cone. Therefore, the height h, portion of the
membrane stroke in Equation 4 must be measured to
correctly model the membrane engine cylinder volume.

The combustion chamber itself (shown in gray in
Figures 6 and 7 in yellow) can be simplified as a dome,
as its shape does not affect the volume it occupies. Thus,
the entire membrane engine geometry can be modeled
as a cylinder with a domed top (Eigure 7 yellow) and a

© Roland Allmagi

membrane forming two opposing truncated cones. Table
2 presents the measured and calculated parameters of
the prototype membrane engine used for modeling.

This geometric model forms the basis for analyzing
the membrane engine’'s dynamic volume changes and
performance characteristics.

2.3. Pressure-Dependent
Cylinder Volume Model

2.3.1 Modeling the Shape of the Membrane during
Combustion During prototype development, it was
hypothesized that high combustion pressure could deform
the membrane against the cylinder wall, replacing the
lower truncated cone with a domed cylinder shape
(Eigure 8).

While this could be approximated using the PE
volume model (Equation 1), adjusted for membrane thick-
ness, such simplification neglects the material-dependent
threshold at which pressure overcomes membrane stiff-
ness. Since this deformation may occur variably between
BDC and TDC, assuming a fixed cylindrical shape during
compression is inadequate. Therefore, a pressure-depen-
dent term must be added to Equation 4 to account for
this behavior, requiring a geometric and material-specific
model of membrane deformation.

2.3.2. Stretching of the Membrane Although many
materials are well-characterized, elastomers often require
case-specific testing due to their complex behavior under
load. The membrane’s displacement and stress during

m Cross-sectional schematic of the prototype engine cylinder volume at TDC (left) and BDC (right) with the combustion

chamber volume in solid gray.

NN

SR

-~

N \x\\?&m

© Roland Allmégi




© Roland Allmégi

Allmagi and llves / SAE Int. J. Engines / Volume 19, Issue 1, 2026 49

Cross-sectional view of the prototype engine
cylinder total volume 3D model, with the swept volume in dark
gray, the clearance volume in yellow, and the outlines of
simplified swept volumes of the upper (red) and lower (blue)
truncated cones.
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the engine cycle can be estimated geometrically. These
calculations help extrapolate the membrane’s displace-
ment at specific points of the cycle and assess how it
would respond to additional stresses imposed by
cylinder pressures.

Figure 9 illustrates the calculation scheme for
membrane displacement.

The membrane’s strain is defined by the displace-
ment from L1to L2, while the pressure-induced expansion
to L3 depends on overcoming internal stresses. These
relationships are essential for modeling the membrane’s
dynamic shape and its effect on cylinder volume.

2.3.3. Expansion of the Membrane due to Internal
Pressure To model pressure-induced membrane defor-
mation, the membrane is again approximated as a trun-
cated cone, with the upper radius Rypper €qual to the
cylinder bore and the lower radius R ower €qual to the
clamping disk radius. The cone height he,, is the vertical
distance from the disk at BDC to the point where the

TABLE 2 Membrane engine parameters.

Strokes 4 Connection 84.8 mm
rod length
Cylinder 1 Crankshaft 27 mm
radius
Engine power Not measured Displacement 15410 cm3
volume
Speed Not measured Clearance 2691 cm?
volume
Fuel supply Carburetor Expandable 3199 cm3
system volume
Ignition Magneto Total volume 181 cm3
system spark ignition  (unexpanded)
Bore 70.00 mm Total volume (max)
(expanded) 21299 cm3
Stroke 5400 mm Compression 6.7 ..75
ratio

membrane is in a neutral plane (Eigure 10). As the clamping
disk radius Rjower iIs smaller than the cylinder bore Ryppen
we conclude that the membrane can only expand toward
the cylinder wall starting from the disk, as indicated in
Figure 9 by L3. Thus, we model the increase in volume
as the increase of R ower incrementally for every CAD.
The maximum expanded radius R.,, can be derived
by rearranging the truncated cone volume formula in

Equation 5:

_ \/5T\/; : \/4 ) Vfree : hexp -7 h(?prSpper -7 hexp ' Rupper
s 2-7m-h

exp

()

where

Rexp is the lower radius after expansion m;

Viee IS the free volume between the membrane and

combustion chamber m3;

hexp is the height of the expansion zone m;

Rupper 1S the upper radius of the constructed cone m.

As the pressure builds up in the combustion chamber,
the membrane acts as a thin-walled pressure vessel, and
thus the expansion of the wall can be modeled accord-
ingly. Using Roark’s formulas for stress and strain in
Equations 6 and 7, the displacement of a conical pressure
vessel wall under pressure can be described [48]:

2
AR = p- RIDWEF J 1= E (6)
Etens -£-cos Qcone 2

_ Etens -t ARexp *COS A e
pexp - L
RZ o | =—1
lower [2 J
where

AR is the difference of the lower radius before and
after stretching,

p is the internal pressure Pa,

Riower 1S the initial radius of the constructed cone m,
Etens IS the modulus of the material under tension MPa,
t is the thickness of the stretched material m,

v is the Poisson’s ratio of the material,

Qcone IS the slant angle of the constructed cone °,
Pexp iS the pressure that induced the given
expansion Pa.

In this model, expansion is limited by the membrane
contacting the cylinder wall. The pressure range Pe,, in
Equation 8 required to induce this change is bounded
between a minimum pressure P,,;, and a peak pressure
Pmax Deyond which no further expansion occurs.
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m Total cylinder volume 3D models for membrane deformation geometries at bottom dead center (BDC): stretched

truncated cone (left) and pressure-expanded domed cylinder (right).

