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In this paper, a new configuration of Crank-Rocker (CR) model has been proposed by
duplicating its mechanism. The method has been implemented to overcome vibration
problem on a single-piston Crank-Rocker engine caused by system unbalance. The new
method suggests combining conventional method of adding counterweights to reduce
shaking forces and eliminating the inertial moments on system by implementing the
new layout. A dynamic study of the new model is presented, then the objective function
is derived and implemented to perform the optimization process. Related design
variables and system constraints are introduced to determine attached counterweights
optimized characteristics. For results validation, the simulation, dynamic analysis, and
optimization process were conducted using ADAMS VIEW® software. The output
results were presented and discussed to verify the validity of the suggested method. It
was noticed that the method was very effective and has managed to reduce the total
shaking forces by about 91%, shaking moment by about 66%; and the driving torque

by 27%.

1. INTRODUCTION

Crank-Rocker (CR) mechanisms can be found in many
applications due to their simple design, wide functionality, and
ease of production. Many researches have introduced different
approaches to study the kinematics and dynamic synthesis of
this mechanism that can be used as a base for further related
studies [1-3].

Previous studies led to the invention of a new single piston
engine called Crank Rocker (CR) engine by a research team at
Centre for Automotive Research and Electric Mobility

(CAREM), Universiti Teknologi Petronas (UTP) Malaysia [4].

Since then, the CR engine is under continuous investigation to
achieve the most beneficial outcome from such design [4-9].
Although single piston design showed promising results in
term of efficiency and indicated power, noticeable high
vibrations during operation of the engine was noticed mainly
due to the unbalance of engine. The current CR engine
architecture requires further development owing to its
oscillating mechanism. Fluctuating forces and moments are
acting during CR engine operation which lead to unbalance
and shaking of the engine, affecting its mechanical
performance. For applications where the crank speed is high,
a dynamic balancing to reduce shaking forces and shaking
moments are required. Ultimate dynamic balancing of a CR
mechanism is considered a challenge because it is a trade-off
between balancing forces and moments [10].

In this research, our aim is to introduce a new engine layout
that can be used to overcome vibrations resulted from a single
cylinder CR engine. Therefore, a double-piston crank rocker
(DCR) configuration is suggested in this research to achieve
satisfactory balancing results. Although many techniques can
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be devoted to studying the dynamic balancing of four-bar
linkages, few researches have been introduced in duplicating
this mechanism and studying its effect on balancing [11, 12].
Therefore, it is attempting to study the DCR system balancing,
where a combination between complete shaking force
elimination using counterweights and mechanism duplication
for shaking moment reduction are presented and discussed.

In his paper, Arakelian [12] introduced a solution for the
problem of shaking moment exerted on double crank-slider
mechanism. Similarly, van der Wijk et al. [13] introduced a
systematic study of the dynamic behaviour of a single-crank
doble-slider mechanism to investigate the possibility of
balancing such system.

Basically, it can be noticed that several researchers have
focused on developing certain methods for practical
mechanism balancing. Some of these methods include adding
counterweights, distributing linkages’ masses, while others
use rotating disks or duplicating linkages [12, 14-19].
Mohammed et al. [20] presented a method for complete
shaking force elimination of a crank-rocker mechanism by
using counterweights. His method was simple to grasp and
practical, where the first step involves adding counterweights
to the crank and rocker links and then followed by applying
the law of motion to obtain the balanced case. However, Xi
and Sinatra [21] stated that adding counterweights to eliminate
the shaking forces increased the moment of inertia of the
mechanism, leading to the increase in the shaking moments
and vibration. In addition, Kochev [11] conducted a review on
methods for balancing of a four-bar mechanism and concluded
that a total balanced mechanism could be achieved on the price
of complexity and mass increase.

