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Abstract

The automotive sector is a major contributor to CO2 emissions, and hydrogen-fueled
internal combustion engines offer a promising zero-carbon alternative. However, lean
hydrogen combustion requires high air throughput and presents unique engineering
challenges. This study investigated the dynamic balancing of a six-cylinder opposed-
piston two-stroke hydrogen engine, analyzing different crankshaft configurations (60◦ and
120◦ crank throws), rotation directions (co-rotating versus counter-rotating), and phase
angles. Results showed trade-offs between natural balancing, torque regularity, and gas
scavenging efficiency. The optimal configuration depends on offset presence and crank
phasing angle. The study provides a methodology and design guidelines for hydrogen and
other alternative-fueled engines.

Keywords: opposed-piston engine; two-stroke engine; engine balancing; hydrogen;
CO2 reduction

1. Introduction
Reducing carbon emissions is a critical priority in the fight against climate change [1].

While electric vehicles represent a promising solution, their widespread adoption faces
major limitations, including infrastructure demands and reliance on critical raw materials
like lithium and cobalt, concentrated in a few countries [2]. In this context, internal
combustion engines powered by carbon-neutral fuels, especially hydrogen, might play
a vital transitional role. Hydrogen might offer clean combustion thanks to its carbon-
free nature, but it presents non-trivial challenges [3]. Its low density reduces volumetric
efficiency, especially with port injection, making direct injection necessary to maintain
performance. However, direct injection brings risks such as backfire due to the wide
flammability range of hydrogen [4–6]. Moreover, even though hydrogen contains no carbon,
it can still produce NOx emissions because these depend on combustion temperature and
oxidizer, not fuel type. Controlling combustion temperature is thus crucial [7,8]. The wide
flammability range of hydrogen allows the use of ultra-lean mixtures (stoichiometric ratio
greater than 2.5), which significantly reduce NOx emissions [9]. However, this leads to
reduced engine performance. To address this trade-off, engine configurations that allow
high air throughput and improved thermal management become attractive. One promising
solution is the two-stroke opposed-piston (OP) engine, historically used in aviation and
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marine applications for its high power-to-weight ratio and mechanical simplicity [10]. In
this design, two pistons share the same cylinder and move in opposite directions, allowing
for large displacement and high airflow, ideal for lean hydrogen combustion. Additionally,
the OP architecture offers a more planar layout compared to conventional four-stroke
engines, making it particularly suitable for applications where space optimization is critical,
such as the installation of bulky hydrogen tanks. Figure 1 shows a generic three-cylinder
OP crank mechanism. In this study, the focus is on the dual-crankshaft configuration, where
each piston is driven by its own crankshaft, an architecture that offers additional flexibility
in tuning balance and dynamics. While OP engines were largely set aside due to emissions
and cost concerns [11], the shift to hydrogen reignites interest in their unique advantages.

Figure 1. 3D model of a first proposal of a six-cylinder OP crank mechanism.

This paper investigates the impact of key design parameters, namely, crank throw
angle, crankshaft offset, and the direction of rotation, on the balancing of OP engines for su-
percar applications. While most existing studies focus on four-stroke configurations [12,13]
or OP engines with a single crankshaft [14], this work presents a generalized analytical
framework for assessing crankshaft balance in dual-shaft OP architectures, offering valu-
able insights during the preliminary stages of engine design. In particular, this study builds
upon the methodology proposed in [15], where three- and four-cylinder configurations
were analyzed. Here, the focus is extended to a six-cylinder configuration, allowing for a
broader understanding of balancing behavior in more complex OP layouts.

The manuscript is structured as follows. Section 2, titled “Problem Description,”
defines the evaluation criteria for crankshaft balancing and introduces the four main
parameters analyzed in this work. Section 3, “Model Description,” details the analytical
approach developed for the investigation. Section 4, “Results,” explores the influence of
each parameter on the dynamic balance and torque output profile of the engine. The paper
concludes with a discussion of the most relevant findings and some final considerations.