Pexp = AP = Prmax — Prmin

()

Although the membrane is stretched up to 500% at
BDC, most of the operating cycle occurs near the mid-
range of displacement. For modeling purposes, a single
tensile modulus value corresponding to the highest stress
is used. This simplification is justified by the approximately
linear behavior of elastomers in the central region of their
stress—strain curve. This assumption is supported by both
experimental data and literature on hyperelastic material
modeling, which confirms that isotropic rubber-like mate-
rials behave nearly linearly under moderate strain condi-
tions [49, 50].

Importantly, the model was constructed conservatively
by using the tensile modulus measured at 500% elongation,
which corresponds to the stiffest behavior of the membrane

m Calculation scheme for the displacement of
membrane material while stretched (L2) and when expanded
(L3) and while at original length (L1) with the lower (R ower) and
upper (Rypper) radius and height (h) of the truncated

cone shown.
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material. As a result, the calculated pressure-induced
volume change is likely underestimated. In real operating
conditions, the membrane is not always in its fully stretched
position, and elevated temperatures during combustion
are expected to increase the elasticity of the material,
making it more responsive to pressure variations. Therefore,
the actual deformation may be greater and occur at lower
pressure thresholds than predicted by the current model.

Future experiments will focus on accurately measuring
membrane displacement under dynamic conditions and
refining the elastic modulus as a function of strain. This
will enable more precise modeling of membrane behavior
and geometry, supporting the development of advanced
simulations beyond the initial proof-of-concept.

In ICE theory, the pressure rise in the cylinder caused
by combustion is related to the amount of fuel burned. The

m Calculation scheme for the expanded

combustion chamber volume (R,,) under pressure. Where R,
represents the incremental increase of the lower radius (and
ENUS Reyp) due to pressure, Vi, illustrates the free volume
between the cylinder wall and membrane, and he,, the height
of the constructed cone.

%

Lower

A
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Wiebe function is commonly used to represent the mass
fraction burned as a function of crankshaft angle [9, 51].

A similar approach can be applied here by adapting
the Wiebe function to describe the increase in cylinder
volume as a function of pressure. Equation 9 uses an
exponential function that approaches unity, multiplied by
the expandable volume V.., and added to the instanta-
neous volume calculated from the geometric model. The
resulting volume is the pressure-dependent cylinder
volume of the membrane engine.

m
Peyinder — Pri
Vpressure = Vfree < T—exp _a(cy//ndeArp L \] (9)

where
Vpressure IS the volume increase of the combustion
chamber due to pressure m3,
Viree 1S the free volume between the membrane and
combustion chamber m?3
Peyiinger is the instantaneous cylinder pressure Pa,
Pp.in is the minimum pressure during the cycle Pa,
Ap is the pressure difference of P, and Prax
exp(z) is the Euler’'s number raised to the power z (e?),
a, m are the function shape constants.

The use of a Wiebe function-like exponential form
in Equation 9 is intended as a pragmatic approximation
to describe membrane expansion in response to pressure.
While the function shape is inspired by combustion
modeling, it does not represent a physically derived defor-
mation law. Instead, it serves as an empirical fit to enable
dynamic volume estimation based on measured cylinder
pressure. This approach was chosen due to the lack of
established theory for elastic combustion chamber
boundaries and the absence of direct volume measure-
ments during engine operation.

The constants a and m are used to adjust the shape
of the function to fit experimental data, as is common in
the original Wiebe function [9, 51, 52]. In this context, a
controls the sensitivity of volume increase with respect
to pressure—higher values of a result in a steeper
response. Conversely, m affects the curvature of the
function—higher values of m reduce the influence of
pressure on volume change. These parameters were
selected based on typical values used in combustion
analysis and are not calibrated to membrane-specific
deformation data. Future experiments will focus on
collecting such data to determine optimal values for
this application.

It is acknowledged that pressure and volume are
thermodynamically coupled, and that using pressure as
both input and validation introduces limitations. However,
in the current setup, pressure is the only available dynamic
variable that can be measured with sufficient resolution
to approximate membrane behavior. The model should
therefore be interpreted as a simplified empirical

construct, designed to support concept validation and
experimental interpretation, rather than as a predictive
or physically complete representation.

This final model in Equation 10 captures both
geometric and pressure-induced volume changes in the
membrane engine:

V(0)=V, + 7y -(d2+d-8+82)
7;-(/“)1 —a++F-a*-sind® +a-cosf - IZ)
- ~(d2+d~B+BZ)
12
+VDFESSU1'€
(10)
where

V(0) is the membrane engine cylinder volume m?3,
V. is the combustion chamber volume m3;

hy is the height of the upper cone at TDC m;

B is the upper diameter of the membrane (cylinder
bore) m;

dis the lower diameter of the membrane (membrane
fastening disk) m;

a is the crank radius m;

|'is the connecting rod length m;

0 is the crankshaft position ¢

Vpressure 1S the volume increase of the combustion
chamber due to pressure m?3.

Although the model simplifies the actual membrane
behavior, it still enables pressure-dependent volume esti-
mation. This dynamic aspect is essential for analyzing
experimental data and cannot be captured by conven-
tional PE models that rely solely on crank angle.

2.4. Assessing the Developed
Model through a Theoretical
Compression Line

For pressure-dependent model validation, cylinder
pressure was calculated using an isentropic compression
and expansion model (Figure 11), This method allowed the
integration of the pressure-dependent volume term,
enabling assessment of whether membrane deformation
is reflected in the results.

Using the prototype’s geometry, volume—crank angle
diagrams were generated (Eigure 11). The first graph
(Figures 11 and 12 in blue) assumes no membrane expan-
sion under pressure. The second allows for expansion.

