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The sustainable development of society calls for automobile engines with high efficiency
and very low pollutant emission. The variable compression ratio (VCR) technique is one of the
effective methods to deal with this issue. Engines with variable length connecting rod (VLEs)
yield higher efficiency than other VCR engines. This paper focuses on a variable length con-
necting rod mechanism that achieves a VCR by changing the positions of the bottom dead
center (BDC) and the top dead center (TDC) (controlled by the rotation of the eccentric
sleeve) relative to the crankshaft. A kinematic model is also proposed to calculate and analyze
the motion characteristics of the variable length connecting rod mechanism. The effects of ec-
centric size and eccentric phase on the piston motion, the TDC and BDC positions, the stroke
length, the crank angles at TDC and BDC, and the compression ratio are studied in detail.
It is found that the piston exhibits good motion characteristics with proper eccentric size and
eccentric phase, and the compression ratio can be adjusted by varying the eccentric phase with
proper eccentric size. A comparison between the proposed mechanism with another mecha-
nism is also conducted. Therefore, this work can serve as a necessary reference for designing,
analyzing, and optimizing VLEs.

Key words: variable length connecting rod engine; variable stroke; variable compression ratio;
kinematic model; piston movement process.

1. Introduction

Since the invention of internal combustion engines (ICEs) by Nicolaus Otto
in 1876 [1, 2], cars have become the primary means of transportation. In recent
years, global car ownership has been soaring rapidly with the development of
the global economy. The mass use of cars brings convenience to human beings;
however, it also creates a serious energy crisis and environmental issues. Accord-
ing to the research, most of the fossil fuel is consumed by engine vehicles, and
the primary factor leading to urban air pollution is exhaust emission from inter-
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nal combustion engine vehicles [3]. Hence, higher fuel economy standards and
emission standards have been implemented or put forward by many counties [4].
A new fuel economy standard stating that the maximum fuel consumption must
be 5 l per 100 km is implemented this year in China [5]. In Europe, cars can-
not emit more than 60 g of CO2 per kilometer until 2025 [6]. In the United
States, starting in 2025, the fuel consumption of light-duty vehicles must meet
the requirement of 23 km/l on average [2]. Therefore, future engines must be
able to operate efficiently in all working conditions to meet increasingly strict
fuel consumption and emission standards.

Several measures have been undertaken to raise fuel economy and thermal
efficiency, and reduce exhaust emissions of automobiles. The variable compres-
sion ratio (VCR) technology, the lean-burn principle, and the downsizing of
turbocharging engines have been considered the most efficient technologies to
improve thermal efficiency and reduce fuel consumption. The downsizing of tur-
bocharging engines can supply more power in high-load conditions and reduce
the pumping and mechanical loss [7]. However, a knock phenomenon appears
when the boost pressure is greater than a fair value in spark-ignition engines;
thus, engines suffer from poor efficiency due to a relatively low CR under light
load conditions. Leaner mixture and lower combustion temperature are the main
characteristics of the lean-burn principle. One of the typical examples of the lean-
burn principle is homogeneous charge compression ignition (HCCI). However,
there are two fundamental drawbacks in HCCI: the difficulty in combustion
phasing control and a narrow operation range [8].