In previous studies, scholars tried to formulate and develop


https://crossmark.crossref.org/dialog/?doi=10.18280/mmep.080210&domain=pdf

mathematical equations for the dynamic problem and find a
suitable solution for these equations using different
mathematical and programming approaches [22-25].
Demeulenaere et al. [26] in their research indicated that
dynamic reactions of four-bar mechanism can be reduced by
adding counterweights. He dealt with this problem as an
optimization problem, which could be solved as a convex
problem to find the optimum solution. Chaudhary and Saha
[27] pointed some difficulties of the four-bar linkage
balancing problem such as formulating the dynamic problem,
the objective function and the system constraints. Therefore,
the author proposed dynamic equations using maximum
recursive algorithm to accomplish the optimum balancing of
the four-bar mechanism.

In this paper, a dynamic analysis for the crank-rocker
mechanism is initially illustrated. Then the adopted
optimization method for both shaking forces and moment
balancing is introduced. Lastly, a DCR design approach,
simulation and analysis is validated using ADAMS VIEW®
software.

2. MODEL DYNAMIC EQUATIONS

In this section, a dynamic analysis considering the addition
of balancing counterweights to the four-bar mechanism is
introduced [10, 28]. Then, a mathematical model for the DCR
mechanism is derived based on basic analysis for design
purposes. Figure la shows basic configuration of a standard
four-bar mechanism, and Figure 1b illustrates free body
diagram of this mechanism under different dynamic forces.
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Figure 1. Four bar mechanism: (a) Dynamic load
Representation; (b) Free body diagram

From Figure la above, this mechanism arrangement has
links of length Li, (where i=1 to 4). Each link has a mass, m;
and moment of inertia, l;. The mechanism rotates with angular
velocity, ®; and angular acceleration, a;. The transitional
velocity v; and transitional acceleration, a; are both vectors
originating from each link center of gravity. External forces
and torques exerted on the it length are donated by F,; and T,
respectively, while Tp is the crank driving torque.

Based on the free body diagram shown in Figure 1b, we can
use the following equations to find the reaction forces on the
coupling link joints A and B as follows [10]:

_ (Rva + Svp, — P)vAy — Qug,y

F23x - 1% (1)
—Rvg,, — Svg, + P)vy, — QU
Fzgy — ( Bx ByV ) Ax Q Bx (2)
(P - SVBy)VAy — (Rvgy — Q)VBy 3
F4_3x = V ( )
(Rva - P)vAy + (SUBy - Q)UAX (4)
F43y = %
where:
R =mzas, — Fesy %)
§= msdszy — FeSy (6)
V = UpxVay — VyVax (7
in which, F;j,, are the pivot reaction forces in x and y

components by the it link on the j" link (i, j = 1-4). Similarly,
Feix, are the external forces in x and y components applied on
each link. v, ,,, gy, are velocity components of both point
A and B, respectively. a;, ,, is the acceleration component of
centre of gravity of each link.

3
P = Z K,: - TD(J)Z (8)
i=2

)

To and K; can be found from the virtual work applied on a
system in which:

T, = Z Ki 10)
»= 20 (
i=2
where:
K; = mia;v; — Tow; — Feive; + L0 w; (11)

As a result of solving Eqgns. (1)-(4), ground joints reaction
forces can be obtained as follows:

Fiox = Fozx + MpQyy — Feoy (12)
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Fipy = Fp3y + Mpay, — Feyy, (13)
Fipy = Fa3y + Myayy, — Foyy, (14)
Fiay = Fizy + myayy — Feyy (15)

And we can write the total shaking force component F,, and
K, as:

Fye = —(Fiox + Fiay) (16)

F, = _(F12y + F14y) (17)

Since all free body diagram forces are calculated, it can be
noticed that shaking forces are vector sums of the transitional
inertia moments. Also, the shaking moments are the vector
sum of the mass inertia moments and moments of applied
forces [24, 29]. Hence, the total inertial force can be written as:

4
ZF=F12+F14=0 (18)

=2

Similarly, for the total system moment M,; about crank
pivot O is formulated as:

4 4 4
Z Mo, =— Z Rgmia; — Z Lio; — z Tei
= i=2

=2 (19)
= > Fuhy+ My, = 0

i=2

Under balanced condition, this equation can be expressed as:

4 4 4 4
My, = Z Rgm;a; +Z Lia; + Z Tei + Z Feih;  (20)
i= =2 i i

where, M1 is the reaction moment about pivot Oy, R; is the
distance from center mass of gravity of each link to the crank
joint at pivot Oy, and h; is the distance from the external forces
applied on links to the crank joint at pivot Os.