Since the prototype is based on a PE, the engine
geometry and the guiding member (Eigure 5) restricts
membrane movement near TDC. To reflect this constraint
in the pressure-dependent volume model, in the third
case (Figure 12 black dashed line), the membrane was
considered immobile during crank angle intervals from
—50° to +50° CAD and from =310° to +310° CAD, where
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m Modeled isentropic compression curve for unexpanded (blue) and expanded (black) membranes.

12

Cylinder pressure (bar)

0
—-180°

-120°

—60°

Cylinder pressure_unexpanded

the elastic material is pressed against the guiding
member (Figure 6, left). Since this limitation is specific
to the current prototype and is expected to be elimi-
nated in future designs, it was not included in the
general model.

To avoid abrupt discontinuities in the volume-crank
angle curve within the non-computable CAD range, the
last two computable values on each side of the gap were
used as an input to generate a smooth transition using
exponential interpolation. This smoothing was imple-
mented over a 24° transition zone preceding and following
the undefined region, ensuring a gradual return of the
membrane to a flat position. Because the actual membrane
behavior in this range is unknown, a smooth transition
was considered the most reasonable choice, preventing
unrealistic sharp steps in the diagram that could distort
subsequent calculations.

0° 60° 120° 180°

— — Cylinder pressure expanded
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Although an isentropic process is idealized, the
modeled graphs reveal how membrane expansion could
alter pressure dynamics:

e During compression, pressure rise is delayed due to
increased volume.

e The membrane’s motion may also influence charge
motion and combustion characteristics.

¢ |n early combustion, membrane expansion increases
chamber volume, potentially reducing pressure
spikes and enabling a variable compression ratio.

¢ In later stages, membrane contraction may enhance
combustion by directing flow toward the chamber
center and reducing crevice effects.

e Additionally, the stored elastic energy may accelerate
exhaust gas expulsion.

m Modeled volume—crank angle diagrams of the unexpanded (blue) and expanded (gray) cylinder volumes, based on a

theoretical compression curve.
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m Engine test bench with the unmodified piston engine mounted.
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To validate these hypotheses and the model itself,
comparative testing with a conventional PE is essential.

2.5. Engine Test Setup

To validate the membrane engine concept and the derived
model, preliminary tests were conducted on a custom-
built test bench for small engines (Figure 13). The proto-
type was tested under steady-state conditions at 750
rpm, with measurements taken for engine speed, torque,
and cylinder pressure. For comparison, both the unmodi-
fied PE and the membrane prototype were tested under
identical conditions.

Engine load was adjusted via carburetor throttle
position to match torque values and monitored in real
time using the AVL IndiCom interface. Factory settings
for ignition timing and valve actuation were retained.

A 9 kW inverter-controlled induction motor (IM),
coupled via a 4.06:1 gear reduction, maintained constant
engine speed. Torque was measured using a force
transducer mounted on a lever arm attached to the IM
stator (Figure 14). The torque measured at the trans-
ducer was multiplied by the gear ratio to estimate the
crankshaft torque.

Drivetrain friction losses were determined with the
ICE decoupled and the gearset warmed up. These losses
were measured as 2.05 Nm at 750 rpm and used as a
static correction factor. It is acknowledged that actual

losses under load may be higher, but this approximation
was considered sufficient for initial validation.

Crankshaft speed and position were recorded using
an optical sensor with 360 reference marks. Cylinder
pressure was measured with an AVL GH 13Z-24 piezo-
electric transducer mounted in the cylinder head. All
signals were captured using an AVL 621 Indimodul data
acquisition system and analyzed with AVL IndiCom and
supplementary computational tools.

m Engine torque measurement scheme.
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Details of the sensors and measurement equipment,
including accuracy specifications, are provided in the
supplementary materials (Table S1).

The membrane used in the prototype was made
from 5 mm thick natural rubber (NR). To verify its suit-
ability, a tensile test was conducted according to 1SO
372005, yielding a modulus of 0.37 MPa at 500% elonga-
tion. The required elongation in the assembled configura-
tion was estimated to be at least 500%, which the material
withstood without failure, as NR typically can withstand
elongation up to 800% [53].

Although NR is not ideal for combustion environ-
ments [54], it was selected for its availability and superior
elasticity to demonstrate the concept rather than to serve
as a durable solution. Several alternative materials with
higher thermal and chemical resistance were also tested,
including neoprene, nitrile rubber, styrene—butadiene
rubber, and silicone rubber. However, these materials
exhibited insufficient elasticity for the required deforma-
tion range, making them unsuitable for the intended
membrane function.

NR was therefore selected to demonstrate the concept,
not as a final solution for combustion-grade durability.

2.6. Test Methodology

Engine tests were conducted under motored and fired
conditions for both engines. This enabled comparison of
mechanical losses, cylinder pressure, and torque distribu-
tion throughout the engine cycle.

Motored tests were performed with wide open
throttle to minimize pumping losses. The carburetor was
kept dry to avoid fuel vapor affecting the pressure trace.
These tests provided baseline data for frictional losses
and mechanical resistance.

For fired tests, the membrane engine was rotated by
the test bench while the throttle valve was gradually
opened. Combustion onset was monitored in real time
using the AVL IndiCom interface. Once stable combustion
was achieved, operating parameters were recorded. No
predefined load points were used, as the goal was to
establish a single point of stable operation. Later, similar
conditions (engine speed and output torque) were recre-
ated in the unmodified engine.

