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Abstract. To improve the vibration and power of the engine, a sensitivity analysis of the operating 
parameters as well as the eccentricity between crankshaft centre and cylinder centre of the 
slider-crank-mechanism (SCM) are proposed and researched based on the SCM’s dynamics model 
and the experimental data of the cylinder pressure in the internal combustion engine. An algorithm 
program developed in MATLAB environment is then applied to compute the dynamic equations 
of the SCM. The numerical simulation results show that the eccentricity 𝑒, connecting rod length 𝑙 , and crankshaft radius 𝑟  are substantially affected the vibration and power of the engine. 
Particularly, with 𝑒 ൌ –0.01, the connecting rod length of {1.0-1.2}× 𝑙, and crankshaft radius of 
{1.0-1.2}× 𝑟 could improve the vibration and increase the engine power. 
Keywords: internal combustion engine, slider-crank mechanism, engine vibration and power. 

1. Introduction 

Increasing engine power and reducing fuel had been one of the main concerns of the internal 
combustion engine (ICE) manufacturers. In order to improve the power of the ICE, the effect of 
the engine cooling system, combustion chamber pressure, and combustion mixture composition 
were researched and optimized [1, 2]. The variable valve timing-intelligent, fuel injection system, 
and engine turbocharger had been developed and applied for the engine to increase its power [2, 3]. 
The research results indicated that the ICE's power and its fuel economy had been substantially 
improved. However, the level of the noise, vibration as well as friction of the ICE were still high 
[4-6]. This was also due to a part of the effect of the piston skirt and rings against the cylinder 
bore in the motion process and the relative motion of the slider-crank mechanism (SCM) [7-9]. In 
order to improve the vibration level and engine power, the design parameters of the ICE such as 
inertial forces of the piston and mass of the piston and SCM are studied to decrease the horizontal 
impact force of the piston on the cylinder bore [5, 10-12]. The lubrication studies of the surface 
pairs of the piston and cylinder, and journal bearings of the SCM to reduce their friction forces 
had been done [13-15]. The result of the friction power loss was then improved. However, the 
above research had also indicated that the friction power loss and vibration of the engine had been 
strongly affected by the dynamic loads acting on the SCM and cylinder in a working cycle of the 
engine. Thus, the reasonable parameters of the SCM can reduce the horizontal impact force and 
improve the power and vibration of the ICE. 

To reduce the vibration and improve the engine power, the effect of the lumped parameters of 
the SCM and the eccentricity between crankshaft centre and cylinder centre are researched based 
on the SCM dynamics model and the experimental pressure data of the ICE. An algorithm program 
developed in MATLAB environment is applied to solve the dynamic equations of the SCM. The 
study goal is to evaluate the effect of the structure parameters on reducing the vibration and friction 
force of piston-cylinder and increasing the engine power. 
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2. Lumped parameter model of the SCM 

In order to evaluate the effect of the lumped parameters of the SCM and the eccentricity 
between crankshaft centre and cylinder centre on the improvement the vibration and the engine 
power, the lumped parameters of the SCM with different eccentricities of 𝑒 > 0, 𝑒 = 0, and  𝑒 < 0 are established to simulate and evaluate the results, as shown in Fig. 1(a), where 𝜔, 𝑙, and 𝑟 are defined as the angular velocity, the connecting rod length, and the radius of the crankshaft, 
respectively. 𝑧௣  is the piston displacement in the cylinder. 𝑃  is the combustion gas pressure 
impacting on the piston peak. 𝐹௜௣ is the inertial force of the lumped mass of the piston-small rod 
end. 𝐹ଵ and 𝐹ଶ are the impacting forces of the piston on the connecting rod and cylinder wall while 𝐹ଷ and 𝐹ସ are the impacting forces of the connecting rod on the crankpin. 𝐹௜௖the centrifugal inertial 
force of the big rod end of the connecting rod and 𝑇 is the engine torque. 

 
Fig. 1. The lumped parameter model of the SCM with different eccentricities of 𝑒  

Based on the lumped parameters of the SCM in Fig. 1(a) with three different cases of the value 
e, the dynamic force equations of the SCM are then determined as follows. 

(1) The dynamic force equations of the SCM with +𝑒 : The stroke of the piston and its 
acceleration in the 𝑧-direction is determined by: 𝑧௣ = ሺ𝑙 + 𝑟ሻcos𝜃ଵ − 𝑙cosሺ𝜃 + 𝜃ଵሻ − 𝑟cosሺ𝜑 − 𝜃ଵሻ, 𝑎௣ = 𝜔ଶ[𝑙cos(𝜃 + 𝜃ଵ) + 𝑟cos(𝜑 − 𝜃ଵ)]. (1)

The dynamic force equations of the SCM and connecting rod ൛𝑃,𝐹௜௣,𝐹ଵିସൟ are calculated by: 𝑃 = 𝑝 × 𝜋𝑅ଶ,      𝐹௜௣ = −𝑚𝑎௣ = −𝑚𝜔ଶ[𝑙cos(𝜃 + 𝜃ଵ) + 𝑟cos(𝜑 − 𝜃ଵ)], 𝐹 = 𝑃 + 𝐹௜௣cos𝜃ଵ ,      𝐹ଶ = 𝐹sin𝜃sin(𝜃 + 𝜃ଵ),     𝐹ସ = 𝐹sin𝜃sin𝜃ଵsin(𝜑 + 𝜃). (2)

