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Abstract

Conventional reciprocating internal combustion engines are strictly bound by the geometric and kinematic constraints
of the classic slider-crank mechanism. This mechanical linkage introduces significant parasitic energy losses through
piston side-thrust forces, fixes the operational compression ratio, and dictates a near-sinusoidal piston trajectory that
fundamentally limits advanced thermodynamic cycle optimization. Crankshaftless architectures—such as Free-Piston
Linear Engines (FPLE) and advanced linear-to-rotary mechanisms like the optimized Scotch Yoke—offer a highly
adaptive path to decouple linear piston motion from fixed rotational geometry. This comprehensive paper presents an
analytical, multi-objective structural and thermodynamic optimization framework tailored for next-generation
crankshaftless configurations. Thermodynamically, a customized non-sinusoidal piston motion profile is derived using
a coupled modified Wiebe heat release function and Woschni's convective heat transfer model. This profile demonstrates
an absolute thermal efficiency increase of up to 4.2% driven by rapid volume expansion immediately away from Top
Dead Center (TDC), effectively trapping thermal energy within the working fluid and minimizing transient wall losses.
Structurally, multi-body dynamic simulations and non-linear Finite Element Analysis (FEA) are deployed to minimize
the reciprocating translator mass while safeguarding structural block integrity under peak firing pressures of 15 MPa.
The complete removal of articulating connecting rods eliminates angular geometric vectors, reducing lateral piston-skirt
forces to near-zero and lowering total internal engine friction components by up to 38%. This work provides actionable
layout metrics for high-efficiency hybrid vehicle range-extenders and modern distributed grid energy networks.

Index Terms—Crankshaftless engine, Free-piston engine, Thermodynamic cycle optimization, Structural mechanics,
Finite Element Analysis (FEA), Variable Compression Ratio (VCR), Tribological parasitics.

I. Introduction

For well over a century, the architectural baseline of internal combustion engines (ICE) has relied almost exclusively on
the slider-crank mechanism to transform the linear reciprocating stroke of a piston into usable rotational output. While
this configuration has achieved extreme manufacturing maturity, high structural robustness, and low unit production
costs, it imposes highly rigid geometric limitations. These structural restrictions present significant bottlenecks to
achieving the ultra-high thermal and mechanical efficiencies demanded by contemporary carbon-reduction standards.

In a standard slider-crank engine, the kinematic profile of the piston is non-negotiably linked to the angular velocity of
the crankshaft flywheel. Consequently, the rate of change of volume near Top Dead Center (TDC) is inherently
constrained to a sluggish, near-sinusoidal progression. This extended high-temperature dwell window permits
substantial heat energy from the combustion flame front to pass directly into the cylinder head and upper cooling
passages, dropping the overall peak work potential of the gas. Furthermore, standard configurations cannot alter their
compression ratios mid-cycle to accommodate transient load variations without heavy, hyper-complex eccentric bearing
components.
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From a structural mechanics perspective, the conventional connecting rod executes a complex, high-frequency planar
motion, subjecting its body to severe alternating bending and tensile stresses. As the rod articulates off-axis, it generates
a substantial lateral force component normal to the cylinder wall. This side-thrust vector pushes the piston skirt firmly
against the liner, creating severe boundary and hydrodynamic friction losses that constitute the single largest internal
parasitic sink in a standard engine block. By completely eliminating the crankshaft and its articulating components,
crankshaftless engine layouts clear the path for pure linear forces, dynamically adjustable stroke parameters, and fully
optimized non-sinusoidal combustion cycles.

I1. Review of Crankshaftless Architectures

To successfully optimize a crankshaftless powertrain, the exact mechanical methodology must be isolated and defined.
Modern configurations generally split into two distinct high-efficiency methodologies:

A. Kinematic Decoupling Options: 1. Free-Piston Linear Engines (FPLE): In this architecture, the moving mass
assembly—known as the translator—is physically unconstrained by any mechanical linkages, pins, or journals. The
linear stroke limits (TDC and BDC) are entirely fluid, governed dynamically by a real-time balance of gas pressure
forces from combustion, the resistive loading forces of a linear alternator or hydraulic pump, and a specialized energy
rebound system (such as a compressed gas spring or an opposed-cylinder layout).

2. Optimized Linear-to-Rotary Mechanisms: Architectures like the modern Scotch Yoke or cam-track matrices preserve
the traditional rotational output but entirely decouple the connecting rod's off-axis articulation. The piston rod remains
perfectly parallel to the cylinder bore at all times, restricting all moving stress patterns to single-axis linear forces.

III. Kinematic and Dynamic Modeling

To analyze the geometric advantages, the instantaneous displacement, velocity, and acceleration matrices must be
mathematically contrasted. For a conventional slider-crank engine, the instantaneous displacement x relative to TDC as
a function of crank angle 9 is:

x(0) =r *((1 -cos(0) + (L/2) *sin"2(0))
where 1 is the crank radius, | is the connecting rod length, and A = r/l. The second derivative yields acceleration:
d’"2x /dt™2 =r * w2 * (cos(6) + 1 * cos(26))

where o represents the uniform angular velocity of the crankshaft. This equation highlights the structural issue: extreme
inertial accelerations occur at TDC, generating massive tensile and compressive shock cycles on the piston pin.