Since the AVL IndiCom software is primarily designed
for conventional reciprocating engines, and the membrane
engine exhibits non-standard behavior, all calculations
related to IMEP and other metrics were performed
outside the software. This allowed the research team to
maintain full control over the data processing and ensure
compatibility with the membrane engine's
unique characteristics.

If the developed models prove suitable, future work
will focus on integrating them into the software environ-
ment. For the current study, measured engine torque,
cylinder pressure, and crankshaft position were used as
the primary metrics for comparison.

After multiple test runs, one representative dataset
was selected for analysis. Each dataset contained at least
100 engine cycles, which was deemed sufficient to validate
whether the membrane engine can function as an ICE. If
the proof-of-concept is successful, a more optimized
design will be developed for extended testing and
feasibility evaluation.

2.7. Motored Engine Torque

During testing, engine torque was recorded for each crank
angle degree using a force transducer. The values
presented here are crankshaft torque values corrected
for drivetrain resistance. Raw measurements, including
standard deviation error bars, are provided in the supple-
mentary materials (Figure S.J).

Motored torque measurements (Figure 15) were used
to compare frictional losses between the piston and
membrane engines. Since both engines share the same
base design, observed differences are attributed to the
piston versus membrane configuration. Negative torque
values indicate input work; positive values represent work
produced by the engine.

The membrane engine showed higher overall resis-
tance. This is likely because, during motored operation,
the membrane does not significantly expand after
stretching and therefore does not store elastic energy to
offset the input work. This higher input work in this mode
does not contradict the hypothesis that the membrane
could reduce reciprocating losses under fired conditions.

Material properties, membrane thickness, and
geometry (e.g. cylinder bore and clamping disk dimen-
sions) strongly influence torque behavior. In this prototype,
the bore-to-stroke ratio was not optimized for
membrane stretchability.

Torque trends reveal further insights. During the
intake stroke (—360 to —180 CAD), energy is used to
stretch the membrane, which is partially recovered as it
returns toward TDC (between —90 and O CAD). At the
beginning of the intake stroke, near TDC, elastic forces
are relatively small and may even be lower than piston
friction. Near BDC, the elastic resistance of the membrane
becomes significantly larger than the relatively constant
frictional resistance of the PE. This difference in force
balance helps explain the parabolic shape of the torque
curve: the elastic energy stored in the membrane results
in an almost symmetric rise after BDC. The peak is not
as high as before, since additional energy is needed to
flex the membrane past the neutral plane toward its
uppermost position (Figure 6).

In contrast, PE’s resistance stems mainly from sliding
friction and intake flow losses, where the energy dissi-
pates as heat and cannot be recovered in the next cycle,
unlike the elastic energy stored in the membrane.

During the power stroke (0-180 CAD), gas pressure
assists both engines, but in the membrane engine,
stretching opposes motion, resulting in a flatter torque
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m Corrected motored torque of the Piston (blue) and membrane engine (black).

0

-2

Motored torque (Nm)
&

L
S

-12

-360° -270° —-180° -90°

© Roland Allmagi

curve. In the exhaust stroke (180-360 CAD), the
membrane’'s stored energy aids gas expulsion,
producing higher torque values than the PE, supporting
the hypothesis that an elastic membrane can enhance
exhaust flow.

Overall, the torque amplitude (i.e., the difference
between peak positive and negative values) is similar for
both engines. This suggests that while the membrane
engine introduces higher resistance in motored mode, its
dynamic behavior may offer advantages under
fired conditions.

2.8. Fired Engine Torque

Following successful motored testing, the membrane
engine was operated under fired conditions. As before,
torque values were recorded directly from the force trans-
ducer and later corrected by applying the gearbox ratio
and adjusting for drivetrain resistance. Raw measurement
values without these corrections, including standard
deviation error bars, are provided in Figure S.2 in the
supplementary materials.

Analysis of the graph reveals the following observations.

First, the PE curve exhibits a minor irregularity just
after 180 CAD, which is most likely due to a single-point
data acquisition error and does not reflect an actual
abrupt change in engine torque; therefore, it can be disre-
garded in the overall analysis.

Second, despite generally lower torque values, the
membrane engine shows a more pronounced positive
torque spike after combustion. This is likely due to the
membrane’s elastic recoil aiding the upward motion during
compression and influencing combustion dynamics. This
effect is visible between —30 and 150 CAD, where the
membrane engine curve rises more steeply than the PE’s.

Third, the membrane engine produces more positive
torque between 90 and 210 CAD, even though average

Membrane

0° 90° 180° 270° 360°

Piston

torque values are —1.25 Nm (membrane) and —0.22 Nm
(piston). This suggests that while both engines perform
similar amounts of positive mechanical work, the
membrane engine distributes forces differently across
the cycle.

Calculated brake torque values later revealed that
the engine’s power output was insufficient to overcome
the test bench’s resistance. Due to the 4.06:1 gear ratio,
the ICE needed to deliver approximately four times more
torque to offset the inertia and friction of the IM and
gearset before any positive torque could be registered.
This explains the predominantly negative torque values
observed in Figure 16.

In a different configuration, or if decoupled from
the test bench, the engines would likely have been
capable of operating independently and generating
positive work output, even at such a narrow throttle
opening. Given the membrane engine’s higher mechan-
ical resistance, mainly due to prototype geometry, it
likely generates more positive work to achieve compa-
rable output torque.

Further testing with optimized geometry and mate-
rials is needed. Additionally, testing under varied speeds
and loads, along with electronically controlled ignition and
fueling, would improve control and performance evaluation.