By transforming Eqs. (1) and (2), the friction force 𝐹௙ and torque 𝑇 are determined by: 𝐹௙ = 𝜇 × 𝐹ଶ,     𝑇 = 𝑟 × 𝐹ସ. (3)

(2) The dynamic force equations of the SCM with 𝑒 = 0: In the case of the centre of crankshaft 
coinciding with the cylinder centre, the stroke and acceleration of the piston in the 𝑧-direction is 
written as follows: 𝑧௣ = 𝑟 + 𝑙 − 𝑙cos𝜃 − 𝑟cos𝜑,      𝑎௣ = 𝜔ଶ(𝑙cos𝜃 + 𝑟cos𝜑). (4)
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The dynamic force equations of the SCM and connecting rod ൛𝑃,𝐹௜௣,𝐹ଵିସൟ are calculated by: 

𝐹௜௣ = −𝑚𝑎௣,      𝐹 = 𝑃 + 𝐹௜௣,      𝐹ଶ = 𝐹tan𝜃,      𝐹ସ = 𝐹sin(𝜑 + 𝜃)cos𝜃 . (5)

Similarly, by transforming Eqs. (4) and (5), the friction force 𝐹௙ and torque 𝑇 are: 𝐹௙ = 𝜇 × 𝐹ଶ,     𝑇 = 𝑟 × 𝐹ସ. (6)

(3) The dynamic force equations of the SCM with −𝑒: The stroke and acceleration of the piston 
in the 𝑧-direction is determined as follows: 𝑧௣ = (𝑙 + 𝑟)cos𝜃ଵ − 𝑙cos(𝜃 − 𝜃ଵ) − 𝑟cos(𝜑 + 𝜃ଵ), 𝑎௣ = 𝜔ଶ[𝑙cos(𝜃 − 𝜃ଵ) + 𝑟cos(𝜑 + 𝜃ଵ)]. (7)

Therefore, the dynamic force equations of the SCM and connecting rod are calculated by: 𝐹୧୮ = −𝑚𝑎௣ = −𝑚𝜔ଶ[𝑙cos(𝜃 − 𝜃ଵ) + 𝑟cos(𝜑 + 𝜃ଵ)],          𝐹 = 𝑃 + 𝐹௜௣cos𝜃ଵ ,       𝐹ଵ = 𝐹sin𝜃ଵcos𝜃 ,         𝐹ଶ = 𝐹ଵsin(𝜃 + 𝜃ଵ)cos𝜃ଵ ,       𝐹ସ = 𝐹ଵsin(𝜑 + 𝜃). (8)

Similarly, by transforming Eqs. (7) and (8), the friction force 𝐹௙ and torque 𝑇 are given by: 𝐹௙ = 𝜇 × 𝐹ଶ,       𝑇 = 𝑟 × 𝐹ସ, (9)

where 𝜇 is the friction coefficient between two surface contacts of the piston and cylinder. In the 
previous researches of the lubrication of the piston-cylinder or journal crankpin [7, 14, 15], the 
main lubrication of the piston-cylinder is the mixed lubrication region, and its friction coefficient 
is 𝜇 from 0.001 to 0.0015. Thus, 𝜇 = 0.001 is chosen in this study to evaluate the friction power 
loss of the engine. 

Based on the dynamic force equations of the SCM, the piston acceleration 𝑎௣, friction force 𝐹௙, and torque 𝑇 are then applied to evaluate the vibration and improve the engine power. 

3. Numerical simulation and result analysis 

3.1. Effect of the eccentricity between crankshaft centre and cylinder centre 

In order to evaluate the effect of the eccentricity 𝑒 on the vibration and power of the engine, 
the lumped parameters of the SCM listed in Table 1 and the experimental data of cylinder pressure 
at the engine speed of 2000 rpm plotted in Fig. 2 are applied for the simulation process. A value 
range of 𝑒 = {–0.02, –0.01, 0, +0.01, +0.02} is then simulated, respectively. The results of the 
displacement, acceleration, friction force, and torque are shown in Fig. 3, respectively. 