2. Problem Description
This section defines the evaluation criteria and key parameters considered in the

analysis, highlighting the reasoning behind their selection and their impact on the overall
system balancing. For a comprehensive and in-depth discussion on this topic, the reader is
referred to [15].

2.1. Engine Balancing Criteria

The dynamic balance of an internal combustion engine is strongly influenced by the
kinematics of its crank mechanism [16]. As the components move, they generate forces
that are transmitted through the main bearings to the engine mounts. Poor balancing can
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result in excessive wear, mechanical failures, vibrations, and noise. Additionally, dynamic
effects caused by imbalance might jeopardize the structural integrity of engine components,
particularly the pistons and the cylinder liners [17–19]. Although engine vibrations can
also stem from factors like component wear or assembly clearances, this study focuses
specifically on minimizing crankshaft imbalance, which represents the primary source
and the starting point for vibration reduction. The inertial forces generated by the crank
mechanism can be categorized into two types: centrifugal forces, caused by rotating masses
(such as crank webs, crankpin, and the big end of the connecting rod), and reciprocating
forces, related to the linear motion of pistons and the small end of the connecting rod. In a
multi-cylinder engine, the balancing is achieved when the sum of all centrifugal forces, Frot,
and their moments, Mrot, is zero. Reciprocating forces, Frec, are due to the linear motion of
parts like pistons and the small end of the connecting rod:

|Frec| = mrecω2r(cos θ + λcos 2θ) (1)

where mrec is the sum of the reciprocating masses, ω is the angular velocity of the engine,
r is the crank radius, θ is the crank angle, and λ is the connecting rod ratio defined as λ = r

lc
where lc is the connecting rod length. These reciprocating forces can be decomposed into
first- and second-order components, which vary harmonically with the crank angle. By rep-
resenting them as pairs of rotating and counter-rotating vectors, the analysis becomes more
manageable and similar to the treatment of centrifugal forces. The first-order reciprocating
forces are: ∣∣∣FI

rec

∣∣∣ = mrecω2rcos θ (2)

while the second-order reciprocating forces are:∣∣∣FI I
rec

∣∣∣ = mrecω2rλcos 2θ (3)

For complete balancing, both the total forces and the resulting moments, grouped by
order and direction, must be evaluated across all cylinders. In particular, for multi-cylinder
architectures the four total forces FI

rec,r, FI
rec,cr, FI I

rec,r, and FI I
rec,cr and the four total moments

MI
rec,r, MI

rec,cr, MI I
rec,r, and MI I

rec,cr must be evaluated [20,21].

2.2. Design Parameters

Three key design variables have been analyzed. The first pertains to general recip-
rocating engine configurations and is directly linked to the geometry of each individual
crankshaft within the system. The other two, however, are unique to the opposed-piston
architecture, as they govern the relationship between the two crankshafts.

2.2.1. Angle Between Crank Throws

This study has focused exclusively on six-cylinder engine configurations, for which
two different crankshaft geometries have been analyzed, defined by the angle between
crank throws, see Figure 2. The conventional layout uses a 60◦ angle, which ensures a
regular firing sequence and smooth torque delivery. In contrast, a configuration with a 120◦

angle offers natural balance but results in simultaneous combustion events, leading to a
less uniform torque output.

Table 1 reports the imbalance values for the two configurations examined, based on
the total moments and forces associated with the four components of the reciprocating
forces. Since the resulting force is zero in every case, the analysis will concentrate solely on
the imbalance of moments, which provides more relevant insight. Centrifugal forces are not
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considered here, as they can be effectively neutralized by counterweights, independently
of the cylinder count of the engine or crank throw phasing.

Figure 2. Configurations considered in the analysis. (a) six-cylinder crankshaft with a crank throw
angle of 60◦; (b) six-cylinder crankshaft with a crank throw angle of 120◦.

Table 1. Resultant forces and moments for the 6-cylinder crankshafts.

6-
cy

lin
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β
=
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◦ ∣∣FI
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∣∣∣ 0
1 Icyl is the distance between two adjacent cylinders.