2.9. Limitations of the Prototype
Engine

The membrane used in the prototype
engine was made of NR, selected primarily for its high
elasticity and local availability. Although NR is not suitable
for long-term operation in combustion environments due
to its limited thermal and chemical resistance, it was
chosen to demonstrate the feasibility of the membrane
engine concept. The material’'s ability to withstand
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m Fired torque of the piston (blue) and membrane engine (black).

15

10
Z
S 5
<A
—
e
- 0
=
S
-5
-10
-360° -270° —180° -90°
Membrane

elongation up to 800% made it one of the few candidates
capable of enduring the required deformation range.

To verify its suitability, a dry endurance test was
conducted on a specialized test rig (Figure 3). The
membrane was subjected to repeated stretching cycles,
simulating the mechanical stresses encountered during
engine operation. The results confirmed that NR could
withstand the necessary test cycles without failure, vali-
dating its use for motored testing.

However, the tests revealed a wear pattern forming
around the edge of the clamping disks (Figure 17). This
wear was mitigated by applying lubricant between the
membrane and the clamping surfaces. In the actual
engine, lubrication is provided by oil from the crankcase,
which is expected to reduce friction and wear severity.

Clamping disk wear pattern on the membrane
material after motored tests. (The pink hue is due to a red
lubricant used between the membrane and disk to aid
assembly and reduce friction during testing.)

© Roland Allmagi
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Therefore, the observed wear was assessed as minimal
under operating conditions.

After motored tests were successful in the sense that
torque and cylinder pressure could be measured for a
reasonable amount of engine cycles and the prototype
validated fit for reciprocating engine use, the same
material was used for the first fired tests. While knowing
the limitations of the material in handling high tempera-
tures, contact with fuels, and other harsh conditions, the
team still could get data from the fired engine, and no
other material was sourced for the preliminary fired tests.
Fired tests typically lasted around 15 min. The membrane
failed due to localized thinning, which was caused either
by thermal degradation that burned the material thinner
(Eigure 18 left) or by mechanical wear near the central
mounting area.

The longevity of the membrane was strongly influ-
enced by combustion quality. When the engine started
promptly, fuel did not soak into the rubber and the heat
softened the material, improving its flexibility. In contrast,
delayed ignition led to dry friction and excessive fuel accu-
mulation, which caused the membrane to fail more rapidly
(Eigure 18 right).

To improve durability in future iterations, a barrier
between the elastic membrane and the combustion
chamber is necessary. One possible solution is a metallic
shield mounted on top of the clamping disk in a way that
does not restrict membrane movement.

In addition to thermal and chemical effects, engine
speed also plays a critical role in membrane longevity. At
higher engine speeds, the membrane has less time to
deform under pressure, which may reduce the extent of
pressure-induced volume expansion. The dynamic
response of the membrane depends on its material prop-
erties, particularly elasticity and damping. As speed
increases, inertial forces and viscoelastic effects may limit
the membrane’s ability to follow rapid pressure changes,
potentially resulting in a lower effective expansion ratio.
Additionally, at very high speeds, the membrane may no
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m Membrane material after extended fired operation (left) and following premature failure (right).
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longer have sufficient time to stretch elastically, which
could lead to mechanical failure due to tearing or detach-
ment. This sets a practical upper limit for engine speed,
beyond which the membrane material must be specifically
engineered to withstand rapid cyclic deformation.

It is acknowledged that membrane material selection
is and will remain a critical factor for the viability of this
concept. However, the primary objective at this stage was
to determine whether the membrane engine principle
itself is feasible. Developing an optimized material before
validating the concept would have been inefficient, as a
negative outcome would render such material develop-
ment irrelevant. Future work will therefore focus on
addressing material limitations once the fundamental
concept has been confirmed.

One alternative approach to this concept could
be in waste heat recovery applications, where the hot
exhaust gases of a PE could be routed to a membrane-
fitted expansion chamber. With the added benefits of
water injection, this could increase the efficiency of
conventional PEs without the danger of engine oil
fouling thanks to the superior sealing ability of the
membrane. This configuration could be particularly
relevant in multi-stage expansion systems, such as
those found in five-stroke engine architectures, where
the exhaust energy is partially recovered in a secondary
expansion cylinder [50-52].

2.9.2.Engine Geometry The cylinder head of the original
engine had to be modified to enable clamping of the
membrane at the outer edges. This required relocating
the valve pushrods outside the engine case. While this
added mechanical complexity, it did not negatively affect
valve lift or timing. As a side effect, the crankcase ventila-
tion was sealed by the clamping plates, resulting in
pulsating pressure within the crankcase. This pressure
was vented to the atmosphere through a 6 mm

pneumatic tube fitted to an opening in the case. An oil
catch can was installed to minimize oil loss. However, due
to the narrow diameter of the vent, crankcase back
pressure may have restricted membrane movement.

As a sidenote, one of the claims found in a reviewed
patent was confirmed: the crankcase can, with the aid of
one-way valves, be used to pump fluid.

The cylinder bore of the modified engine was also
too narrow, and the size of the reciprocating clamping
disk was almost as big as the bore (50 mm). This limited
the amount of flexible membrane material available for
deformation. Future prototypes should incorporate a
larger cylinder bore and potentially a shorter stroke.
The size of the clamping disk cannot be reduced, as
the flexible material was observed to detach in some
cases. A different approach to fastening the membrane
could also reduce friction between the disk and the
membrane (Eigure 17).

2.9.3. Fuel and Ignition System The original carburetor
was designed for optimal flow at 3000 rpm, which
resulted in suboptimal fueling at lower engine speeds.
Additionally, the engine’s startup procedure introduced
challenges even with a closed throttle. Before ignition
could occur, the engine had to be accelerated to 750 rpm
using the test bench. Only then could the throttle gradu-
ally be opened to find a stable operating point. Although
repeated tests helped identify this position more reliably,
the initial startup still resulted in excessive fuel entering
the cylinder before combustion began. This led to fuel
soaking into the membrane and contributed to
premature wear.