Fig. 3(a) shows that the piston displacement is not affected by the values of 𝑒. This is due to 
the change of 𝑒 being very small, thus, the piston displacement in the vertical direction 𝑧 is not 
changed. This result is found in Ref. [5]. However, the piston acceleration 𝑎௣  in Fig. 3(b) is 
strongly affected under the various values of 𝑒. With 𝑒 = 0, the 𝑎௣ is quite low, this means that 
the engine vibration is also quite small. On the contrary, with both the values of ±𝑒, the 𝑎௣ is 
quickly increased, thus the engine vibration is also increased. This may be due to the influence of 
the asymmetry of the SCM structure. Additionally, the 𝑎௣  with 𝑒 = ±0.02 is higher than the 𝑎௣ 
with 𝑒 = ±0.01, and the 𝑎௣  with +𝑒  is also higher than the 𝑎௣  with −𝑒 . Therefore, it can be 
concluded that with the increase of the 𝑒 or with the use of +𝑒, the engine vibration is substantially 
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increased. Observing both Figs. 3(c-d), the friction force 𝐹௙ and engine torque 𝑇 are increased 
with 𝑒 = +0.01 and +0.02. Thus, the engine power can be slightly increased but the friction power 
loss is higher. Conversely, with 𝑒 = –0.01 and –0.02, both the 𝐹௙ and 𝑇 are reduced compared to 
the 𝑒 = 0. Especially with 𝑒 = –0.01, the 𝑇 is insignificantly reduced and thus the engine power 
is also insignificantly affected, however, the maximum 𝐹௙ is remarkably reduced, thus, the friction 
power loss is also reduced. Based on the simulation and analysis results, it can be concluded that 
the 𝑒 = –0.01 can substantially improve the engine power. 

Table 1. The SCM operation parameters [14] 
Parameters Values Parameters Values 𝑙 / mm 129.5 𝑚𝑏𝑟 / kg 0.250 𝑟 / mm 40 𝜇 0.001 𝑚𝑝 / kg 0.264 𝑅 / mm 25 𝑚 / kg 0.45 𝜑 / ° 0-720 

 

 
Fig. 2. The combustion gas pressure [7] 

 

 
a) Piston displacement 

 
b) Piston acceleration 

 
c) Friction force between piston-cylinder 

 
d) Engine torque 

Fig. 3. Effect of the eccentricities 𝑒 on vibration and engine power 

3.2. Effect of the dynamic parameters of the SCM 

Both the lumped parameters of the connecting rod length {0.6, 0.8, 1.0, 1.2}×𝑙 and the radius 
of the crankshaft {0.6, 0.8, 1.0, 1.2}×𝑟 of the SCM which can affect the engine vibration and 
power are also simulated and plotted in Fig. 4 and Fig. 5, respectively. 

With the change of the 𝑙: When the 𝑙 is reduced by {0.6÷0.8}×𝑙, although the engine torque in 
Fig. 4(c) is slightly increased with 0.6×𝑙 and 0.8×𝑙, however both the 𝑎௣ and maximum 𝐹௙  in 
Figs. 4(a-b) are greatly increased, especially 0.6×𝑙, thus, both the engine vibration and friction 
power loss are strongly increased. When the 𝑙 is increased by {1.0 and 1.2}×𝑙, both the 𝑎௣ and 
maximum 𝐹௙  are reduced, thus, the engine vibration and friction power loss are improved. 
However, the increase of the 𝑙 can increase the engine height and affect the vehicle’s structure. 

With the change of the 𝑟: Similarly, when the 𝑟 is reduced by {0.6 and 0.8}×𝑟, both the 𝑎௣ 
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and maximum 𝐹௙ in Figs. 5(a-b) are greatly reduced, thus, the engine vibration and friction power 
loss are significantly improved. However, the engine torque 𝑇 in Fig. 5(c) is also strongly reduced, 
thus it directly affects the engine power, particularly at 0.6×𝑟. On the contrary, when the 𝑟 is 
increased by {1.0 and 1.2}×𝑟, the 𝑇 is strongly increased, thus the engine power is also increased. 
However, both the 𝑎௣ and maximum 𝐹௙ are also increased. The study results of the effects of the 𝑙 and 𝑟 in this study are also similar as the previous results found in Refs. [7, 9]. Therefore, it is 
very difficult to simultaneously satisfy two conditions of the reduction of the engine vibration and 
friction power loss and increase of the engine torque. To solve this issue, the optimization of the 
lumped parameters of the SCM is necessary. 

 
Fig. 4. Effect of the connecting rod length 𝑙  

Fig. 5. Effect of the crankshaft radius 𝑟 

4. Conclusions 

Based on the SCM dynamics model and the experimental data of the cylinder pressure in the 
ICE, the effect of the lumped parameters of the SCM and the eccentricity between crankshaft 
centre and cylinder centre on improving the vibration and power of the engine is researched. The 
research results can be concluded as follows: 

1) The eccentricity between the crankshaft centre and cylinder centre significantly affects the 
vibration and power of the engine. Especially with 𝑒 = –0.01, the piston acceleration is slightly 
increased, however, the friction power loss is significantly reduced, therefore, the engine power 
is also improved. 

2) Under the influence of the connecting rod length and the radius of the crankshaft of the 
SCM, the vibration and power of the engine are greatly influenced. All the vibration, friction 
power loss, and engine torque are increased with the increase of both the 𝑙 and 𝑟, and vice versa. 
The vibration and power of the engine can be improved by using the values of {1.0-1.2}×𝑙 and 

 
a) Piston acceleration 

 
b) Friction force between piston-cylinder 

 
c) Engine torque 

a) Piston acceleration 

b) Friction force between piston-cylinder 

c) Engine torque 
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{1.0-1.2}×𝑟 , therefore, the range of these values should be concerned for the design and 
optimization of the SCM of the ICE. 
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