In the VCR technology, the compression ratio (CR) of a fuel engine can
be easily controlled according to its operating conditions, leading to enhanced
engine efficiency, fuel economy and reduced engine emission [9, 10]. The VCR
technology enables VCR engines to achieve higher thermal efficiency at a low po-
wer level by running at a large CR and also to prevent knocking with a low CR
at a high power level. VCR can also be integrated with other engine technolo-
gies. In combination with the downsizing of turbocharging, VCR can greatly
enhance the engine performance by varying the CR according to the best re-
quirements for the CR under both large load and light load conditions. VCR can
avoid misfire under light load conditions using a large CR and prevent knock-
ing under heavy load conditions by decreasing the CR [5]. Therefore, VCR can
extend the working range of HCCI engines and also improve their controlla-
bility at combustion phasing. Due to the advantages of VCR, numerous VCR
mechanisms have been proposed by car manufacturers and engine researchers.
The FEV company developed a VCR engine with the crankshaft bearing in-
stalled in an eccentrically mounted carrier. The piston’s TDC position in the
cylinder can be changed by rotating the eccentrically mounted carrier, leading
to a VCR [11, 12]. The Nissan VCR system is a multi-link mechanism that con-
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nects a control linkage system to an actuator shaft between the connecting rod
and the crankshaft [13, 14]. The Saab VCR engine uses a novel method to dy-
namically change the position of the cylinder head, thus resulting in a VCR [15].
Engines developed by Ford can vary the CR by a valve or secondary piston to
change the volume of the combustion chamber [16]. Gomecsys patented a new
type of VCR engine, in which a moveable crankpin driven by a large gear can
form an eccentric sleeve around the conventional crankpin in the VCR system.
The VCR system changes the engine CR by varying the position of the moveable
crankpin [17]. Honda developed a VCR engine with a variable piston height [18].
Hiyoshi et al. [9] developed a new VCR mechanism that can vary the engine
CR by changing the position of the added triangle. Kadota et al. [19] proposed
a dual-piston VCR engine that can change the CR by adjusting the TDC po-
sition of the piston by a spring and a hydraulic system. Kleeberg et al. [20]
proposed a VCR mechanism with an eccentric carrier placed between the piston
and the small end of the connecting rod. The VCR mechanism could modify the
CR by changing the angular displacement of the eccentric carrier. Yamin and
Ozcan [21] studied a variable stroke engine and its compression ratio. Jiang
and Smith [22] designed a multi-link mechanism with a variable displacement
to develop a VCR engine.

The VCR characteristics, the fuel economy, thermal efficiency, and exhaust
emission of VCR engines have been extensively studied. Very few researchers
have theoretically discussed the piston movement characteristics of VCR en-
gines. However, a reasonable geometric design of a VCR system can provide
a better adjustment performance of the variable compression ratio. Therefore,
different approaches have been proposed to realize a variable compression ratio.

Jiang and Smith [22] proposed a design method for the multi-link me-
chanism of a VCR engine and studied its piston motion, displacement, stroke
length, compression ratio, combustor volume, and other characteristics. Yang
and Lin [5] studied the piston movement process of a VCR mechanism with
an eccentric sleeve and discussed the effects of the bore-to-stroke ratio and the
eccentric phase on the piston motion, the compression ratio, and the Atkinson
effect. Rufino and Ferreira [23] studied the motion laws of a VCR engine
with a multi-link mechanism and presented a new strategy to determine the
movement laws as the functions of the combustion chamber capacity and the CR.

In the present paper, the movement characteristics of a VLE, such as piston
acceleration, velocity, and displacement are analyzed in detail. This work also
presents a mathematical model to calculate the dead center position and the
compression ratio. It also discusses the effects of the eccentric size and the ec-
centric phase.

The remaining part of this paper is divided into five sections: Sec. 2 intro-
duces the kinematic model of the VLE piston. Section 3 presents a mathematical



6 J. CHEN et al.

model to calculate the dead center position and CR of the VLE. Section 4 dis-
cusses the effects of the eccentric size and the eccentric phase. A comparison
between the proposed mechanism with other mechanisms is shown in Sec. 5.
A summary of the study is presented in Sec. 6.

2. Kinematic model

The geometry of the VLE mechanism is displayed in Fig. 1. The structure
and working principle of the VCR mechanism are introduced in [24] (lOA is
the radius of the crank (R), lAB is the length of the connecting rod (l), and
lBC is the eccentric size (e)). The kinematic model is composed of displacement,
velocity, and acceleration equations. First, the piston displacement equation
was developed according to the geometry of the VLE mechanism. The piston
velocity equation was then obtained by taking the derivative of the piston dis-
placement equation. Finally, the piston acceleration equation was obtained by
taking the derivative of the piston velocity equation.

a) b) c) d)

Fig. 1. The geometry of the VLE.

When the crank rotates clockwise, the height of the piston lOC can be cal-
culated as:

(2.1) lOC = lOF + lFD + lDC .
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According to the geometric relationship, lOF can be calculated as:

(2.2) lOF = lOA cosϕ = R cosϕ,

where ϕ is the crank angle, and lFD can be calculated as:

(2.3) lFD = lEB =
√
l2AB − l2AE =

√
l2AB − (lFA − lFE)2

=

√
l2AB − (lFA − lDB)2,

where

lFE = lDB,(2.4)

lFA = lOA sinϕ = R sinϕ,(2.5)

lDB = lBC cosα = e cosα,(2.6)

where α is the eccentric phase of the eccentric sleeve.
Equation (2.3) can be rewritten as:

(2.7) lFD =

√
l2AB − (lFA − lDB)2 =

√
l2 − (R sinϕ− e cosα)2.

lDC can be expressed as:

lDC = lBC sinα = e sinα.