The most stable combustion and longest test runs
were achieved with a narrow throttle opening. However,
this limited engine output and caused the engine to
be overpowered by the test bench. Opening the throttle
further allowed combustion to continue but introduced
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instability, producing noisy data that was unsuitable for
analysis. Additionally, the IndiCom software interpreted
abrupt pressure fluctuations as errors or knocks and
terminated data recording.

Future tests should employ electronic fuel injection
to deliver fuel only when required and with greater preci-
sion. Similarly, an electronic ignition system would enable
real-time adjustment during operation, improving control
and performance evaluation.

The prototype
membrane engine was successfully tested under
motored and fired conditions, demonstrating that the
concept can be physically implemented and operated.
The tests provided valuable insights into membrane
behavior, combustion dynamics, and mechanical inte-
gration. Several limitations were identified, including
material degradation, geometric constraints, and
control system inflexibility. These issues are not funda-
mental flaws but rather development challenges that
can be addressed in future iterations.

Importantly, the goal of this study was not to prove
feasibility in terms of durability or efficiency, but to validate
the core concept of a membrane-based reciprocating
engine. In that regard, the prototype fulfilled its purpose.
Future work will focus on improving membrane materials,
refining engine geometry, and implementing electronic
control systems to enable more precise and repeatable
testing. The concept also shows potential for auxiliary
applications, such as waste heat recovery, where
membrane-based expansion could complement conven-
tional PEs [8, 45, 49].
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3.1. Cylinder Volume Calculation
Based on Measured Pressure

Following engine testing, the actual cylinder pressure
during the membrane engine working cycle was measured
and used to calculate the engine volume throughout the
cycle, as shown in Figure 19. To highlight the effect of
membrane expansion, the graph of the expanded cylinder
volume is overlaid on the unexpanded volume using a
dashed line.

The modeled volume curve was constructed using
constants a = 5 and m = 2, which are commonly used
in Wiebe function applications to describe the burned
fuel fraction in conventional engines [9, 47, 53]. These
values provide a reasonable starting point when applying
the original Wiebe function in combustion modeling.
Even in traditional applications, the constants a and m
are typically adjusted to fit measured pressure curves
for each specific engine. Since comparative data is not
yet available for the membrane engine, the standard
values were adopted to enable initial analysis. This
approach reflects the assumption that pressure rise is
related to the amount of fuel burned, similar to conven-
tional combustion theory.

The modeled volume graph (Figure 19) suggests that
during combustion (60 .. 180 CAD), the cylinder volume
may exceed that of the compression phase (180 .. —60
CAD), indicating a variable compression and expansion
ratio, with expansion being greater.

m Modeled unexpanded membrane engine cylinder volume (blue) with the theoretically larger volume after expansion
(black dashed) during the four-stroke working cycle with measured cylinder pressure (gray).
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3.2. Exhaust Stroke Blowdown

Cylinder pressure traces confirmed that the membrane’s
stored elastic energy enhances exhaust gas flow. Despite
identical valve timing and geometry, the membrane
engine exhibited a steeper pressure drop after exhaust
valve opening compared to the PE (Figure 20).

Given that both engines shared identical cylinder
heads, valve lift, and timing, and operated at the same
speed, the intake and exhaust flow conditions were
assumed equivalent. Despite this, the membrane engine
(black curve) exhibited a faster pressure drop than the
PE (blue curve) and a lower pressure at the end of the
exhaust stroke. This was observed even when the latter
had a higher initial pressure during some tests. This
suggests that the membrane, having expanded under
combustion pressure, contracts as pressure falls, actively
assisting blowdown (highlighted in Figure 20 in the
lower graph).

According to the modeled membrane expansion
(Eigure 19), this effect persists until ~180 CAD, while the
exhaust valve opens around 111 CAD, indicating that the
rapidly contracting membrane contributes to exhaust flow
over an extended duration.

Based on Figures 19 and 20, there is no doubt that
the membrane expands under pressure; the question lies
in the exact extent and timing of this expansion. Different
pressure levels and corresponding membrane deforma-
tion are real and expected phenomena. Further research
is needed to accurately determine when and to what
degree the membrane expands, and to refine the model
accordingly. At this stage, it remains uncertain whether
the current approach fully captures the actual behavior.

Lastly, a small pressure rise was observed just before
TDC on the intake stroke (~340 CAD). While the cause
remains uncertain, it may result from rapid gas flow,
valve—membrane interaction during overlap, or pressure
wave reflections in the sensor tube. Cylinder pressure
graphs with standard deviation error bars are provided
in the supplementary materials (Figures S.3 and 5.4).

3.3. p-V Diagram Analysis

To evaluate the membrane engine’s thermodynamic
behavior, a pressure—volume diagram was constructed
using measured cylinder pressure and the modeled
volume data. The diagram compares the unexpanded

m Indicated cylinder pressure and valve lift graph of the piston and membrane engine for the whole cycle (upper) and

a close-up of the exhaust stroke (lower).
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m Modeled p-V diagram of the membrane engine expanded (black dotted) and unexpanded (blue).
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and expanded volume curves throughout the four-stroke
cycle, highlighting the effect of membrane deformation
on combustion chamber volume.

Initial analysis of the modeled p-V diagrams (Figure
21) shows that the area enclosed by the expanded
membrane model (black dashed curve) is larger than that
of the unexpanded model (blue curve), particularly during
the combustion stroke (region highlighted with red circle).
This suggests a potential for increased usable work output.