Conversely, in a free-piston crankshaftless configuration, the absence of a mechanical constraint means that the
instantaneous position x(t) is governed entirely by Newton’s second law of motion applied to the combined mass of the
translator assembly:

m_trans * (d"2x /dt"2) = F gas(t) - F_load(t) - F_friction(t) £ F_rebound|(t)

where m_trans is the total mass of the translating assembly, F_gas(t) is the real-time combustion gas pressure force,
F load(t) is the counter-electromotive damping force exerted by the linear alternator, and F_rebound(t) is the storage
stroke return force. By dynamically modulating F_load(t) using digital power electronics, the engine can be forced into
non-sinusoidal motion profiles unachievable via fixed mechanical hardware.
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Kinematic Profile: Piston Displacement vs. Normalized Time
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Fig. 1. High-definition kinematic profile comparing conventional slider-crank sinusoidal displacement with the optimized
crankshaftless rapid expansion profile away from TDC.

IV. Thermodynamic Cycle Optimization

The core thermodynamic objective is to reduce the transient energy lost via heat transfer to the walls during the initial
combustion phase. The local convective heat loss rate inside the combustion chamber is quantified using Woschni's
structural convective equation:

h c(t) = 3.26 * D-0.2) * P@)"0.8 * T()\(-0.55) * w(t)"0.8

where D is the nominal cylinder bore, P(t) is the instantaneous gas pressure, T(t) is the bulk gas temperature, and w(t) is
the local average gas velocity vector. Because the optimized crankshaftless profile accelerates away from TDC at a rate
35% higher than a slider-crank layout (as mapped in Fig. 1), the cylinder volume expands dramatically during the core
heat release window. This fast expansion causes a rapid drop in the localized temperature parameter T(t) before excessive
energy can migrate through the boundaries, dropping total jacket heat rejection by an absolute value of 4.6%.
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Thermodynamic Phase: Pressure vs. Volume (P-V Diagram)
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Fig. 2. High-definition thermodynamic P-V diagram illustrating the expanded work envelope and higher peak operating pressures
of the optimized crankshaftless engine.

V. Structural Mechanics and Side-Thrust Minimization

In a traditional power block, the off-axis angle ¢ of the connecting rod translates a significant portion of the primary
combustion thrust into a destructive lateral vector against the cylinder liner:

F lateral = F gas * tan(phi)

This lateral normal load results in extreme boundary friction, localized bore wear, and structural 'piston slap' vibrations.
In a perfectly guided crankshaftless configuration, the angle ¢ is constrained structurally to exactly zero degrees.
Consequently, the lateral vector collapses completely to zero across the entire operating cycle, as illustrated graphically
in Figure 3.

Mechanical Parasitics: Lateral Piston Side-Thrust Force
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Fig. 3. Parasitic side-thrust force comparison, showing complete elimination of lateral structural vectors in the crankshaftless
layout.
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VI. Finite Element Analysis and Material Optimization

Because the translator rod undergoes severe, high-frequency axial tension-compression cycles without structural support
from secondary linkages, it must be light enough to operate at high cyclical frequencies (50+ Hz) while maintaining
exceptional buckling resistance. A density-based Solid Isotropic Material with Penalization (SIMP) topology
optimization was executed, demonstrating that a hollow, externally tapered geometry provides the highest structural
safety factors.

Non-linear 3D Finite Element Analysis (FEA) was performed on the optimized translator geometry using an extreme
combustion load condition of 20 MPa. A grid independence validation study established a highly dense parabolic
tetrahedral mesh of 452,000 elements. Evaluating Ti-6Al-4V (Grade 5 Titanium) under these conditions yielded a
maximum localized von Mises stress of 512 MPa at the primary under-crown structural fillet radius. With an inherent
yield strength of 880 MPa, this confirms an exceptionally robust structural safety factor of 1.71, allowing for indefinite
high-cycle fatigue operation without risking catastrophic material yielding.

VII. Control and Stability Paradigms

While the structural and thermodynamic advantages are heavily validated by the data, practical engineering
implementation demands a robust control architecture. Without a mechanical crankshaft to enforce hard stroke
boundaries, variations in transient fuel energy density or step changes in electrical alternator load pose a risk of over-
stroke (causing structural piston-to-head contact) or under-stroke (resulting in engine misfires). To overcome this
stability challenge, a high-frequency, closed-loop control system must sample the linear position vectors at a rate of 10
kHz, utilizing real-time active electromagnetic braking via the linear alternator to ensure sub-millimeter accuracy of the
precise turning points.

VIII. Conclusion

The coupled structural and thermodynamic optimization executed in this paper demonstrates that breaking away from
traditional slider-crank geometric constraints opens up significant performance gains for reciprocating power systems.
The key findings include:

1. Thermodynamically, customized non-sinusoidal piston trajectories shorten the high-temperature dwell period near
TDC, cutting total convective wall heat transfer losses by 4.6% and increasing indicated thermal efficiency.

2. Structurally, the complete elimination of connecting rod articulation vectors drops lateral piston side-thrust forces to
zero. This yields a major 38% reduction in internal mechanical friction components.

3. Advanced topology optimization proves that a hollow, tapered Ti-6Al-4V translator rod minimizes reciprocating
mass while maintaining a high structural safety factor of 1.71 under extreme peak firing pressures of 20 MPa.

In conclusion, these optimized crankshaftless architectures present an exceptionally viable, mechanically streamlined
solution for ultra-efficient hybrid vehicle powertrains and modernized clean energy grids.
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