2.2.2. Direction of Rotation of the Crankshafts

The interaction between the two crankshafts introduces a further design variable: the
possibility for the imbalance of one shaft to counteract that of the other, depending on
their rotational direction. One direction of the crankshaft can be fixed, while the other may
rotate either in the same direction, referred to as co-rotating, or in the opposite direction,
known as counter-rotating. From a fluid dynamics standpoint within the cylinders, there
is no inherent limitation on the choice of rotation direction. Both configurations can be
implemented by appropriately linking the crankshafts using gears, belts, or chain drives.
However, the direction of rotation plays a significant role in the structural behavior and
NVH (noise, vibration, and harshness) characteristics of the system. The main distinction
between the two setups lies in their geometry: in co-rotating configurations, the crankshafts
are identical and offset by 180◦ in phase, whereas in counter-rotating configurations, the
crankshafts are symmetric relative to the plane perpendicular to the cylinder axes, see
Figure 3. Using identical crankshafts in the co-rotating arrangement also offers practical ad-
vantages, such as lower manufacturing costs, simplified logistics, and a reduced likelihood
of assembly errors during engine construction.
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Figure 3. Crankshafts layouts of all configurations. (a) six-cylinder co-rotating crankshafts with a
crank throw angle of 60◦; (b) six-cylinder counter-rotating crankshafts with a crank throw angle
of 60◦; (c) six-cylinder co-rotating crankshafts with a crank throw angle of 120◦; (d) six-cylinder
counter-rotating crankshafts with a crank throw angle of 120◦.

2.2.3. Offset Angle Between the Two Crankshafts

The opposed-piston engine leverages piston-controlled ports and a unidirectional
scavenging process, which contribute significantly to its performance advantages. The
efficiency of scavenging is determined by both the shape of the ports and the phase angle
between the intake and exhaust crankshafts, denoted by the symbol α (refer to Figure 4).
This angle represents the phase lead of the exhaust crankshaft relative to the intake. When
α is positive, the exhaust piston reaches both top and bottom dead centers before the intake
piston. Since the port timing is mechanically driven by piston motion, the opening and
closing of the ports are symmetric around each dead center. To initiate exhaust flow earlier
in the cycle, the exhaust ports are designed to be taller than those on the intake side. If no
offset is present, both sets of ports achieve full opening when the pistons reach bottom dead
center, resulting in premature intake port activation and extended overlap with the exhaust
ports. This overlap can cause some of the incoming charge to escape, reducing engine
efficiency. By introducing a positive offset angle, the intake port timing is delayed relative
to the exhaust, which helps minimize fresh charge loss and enhances trapping efficiency.
However, while this improves scavenging behavior, it introduces dynamic asymmetries in
the engine. The offset disrupts the alignment of inertial forces and moments between the
two crankshafts, leading to imbalances in the reciprocating mass system. This phenomenon
is not limited to a specific configuration but is a general consequence of phase offset in
multi-crankshaft reciprocating systems. To assess the extent of this trade-off, four offset
values were examined in the study: 0◦, 5◦, 10◦, and 15◦. These values were chosen based
on previous research indicating that scavenging performance improves with increasing
offset, reaching optimal values around 10◦ to 15◦, beyond which the benefits plateau. In
order to maintain the original combustion chamber volume while introducing an offset, the
distance between the crankshafts was slightly reduced. This design adaptation allows the
pistons to operate with increased proximity without risk of collision, thanks to the specific
kinematics of their opposing motion.

Figure 4. Offset angle, α, between intake (left) and exhaust (right) crankshafts; (a) co-rotating
crankshafts; (b) counter-rotating crankshafts.
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3. Model Description
The balancing analysis of the OP engine has been carried out using an analytical