Hence, Eq. (2.1) can be rewritten as:

(2.8) lOC = R cosϕ+

√
l2 − (R sinϕ− e cosα)2 + e sinα.

Let assume that the piston of the VLE has the same peak height as the
piston of a compression ratio engine (CRE). Hence, the piston displacement (x)
can be calculated as:

(2.9) x = l
OO
′ − lOC = R+ l −R cosϕ−

√
l2 − (R sinϕ− e cosα)2 − e sinα.

The piston velocity (v) can be obtained by differentiating Eq. (2.9):

(2.10) v =
dx
dt

=
dx
dϕ
· dϕ

dt
= ωR

sinϕ+
(R sinϕ− e cosα) cosϕ√
l2 − (R sinϕ− e cosα)2

.
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The piston acceleration of the VLE can be obtained as:

(2.11) a =
dv
dt

=
dv
dϕ
· dϕ

dt
= ω2R

cosϕ+
R cos2 ϕ−R sin2 ϕ+ e sinϕ cosα√

l2 − (R sinϕ− e cosα)2

+
R (R sinϕ− e cosα)2 cos2 ϕ√[
l2 − (R sinϕ− e cosα)2

]3
.

Therefore, when the geometric parameters of the VLE mechanism are known,
and both the crank speed and the crank angle are given, the piston motion for
the total revolution of the crankshaft could be calculated according to the above
equations.

3. Dead center position and CR calculation

In order to study the variations of the stroke length and the CR of the
VLE, the dead center position was calculated. The VLE mechanism could be
considered as an offset slider-crank mechanism with an eccentricity of e cosα.
According to the motion characteristics of an offset slider-crank mechanism,
when the crank and the connecting rod are connected in a straight line, the VLE
piston is located at the TDC (Fig. 1c). When the crank and the connecting rod
are connected in a straight line, the VLE piston is located at the BDC (Fig. 1d).
Therefore, the TDC position and its corresponding crank angle (ϕTDC) can be
calculated as:

xTDC = l +R−
√
(l +R)2 − (e cosα)2 − e sinα,(3.1)

ϕTDC = sin−1
e cosα

R+ l
.(3.2)

According to Fig. 1d, the BDC position and its corresponding crank angle
(ϕBDC) can be calculated as:

xBDC = l +R−
√

(l −R)2 − (e cosα)2 − e sinα,(3.3)

ϕBDC = 180 + sin−1
e cosα

l −R
.(3.4)

Therefore, the stroke length (S) can be obtained

(3.5) S = xBDC − xTDC =

√
(l +R)2 − (e cosα)2 −

√
(l −R)2 − (e cosα)2.
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The CR can be calculated as:

(3.6) ε = 1 +
VS
VC

,

where VS is the piston displacement, and VC is the compression chamber volume.
VS can be calculated as:

(3.7) VS =
πd2

4
S =

πd2

4

(√
(l +R)2 − (e cosα)2 −

√
(l −R)2 − (e cosα)2

)
,

where d is the cylinder diameter.
According to Fig. 2, VC can be calculated as:

(3.8) VC = VC0 +
πd2

4
xTDC

= VC0 +
πd2

4

(
l +R−

√
(l +R)2 − (e cosα)2 − e sinα

)
,

where VC0 is the compression chamber volume of the CRE.
Now, substituting Eqs. (3.7) and (3.8) into Eq. (3.6):

(3.9) ε = 1 +

πd2

4

(√
(l +R)2 − (e cosα)2 −

√
(l −R)2 − (e cosα)2

)
VC0 +

πd2

4

(
l +R−

√
(l +R)2 − (e cosα)2 − e sinα

)

=

VC0 +
πd2

4

(
l +R− e sinα−

√
(l −R)2 − (e cosα)2

)
VC0 +

πd2

4

(
l +R−

√
(l +R)2 − (e cosα)2 − e sinα

) .
If the cylinder is a regular cylindrical cavity as shown in Fig. 2, VC can be

expressed as:

(3.10) VC = VC0 +
πd2

4
xTDC

=
πd2

4
H +

πd2

4

(
l +R−

√
(l +R)2 − (e cosα)2 − e sinα

)

=
πd2

4

(
H + l +R−

√
(l +R)2 − (e cosα)2 − e sinα

)
,

where H is the compression chamber height of the CRE.
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Fig. 2. Schematic diagram of the cylinder.