Comparing measured test data in Figure 20 with the
modeled diagrams of Figures 19 and 21 supports the
hypothesis that membrane expansion introduces a pres-
sure-dependent, variable compression ratio.

Further testing is required to validate these findings
and refine the model to better reflect real-time volume
changes during engine operation.

3.4. Indicated Work per Cycle

To evaluate the membrane engine’'s performance, the
indicated work per cycle was calculated using measured
cylinder pressure and the modeled volume data [9]. The
calculation was performed for both the unexpanded and
expanded volume models to assess the influence of
membrane deformation on work output.

Table 3 presents the calculated indicated work values
for the PE and the prototype engine. Due to uncertainty
in membrane behavior near TDC (=50 to 50 CAD), two
cases were modeled: one with exponential smoothing
applied to the pressure-dependent term and one without.
This approach was taken to represent two limiting cases,
with the actual behavior likely falling somewhere between
these extremes.

— — —Expanded model (smooth)
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In this work, gross indicated work includes compres-
sion and combustion strokes, while net indicated work
accounts for the full cycle.

Table 3 shows that the membrane engine, particularly
in the smoothed case, achieves higher gross and net
indicated work, power output, and IMEP, while exhibiting
lower pumping losses. Since indicated work is directly
related to the change in cylinder volume and the elasticity
of membrane enables more rapid volume transition,
distinct processes can be observed in the graph below.
The unsmoothed results are visualized in Figure 22, where
the membrane engine (black line) shows distinct spikes
in indicated work, corresponding to rapid volume changes
during membrane expansion, stretching, and contraction
(Eigure 19).

The spike near the uncomputable ranges of BTDC is
influenced by the guiding member (Figure 5) and may
represent a modeling artifact.

The spike before 180 CAD correlates to a sudden
volume change during exhaust gas blowdown.

Although peak combustion work is lower in the
membrane engine (0-180 CAD), reduced work during
compression and exhaust suggests that stored elastic
energy aids in returning the membrane toward TDC. This
trend is reflected in both the graph and the numerical
data (Table 3), indicating a potential reduction in pumping
work for the membrane engine. This suggests that
membrane deformation under pressure contributes posi-
tively to the engine’s thermodynamic performance.
However, the absolute values remain preliminary due to
the lack of calibration and the simplified nature of the
membrane model.

It’s important to note that these values are based
solely on in-cylinder pressure and do not account for
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TABLE 3 Comparison of indicated work per cycle of the piston and prototype engine based on test results.

Piston engine

Expanded membrane
engine (smooth)

Expanded membrane
engine (w/o smoothing)

Work during intake (J) 13.99 13.98
Work during compression (J) -39.04 —3445 -2796
Work during combustion (J) 105.92 86.16
Work during exhaust (J) —34.25 -2044 —19.67
Gross indicated work (J) 48.46 47 582
Net indicated work (J) 38.62 65.02 52.51
Gross indicated power (W) 302.88 446.69 363.75
Net indicated power (W) 24138 406.38 32819
Gross indicated mean effective pressure (bar) 404 329
Net indicated mean effective pressure (bar) 3.68 297
Pumping mean effective pressure (bar) 0.36 032

mechanical losses. If the engine geometry were optimized
for membrane operation, the concept could theoretically
achieve lower friction losses due to reduced
sliding components.

3.5. Assessing the Model
through Measured Data

At first glance, the modeling approach appears successful
in the sense that it enables calculation of the engine’s
instantaneous volume throughout the cycle. Additionally,
a more dynamic representation was achieved by incor-
porating pressure-dependent volume variation. However,
the current model remains a gross simplification of the
actual pressure-dependent behavior. The true shape and
volume of the combustion chamber during operation are
still unknown.

To address this limitation, future tests must aim to
record the dynamic shape of the membrane using high-
speed cameras and endoscopic imaging. This would
provide direct visual data on membrane deformation under
real operating conditions. Additionally, future tests will
investigate membrane behavior at higher engine speeds
to assess how deformation dynamics and pressure—
volume coupling evolve under faster cycle conditions.

For more accurate modeling of pressure-dependent
volume and membrane deformation, the same approach
could be applied during combustion. Alternatively, a special-
ized test rig could be developed to simulate various crank-
shaft positions and pressure levels under both static and
dynamic conditions—similar to how the truncated cone
shape was derived using a variable-stroke rig (Figure 3).
These tests would help validate whether the Wiebe function
analogy is appropriate and determine which constants best
fit the model to actual measured volume data.

m Indicated work during the whole engine cycle for the membrane (black) and piston (blue) engine.
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This study introduced the design, modeling, and experi-
mental validation of a novel membrane engine concept,
where a flexible elastic membrane replaces the traditional
piston. Based on the literature, the membrane engine
offers several potential advantages, including reduced
mechanical friction, improved combustion chamber
sealing, and lower heat losses. Its ability to flex and expand
enables a variable compression ratio, which may enhance
charge exchange efficiency and alter the cycle’s
torque distribution.

Mathematical models were developed to describe
the membrane’s geometry and pressure-dependent
expansion. These were applied to a working prototype
based on a modified single-cylinder spark-ignition engine
and validated through motored and fired tests. The results
confirmed several hypothesized benefits.

The pressure-dependent volume model showed that
the membrane engine can achieve a variable compression
ratio, potentially improving thermal efficiency. Experimental
pressure traces revealed a steeper pressure drop during
the exhaust stroke, supporting the hypothesis that elastic
recoil enhances gas scavenging. Torque measurements
also indicated a more pronounced positive torque spike
after combustion, despite higher mechanical resistance
during operation.