model based on the slider-crank mechanism. This model focuses on the forces generated by
individual slider-crank assemblies, independent of engine architecture or cylinder count. It
computes, for each crank angle, the contributions of inertial and gas forces to the crank sup-
port loads and output torque. Inertial forces have been derived analytically from crankshaft
kinematics, while gas forces have been calculated using pressure profiles obtained from
preliminary thermo-fluid-dynamic simulations [22]. The engine cycle has been divided into
intake/exhaust, compression, combustion, and expansion phases. Polytropic relationships
have been used to model compression and expansion, while combustion has been described
using the Wiebe function within the first law of thermodynamics framework. To extend
the model to the full engine configuration, parameters such as crankshaft offset, cylinder
count, and firing order have been incorporated. Special attention has been devoted to the
distinct volumetric behavior of OP engines, where two pistons move in opposite directions
and can have different speeds while sharing a common combustion chamber. Unlike in
conventional single-piston engines, where volume variation can be directly calculated as
the product of piston stroke and bore, this configuration results in a more complex volume
evolution that depends on the relative motion of both pistons. As a consequence, the
in-cylinder pressure can no longer be directly mapped to the crank angle, especially when
a crankshaft offset is introduced. While some prior studies (e.g., Morton [23]) assumed a
fixed pressure profile referenced to one crankshaft, the present work has adopted a more
rigorous approach: pressure has been expressed as a function of the instantaneous volume
within the cylinder, which varies dynamically due to the offset. Fluid dynamic benefits
of the offset, such as improved scavenging efficiency, have been deliberately excluded to
isolate the structural impact of the offset on engine dynamics.

Engine Parameters

Table 2 summarizes the main engine parameters adopted in the model, including
geometric dimensions, masses, and operating conditions. These values do not correspond
to a specific engine but have been selected to represent a broad spectrum of configurations,
ranging from standard passenger vehicles to high-performance designs.

Table 2. Engine parameters.

Engine Main Parameters

Engine maximum speed 6000 rpm
Bore 80 mm

Stroke 90 mm
Single cylinder displacement 900 cm3

Conrod length 175 mm
Cylinder center distance 100 mm

Masses

Assembled conrod 665 g
Sliding bearing 13.5 g

Conrod rotating mass 469 g
Conrod reciprocating mass 209.5 g

Piston 550 g
Piston pin 137.50 g

Total piston rings 18.50 g
Total reciprocating masses 915.5 g

Crankpin 330 g
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4. Results
This section outlines the outcomes of the study. First, an investigation of engine

balancing for the two configurations introduced in Section 2 is presented. For each setup,
the effects of crankshaft rotation direction, co-rotating versus counter-rotating, have been
explored emphasizing how crankshaft geometry influences the resulting moments and
dynamic equilibrium of the engine. The role of crankshaft offset is then analyzed in both
rotational scenarios, assessing its impact on system dynamics. Lastly, the effect of varying
the offset angle on torque distribution is briefly addressed to assess how this parameter
alters not only balance but also the partitioning of total torque between the two crankshafts.

4.1. Engine Balancing

It is straightforward to demonstrate that the crankshaft is force-balanced; therefore,
this step is omitted for the sake of brevity. In contrast, the analysis of the moments acting
on the two shafts is less trivial and requires closer examination.

4.1.1. Six-Cylinder with a Crank Throw Angle of 60◦, Co-Rotating Layout

The analysis first considers the case of co-rotating crankshafts. Figure 5a–d display the
moment vectors generated by first-order inertial forces from each connecting rod assembly,
relative to a reference point conventionally located at the center of each shaft. Both the
rotating and counter-rotating first-order moment components have a zero resultant within
each individual shaft, meaning that they are fully self-balanced independently. Therefore,
no further analysis is required for this order of forces. Figure 6a–d, on the other hand,
illustrate the moments induced by second-order rotating and counter-rotating inertial
forces. These are not balanced within each individual shaft, but they do cancel out in pairs
when both shafts are considered together, specifically, Figures 6a with 6b, and 6c with 6d.
However, this cancelation is a special case that only occurs under perfect synchronization
of the two crankshafts. When a phase offset is introduced between the shafts, this balance
is disrupted: the offset causes the moment vectors of one shaft to rotate relative to the other,
resulting in a net imbalance. This phenomenon warrants further investigation.