Now, substituting Eqs. (3.7) and (3.10) into Eq. (3.6)

(3.11) ε = 1 +

√
(l +R)2 − (e cosα)2 −

√
(l −R)2 − (e cosα)2

H + l +R−
√

(l +R)2 − (e cosα)2 − e sinα

=
H + l +R−

√
(l −R)2 − (e cosα)2 − e sinα

H + l +R−
√
(l +R)2 − (e cosα)2 − e sinα

.

4. Effects of eccentric size and eccentric phase

An eccentric sleeve is a key component of a VLE to achieve a variable com-
pression ratio. The eccentric size and eccentric phase of an eccentric sleeve
greatly affect the piston motion, the positions of TDC and BDC, the com-
pression ratio, the crank angles at TDC and BDC, and the stroke length. In
order to study the effects of the eccentric size and the eccentric phase, a 400 cc
engine was taken as the baseline to reveal the motion characteristics of the VLE
piston. Table 1 presents the main parameters of the engine.

Table 1. Major baseline engine parameters.

Item Parameter

Displacement [cc] 400

Compression ratio 10.5

Cylinder diameter [mm] 81

Stroke [mm] 77.5

Crank radius [mm] 38.75

Connecting rod [mm] 145.5

Speed [rpm] 5800
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4.1. Influence on piston motion

The piston movement process is generally affected by both the eccentric size
(e) and the eccentric phase (α) according to Eqs. (2.9)–(2.11).

Figure 3 exhibits how the piston displacement changed with the eccentric
phase. It is noticeable that when the eccentric phase decreased, both BDC and
TDC declined in the same direction with clockwise rotation of the eccentric
sleeve. This indicates that the stroke length and the compression chamber volu-
me might also change. When the eccentric phase changed, the crank angle loca-
tions corresponding to TDC and BDC also changed. It signifies that the change
in the eccentric phase changed TDC, BDC, the stroke length, and the crank
angles at TDC and BDC.

Fig. 3. Influence of the eccentric phase on the piston displacement.

Figure 4 displays the change in the piston displacement with respect to the
eccentric size. It is evident that when the eccentric size increased, both BDC

Fig. 4. Influence of the eccentric size on the piston displacement.
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and TDC positions were lowered. Similar to Fig. 3, both BDC and TDC moved
in the same direction. It is also noticeable that the influence of the eccentric
size on the piston displacement during the downward motion of the piston was
greater than that during the upward motion of the piston.

Figure 5 shows how the velocity profile of the piston changed with the ec-
centric size at 1500 rpm. It is noticeable that all profiles had the same shape.
Before the crest of the profile, the piston velocity decreased with the increase of
the eccentric size. However, the piston velocity increases with the increase of the
eccentric size between the crest and trough of the profile. Therefore, the piston
velocity decreased with the increase of the eccentric size during the intake and
exhaust strokes and increased with the increase of the eccentric size during the
compression and expansion strokes.

Fig. 5. Influence of the eccentric size on the piston velocity.

Figure 6 exhibits how the piston velocity changed with the eccentric phase
at 1500 rpm. It is clear that all profiles had the same shape. Similar to Fig. 5,

Fig. 6. Influence of the eccentric phase on the piston velocity.
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before the crest of the profile, the piston velocity decreased with the decrease of
the eccentric phase. The piston velocity increased with the increase of the eccen-
tric phase between the crest and trough of the profile; however, the difference
between the curves at the same crank angle was very small.

Figure 7 expresses the change in the piston acceleration with respect to the
eccentric size at 1500 rpm. The piston acceleration profile was a u-shaped curve
in an engine operating cycle (similar to that of the CRE [5]). In the intake and
exhaust strokes, the piston acceleration (absolute values) increased with the
increase of the eccentric size and decreased with the increase of the eccentric
size in the compression and expansion strokes.

Fig. 7. Influence of the eccentric size on the piston acceleration.

Figure 8 reveals how the piston acceleration changed with the eccentric
phase. The shape of the profile in Fig. 8 is very similar to that in Fig. 7. The

Fig. 8. Effect of the eccentric phase on the acceleration profile of the piston.
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effect of the eccentric phase on the piston acceleration was small. The eccentric
phase with the same absolute value had the same effect on the piston accelera-
tion as stated by Eq. (2.11).