Torque analysis further showed that the membrane
engine distributes forces differently throughout the cycle,
suggesting it may influence combustion dynamics and
gas flow. Although the prototype exhibited higher resis-
tance due to suboptimal geometry and material choice,
it still achieved comparable indicated work to the piston
engine. This implies that even in a non-optimized state,
the membrane engine can deliver similar mechanical output.

With further optimization—particularly in membrane
materials, engine geometry, and the use of electronically
controlled ignition and fueling, the membrane engine
could show significant performance and efficiency gains.
Future work should explore alternative materials, refine
geometry to reduce resistance, and conduct long-term
durability and emissions testing. Testing under varied
speeds and loads will also be essential to fully characterize
its performance and efficiency.

An additional concept for future development involves
coupling a PE’s exhaust system directly to the intake of
a membrane engine, with both operating on a shared
crankshaft. Variants of this concept are widely known in
the literature as the split cycle [55-58], five-stroke
[59-62], or six-stroke engines [22, 63].

In this configuration, the membrane engine would
utilize the thermal energy of the exhaust gases for expan-
sion work, effectively functioning as a waste heat recovery
unit. This setup could extend membrane lifespan by
reducing direct exposure to combustion temperatures
and enabling the use of water injection without the risk
of water entering the crankcase.

This research provides a foundational step toward a
new class of reciprocating ICEs and demonstrates the
potential feasibility of using elastic membranes as dynamic
combustion chamber boundaries.
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a - Crankshaft radius

a - Function shape constant

ATDC - After top dead center

B - Cylinder bore

BDC - Bottom dead center

BTDC - Before top dead center

CAD - Crank angle degree

CR - Compression ratio

D - Lower diameter of truncated cone
d - Upper diameter of truncated cone
E...s - Modulus of the membrane material
exp(z) - Euler's number (e?)

h - Cone height

h, - Height of the upper cone at TDC

h., - Height of the expandable portion of the
truncated cone

ICE - Internal combustion engine
IM - Induction motor
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IMEP - indicated mean effective pressure

I - Connecting rod length

L1 - Original length of the membrane

L2 - Stretched length of the membrane

L3 - Expanded length of the membrane

m - Function shape constant

MEP - Mean effective pressure

NR - Natural rubber

PE - Piston engine

p - Internal pressure

Pyiinger - INStantaneous cylinder pressure

Pexp - Pressure that induced the given membrane expansion
P,,.x - Peak pressure

P in - Minimal cylinder pressure

R.,, - Lower radius of the truncated after expansion
R, ower - LOwer radius of the truncated cone

R, - Incremental increase of the truncated cone lower
radius due to pressure

Rypper - Upper radius of the truncated cone

s - Piston/membrane stroke

t - Thickness of the membrane material

TDC - Top dead center

V(@) - Instantaneous volume

V. - Clearance volume/combustion chamber volume
V., - Upper truncated cone volume

V., - Lower truncated cone volume

V, - Displacement volume

Vexp - Free volume between the cylinder wall and membrane
V,, - Volume of the conical membrane

Voressure - VOlumMe increase of the combustion chamber
due to pressure

Aone - Slant angle of the constructed cone
Ap - Pressure difference of P, and P,

AR - Difference of the lower radius before and
after stretching

6 - Crankshaft position
v - Poisson ratio
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TABLE S.1 Measurement instruments and sensors used in the experiment, including range and specifications.

AVL GH 13Z-24 piezoelectric pressure transducer

Sensitivity 0-150 bar
Measuring range
Temperature range
Sensitivity at 250°C

AVL IndiModul 621 multi-channel data acquisition system

Number of measurement channels
Analog inputs

ADC data recording rate

Digital input (2 channels)

Crank angle mark and trigger signal input
AVL Flexifem Piezo amplifier 2P2E
Output signal

Linearity error

Gain error

Gain resolution

HBM force transducer S2

Measuring element

Rated force

Accuracy class

Rated sensitivity

Input resistance

Output resistance

Relative sensitivity error

Rel. tensile/compression sensitivity variation
Rel. reversibility error (0.2 Fyom to Fnom,
Linearity error

Electrical connections

HBM RM4220 SG-transducer amplifier
Accuracy class

Amplifier gain

Zero adjustment

Bridge excitation voltage

Output voltage

Max non-linearity FSO %

Nissan 22100-71J00 Crank Angle Sensor
Number of reference marks

Crank angle sensor type

Trigger sensor type

15.95 pC/bar
250 bar
400°C

15.82 pC/bar

8

£10V

14-bit/800 kHz

8-bit TTL-compatible
2 inputs (TTL level)

TV .. TV (+ 30 mA)
<0.01% FSO

8 pC/V .. 25 pC/V £0.5%
12-bit

Strain gauges
500 N

0.05

2 mV/V

>345 Q
300-500 Q
<+0.25%
<+0.1%

<01%

<0.05%
Six-wire configuration

01

Min 80; max 8500
200 mV/V

5/10 VvV DC

0..10 or £10 V

G = 1000 (+0.001)

360
Photodiode optical encoder (360-slot disk)
Photodiode optical encoder (1-slot disk)
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m Motored torque of the membrane engine (black) and piston engine (blue) measured directly from the transducer
with standard deviation error bars.
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Piston Membrane

m Fired torque of the membrane engine (black) and piston engine (blue) measured directly from the transducer with
standard deviation error bars.
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m Indicated cylinder pressure of the piston engine with standard deviation bars.
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m Indicated cylinder pressure of the membrane engine with standard deviation bars.
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