Figure 5. Co-rotating shafts, crank throw angle of 60◦, first-order moments. Rotating moments:
(a) intake side, (b) exhaust side. Counter-rotating moments: (c) intake side, (d) exhaust side.

Figure 6. Co-rotating shafts, crank throw angle of 60◦, second-order moments. Rotating moments:
(a) intake side, (b) exhaust side. Counter-rotating moments: (c) intake side, (d) exhaust side.
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4.1.2. Six-Cylinder with a Crank Throw Angle of 60◦, Counter-Rotating Layout

However, the behavior of the second-order components is more nuanced in the counter-
rotating configuration, as shown in Figures 7a–d and 8a–d. In this case, an unusual
form of balance occurs: the rotating moments generated by one shaft are counteracted
by the counter-rotating moments of the other. Specifically for the first-order moments,
Figure 7a balances Figure 7d, and Figure 7b with Figure 7c. In addition for the second-order
moments, Figure 8a balances Figure 8d, and Figure 8b balances Figure 8c. This phenomenon
may appear counterintuitive at first, as the moments on the two shafts rotate in opposite
directions. However, since the shafts themselves also rotate in opposite directions, the
relative rotation of the second-order moments becomes aligned in space, enabling this
cross-shaft cancelation. Again, it is important to note that this delicate balance only holds
when there is zero phase offset between the two shafts. Once an offset is introduced,
the temporal alignment of these opposing moment vectors is disrupted. As a result, the
rotating and counter-rotating components no longer cancel out in time and space, leading
to a net imbalance in the system. This underlines the importance of carefully analyzing
the dynamic behavior of counter-rotating configurations when a crankshaft phase offset
is present.

Figure 7. Counter-rotating shafts, crank throw angle of 60◦, first-order moments. Rotating moments:
(a) intake side, (b) exhaust side. Counter-rotating moments: (c) intake side, (d) exhaust side.

Figure 8. Counter-rotating shafts, crank throw angle of 60◦, second-order moments. Rotating mo-
ments: (a) intake side, (b) exhaust side. Counter-rotating moments: (c) intake side, (d) exhaust side.

4.1.3. Six-Cylinder with an Angle of 120◦, Co-Rotating and Counter-Rotating Layout

This configuration represents a simpler case compared to the previously analyzed
layouts. As shown in Figure 9a–d, each individual crankshaft is inherently balanced at both
first and second order. As a result, the introduction of a crankshaft phase offset does not
generate any imbalance in the system. The dynamic behavior remains unaffected regardless
of whether the shafts are configured in a co-rotating or counter-rotating arrangement,
making this setup structurally robust and less sensitive to synchronization variations.

https://doi.org/10.3390/engproc2026131044
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Figure 9. Co-rotating and counter-rotating shafts, crank throw angle of 120◦, inertial force-induced
moments. Rotating moments: (a) first order rotating, (b) first order counter-rotating, (c) second order
rotating, (d) second order counter-rotating.

4.2. Influence of the Offset Angle Between the Two Crankshafts

The crankshaft offset is typically introduced to enhance fluid-dynamic performance of
the engine. However, this aspect is beyond the scope of the present study. Instead, the focus
here is on evaluating the moment imbalance resulting from such an offset. The analysis
investigates how the imbalance varies with different offset values, specifically 5◦, 10◦, and
15◦. Only the 60◦ crankshaft configuration is considered, since, as shown in the previous
section, the 120◦ layout is inherently and consistently balanced regardless of the offset.

Six-Cylinder with a Crank Throw Angle of 60◦, Co-Rotating Layout and
Counter-Rotating Layout

Figure 10a–c illustrate the magnitude of the imbalance across the considered offset
range as a function of the crank angle of the shaft on the intake side. It can be observed that
the imbalance increases with the offset angle. Notably, the resulting unbalanced moment is
consistently oriented along the y-axis, which is perpendicular to the plane containing the
two crankshaft axes. This observation has significant practical implications, as it can guide
designers in developing appropriate frame mountings or support structures to mitigate or
counteract vehicle vibration.