4.2. Influence on TDC and BDC positions

Figure 9 displays the changes in the BDC and TDC positions with respect to
the eccentric size. It is evident that the value of the TDC position was negative,
indicating that the TDC position relative to the crankshaft axis was higher
than that of the CRE. When the eccentric size increased, both TDC and BDC
positions increased, and the change rate of the TDC position was greater than
that of the BDC position. Therefore, the stroke length increased as the eccentric
size increased.

Fig. 9. Effect of the eccentric size on TDC and BDC positions.

Figure 10 exhibits how the positions of TDC and BDC changed with the
eccentric phase. It is noticeable that when the eccentric sleeve turned clockwise

Fig. 10. Effect of the eccentric phase on TDC and BDC positions.
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(eccentric phase increased from −15◦ to 15◦), both TDC and BDC positions
relative to the crankshaft axis increased, and the change rate of the TDC position
also increased. However, the change rate of the BDC position first gradually
increased and then decreased, and the maximum value was obtained at 0◦.
When the eccentric phase was greater than 0◦, the value of the TDC position
was smaller than 0◦, which signifies that the TDC position of the VCR was
higher than that of the CRE.

4.3. Influence on the crank angles at TDC and BDC

The eccentric size of the connecting rod and the eccentric phase of the eccen-
tric sleeve created a phase shift at TDC, which indicates that the crank angle
at TDC did not occur at exactly ϕ = 0◦ crank angle (CA). The profiles of the
crank angle at TDC with respect to the eccentric size and the eccentric phase
are displayed in Figs. 11 and 12, respectively. It is evident that the relation be-
tween the crank angle at TDC and the eccentric size of the connecting rod was
almost linear (Fig. 9). When the eccentric size increased from 1 mm to 7 mm,

Fig. 11. Effect of the eccentric size on the crank angle at the TDC.

Fig. 12. Effect of the eccentric phase on the crank angle at the TDC.
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the crank angle at TDC increased from 0.3◦ CA to 2.1◦ CA. The curve of the
crank angle at TDC with respect to the eccentric phase was symmetrical, and
when the eccentric phase was α = 0◦, the curve of the crank angle at TDC
reached the maximum value of 1.24◦ CA.

Due to the configuration of the mechanism, the BDC also did not occur at
ϕ = 180◦ CA; thus, the crank angle at the BDC also shifted. Figure 13 reveals
how the crank angle at the BDC changed with the eccentric size. It is clear that
the relation between the crank angle at the BDC and the eccentric size of the
connecting rod was almost linear. When the eccentric size increased from 1 mm
to 7 mm, the crank angle at the BDC increased from 180.52◦ CA to 183.63◦ CA.
The effect of the eccentric size on the crank angle at the BDC was greater than
that at the TDC. Figure 14 presents how the crank angle at the BDC behaved
with the varying eccentric phase. The profile of the influence of the eccentric
phase on the crank angle at the BDC was a symmetrical curve, and the peak of
the curve (182.15◦ CA) appeared at the eccentric phase of α = 0◦. The effect
of the eccentric phase on the crank angle at the BDC was greater than that at
the TDC.

Fig. 13. Effect of the eccentric size on the crank angle at the BDC.

Fig. 14. Effect of the eccentric phase on the crank angle at the BDC.
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4.4. Influence on the stroke length and the CR

Figure 15 exhibits how the stroke length changed with the eccentric size. The
relation between the stroke length and the eccentric size was nonlinear. When
the eccentric size increased from 1 mm to 7 mm, the stroke length increased
from 77.5 mm to 77.59 mm (a variation of 0.09 mm). Therefore, the variation
of the eccentric size had less influence on the stroke length. The profile of the
influence of the eccentric phase on the stroke length was a symmetrical curve
(Fig. 16). When the eccentric phase was α = 0◦, the curve of the stroke length
reached the peak value of 77.5315 mm. Similar to the eccentric size, the effect
of the eccentric phase on the stroke length was very small. When the eccentric
sleeve rotated clockwise, the eccentric phase varied from −15◦ to 0◦, and the
variation of the stroke length was only 0.021 mm.

Fig. 15. Effect of the eccentric size on the stroke length.

Fig. 16. Effect of the eccentric phase on the stroke length.

The profiles of the CR with respect to the eccentric size and the eccentric
phase are displayed in Figs. 17 and 18, respectively. When the eccentric size
increased from 1 mm to 7 mm, the CR increased from 10.81 to 12.99. When the
eccentric phase varied from −15◦ to 15◦, the CR increased from 9.39 to 11.82.
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Fig. 17. Effect of the eccentric size on the CR.