Figure 10. Moment imbalanced as a function of the crank angle of the shaft on the intake side:
(a) offset 5◦, (b) offset 10◦, (c) offset 15◦.

The imbalance observed in the counter-rotating configuration is identical in both
magnitude and direction to that of the co-rotating case and is therefore omitted here for the
sake of brevity.

4.3. Output Torque

The final aspect examined in this study is the output torque delivered by the engine
crankshafts. While the mean output torque remains the same across all configurations
in the case of zero offset, it is crucial to analyze the instantaneous torque and its time
evolution, first for a single crank mechanism, and then for the complete engine configura-
tions previously discussed. Figure 11a–d display the instantaneous torque produced by a
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single crank mechanism on both the intake-side and exhaust-side shafts, evaluated across
different offset angles.

Figure 11. Instantaneous torque produced by a single crank mechanism on both the in-take-side and
exhaust-side shafts: (a) offset 0◦, (b) offset 5◦, (c) offset 10◦, (d) offset 15◦.

Torque Profile of Six-Cylinder Configurations, Crank Throw Angle of 60◦ and 120◦

Figure 12a,b illustrate the output torque for the two crankshaft configurations with
zero offset angle. A comparison of these plots clearly highlights the differences in the
distribution and intensity of peaks and troughs in the instantaneous output torque.

Figure 12. Instantaneous total torque, 0◦ offset: (a) six-cylinder 60◦ layout, (b) six-cylinder 120◦

layout.

5. Discussion
The results presented in the previous section can now be synthesized to provide prac-

tical guidance for engineers selecting an appropriate engine layout. In terms of crankshaft
balancing, the crank throw angle of 120◦ configuration clearly emerges as the most favor-
able option, as its shafts remain perfectly balanced under all conditions, including when
a phase offset is introduced. However, if it is certain that no offset will ever be applied
between the two crankshafts, the 60◦ layout becomes equally viable, offering comparable
dynamic balance. Another key factor to consider is torque smoothness. The crank throw
angle of 60◦ configuration provides a more uniform torque delivery throughout the engine
cycle, resulting in less pronounced peaks and valleys in the instantaneous output torque
compared to the crank throw angle of 120◦ layout. Therefore, if no offset between the shafts
is expected, the crank throw angle of 60◦ configuration is generally more suitable. On the
other hand, if an offset is to be introduced, the choice becomes less straightforward, as
both layouts present advantages and drawbacks that must be carefully weighed. Finally,
it is important to address the relative rotation of the crankshafts. The results showed no
significant differences in terms of balance or output torque between co-rotating and counter-
rotating configurations. However, co-rotating layouts benefit from using two identical
crankshafts, which can reduce manufacturing costs, simplify spare parts management, and
minimize assembly errors. Consequently, the final choice should be guided by broader
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design considerations, including these practical advantages as well as the arrangement of
the output shaft and power transmission system. Depending on the relative rotation of the
shafts, different gear configurations or auxiliary mechanisms may still be required to match
the desired direction of output rotation.

6. Conclusions
Opposed-piston engines offer a wide range of design variations and architectural

choices. This study has focused on the six-cylinder configuration, which involves
two crankshafts and introduces unique challenges in terms of dynamic balancing and
torque distribution. Through a detailed analytical approach, the effects of crank phasing,
rotation direction, and crankshaft offset were investigated. The findings highlight how
specific design parameters, such as a 60◦ or 120◦ crank throw angle layout, the presence
of offset, and the choice between co-rotating and counter-rotating shafts, can significantly
affect the structural balance and torque regularity of the engine. These insights provide
useful guidance for engineers in the early design phase, where layout decisions can have
far-reaching implications on performance, vibration, and mechanical complexity. Looking
ahead, a crucial next step is to analyze the mechanical system responsible for merging the
torque produced by the two crankshafts and transmitting it to the gearbox. The design of
the geartrain might play a key role in ensuring overall efficiency, minimizing vibration, and
maintaining mechanical reliability. A deeper investigation into this subsystem is essential
to complete the dynamic and structural assessment of opposed-piston engine architectures.
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