Fig. 18. Effect of the eccentric phase on the CR.

Therefore, an appropriate CR could be obtained by choosing a reasonable ec-
centric size and adjusting the eccentric phase during engine operation.

5. Comparison with another mechanism

One of the main concerns in the design of the proposed mechanism is to com-
pare the characteristics with another VCR mechanism. Table 2 shows the compa-

Table 2. Comparison of the characteristics between the proposed mechanism
and reference [22].

Item Jiang and Smith [22] Proposed mechanism

Piston’s displacement [mm] 103–247 108–185

Piston’s velocity [mm/deg] −1.15–1.25 −0.71–0.7

Piston’s acceleration [mm/deg2] −0.021–0.021 −0.009–0.015

Stroke length [mm] 117.9–135.3 77.5–77.59

Compression ratio 8–13.8 7.3–19
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rison of the characteristics between the proposed mechanism and the mechanism
presented in [22]. The data from [22] in Table 2 are obtained from the graphs
given in [22], and the data are the maximum and minimum value of the curve in
each graph. In order to facilitate comparison, the data of the proposed mecha-
nism such as the zero of displacement, the units of velocity and acceleration
have been transformed. In addition, the CR values for the proposed mechanism
are the result of the eccentric size of 7 mm and the eccentric phase changes from
−35◦ to 35◦.

In Table 2, we can see that for the displacement and stroke in [22] both
the value and range of variation are greater than those of the proposed mecha-
nism, which means that the size of the mechanism in [22] is larger than that of
the proposed mechanism. A characteristic to be considered in this analysis is the
piston’s velocity and acceleration. Excessive speed and acceleration will bring
vibration and shock to the engine, resulting in the unstable operation of the en-
gine. It can be seen in Table 2 that both the values (including absolute values)
and variation ranges of the piston’s velocity and acceleration of the proposed
mechanism are smaller than those of the mechanism in [22]. We know that the
larger the compression ratio, the better the performance of the engine. More-
over, the larger the variation range of CR, the more reasonable adjustment of
CR can be made according to the working condition of the VCR engine. There-
fore, the engine is always in the best working state. As can be seen in Table 2,
the maximum value and variable range of the CR of the proposed mechanism
are greater than those of the mechanism in [22], while the minimum value of the
CR is smaller than that of the mechanism in [22].

6. Conclusion

VCR is one of the promising technologies that could handle the increasingly
strict emission regulations. It is reported that the piston movement process
significantly affects engine performance in many ways. VLEs can offer higher
efficiency, lower fuel consumption, and lower pollutant emission than VCR en-
gines. The present paper presented a kinematic model of the VLE piston and
a mathematical calculation model of thedead center position and the CR. The
effects of the eccentric size and the eccentric phase on the piston motion, the po-
sitions at TDC and BDC, the crank angles at TDC and BDC, the stroke length,
and the CR were discussed. The main observations are presented below:

1) The eccentric size and the eccentric phase had great effects on the motion
characteristics of the piston. The efficiency and performance of the VLE
could be improved by choosing the proper eccentric size and eccentric
phase.
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2) The positions of TDC and BDC relative to the crankshaft axis increased
with the increase of the eccentric size; however, the change rate of the
TDC position was greater than that of the BDC position. Therefore, the
stroke length increased as the eccentric size increased.

3) When the eccentric sleeve turned clockwise from negative to positive an-
gles, both TDC and BDC positions relative to the crankshaft axis in-
creased. The change rate of the TDC position continuously increased;
however, the change rate of the BDC position first increased and then
decreased, making the profile of the influence of the eccentric phase on the
stroke length an inverted U-shaped symmetric curve.

4) The crank angles at TDC and BDC did not, respectively, occur at ϕ = 0◦

CA and ϕ = 180◦ CA. The crank angles at TDC and BDC increased with
the increase of the eccentric size. However, the profiles of the influence
of the eccentric phase on the crank angles at TDC and BDC were inverted
U-shaped symmetric curves with the peak at 0◦.

5) The CR could be varied by changing the eccentric size and the eccentric
phase. An appropriate CR could be obtained by choosing a reasonable
eccentric size and adjusting the eccentric phase during engine operation.

6) Compared with another mechanism, the proposed mechanism can achieve
a larger range of CR adjustment and has a smaller piston’s displacement,
velocity and acceleration.
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