Figure 2 below shows the initial DCR illustration with
rocker extension and piston that resembles the CR engine
configuration. The main component of this mechanism are the
crank links (CR1 and CR2), coupler links (COUP1 and
COUP2) and the rocker links (R1 and R2). All forces and
moments are designated to relevant corresponding link, also
force components are represented in the x-y coordinates
system.
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Figure 2. DCR mechanism: (a) 3-D view with mechanism
motion path; (b) Schematic side view

Eqgns. (18)-(20) represent the shaking forces and shaking
moments of a single four-bar mechanism. Prior to
implementing these equations to formulate a double
mechanism model, few assumptions were made for
simplification purposes. First, for a system where the ground
pivots are collinear, the effect of all x-axis force components
on reaction moment are zero, therefore only the y-axis force
components and inertial mass moments are in effect. In
addition, since this approach is based on planar analysis and
for calculation simplification, the distance between the two
crank-pivots and rocker-pivots is not considered in moment
calculations. This is because they are having insignificant
affect when implemented compared to their value when
consider the distance L; in moment calculations. Another
assumption, since symmetry is preferred for such arrangement,
rocker extension and crank counterweight links are set to have
equal lengths as the crank and rocker links, respectively.

In Eg. (10), the driving torque value is affected by rotation
speed change, hence input speed need to be fixed to a desirable
level to prevent any complication by adding a control system
to the working mechanism [11, 30]. Therefore, the engine is
assumed to rotate with constant angular velocity and having a
rigid body. Considering these assumptions and upon applying
dynamic theories on this system, we can rewrite the reaction
force equations as follows:

Fere = —(Ferix + Ferax) (21)
FCRy = _(FCRly + FCRZy) (22)
Frx = —(Frax + Frax) (23)
Fry = —(Friy + Froy) (24)

where, Feg,,, are the sum of force components at the crank
joints, and Fy, ,, are the sum of force components at the rocker
joints.

For the total shaking force F, and its components Fs, ,,, the
equations can be written as:

Fsx = Fcrx + Fry (25)
FSy= FCRy+FRy (26)
Ft = FSX + Fsy (27)
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Similarly, the crank shaking moment M., equation about
crank pivot can be formulated as:

Mcg = _(FRly + FRZy )Ly

= (cour1@coupr1 + Icour2@coup2
+ Ig1 gy + Igz@r2) — Tp

(28)

Also, rocker shaking moment Mg about rocker pivot
becomes:

Mg = Fegyli — (Ucour1@cour1 + lcour2@cour2 (29)

+ Ip1 @1 + Ir2Qg2)
where, | and « are the moment of inertia and angular
acceleration of corresponding link, respectively. For the case
of fixed crank angular velocity, the angular acceleration of
crank linkage is zero, and this eliminates the crank inertial
moment effect. To achieve system balancing in term of
shaking moments we follow:

My =Mg —Mcg =0 (30)

M, = FepyLy + (Friy + Froy )Ly + Tp (1)

Adding the shaking moment from (27) and (28) lead into a
minimum value of resultant moment M; since moments
resulted from forces or moment of inertia tends to cancel each
other due to the change in direction, see Figure 3.

Normalized shaking forces and moments are introduced for
better results visualization, these values can be formulated as
follows [31]:

F° = F 32
B msz(ug (32)
M° = M 33
T myliw? (33)
o= 34
T myliw? (34)

where, F°, M°, and T are the normalized values of acting
force F, moment M and torque T respectively.

3. BALANCING OPTIMIZATION METHOD

In this section, the optimization criteria for balancing of the
DCR mechanism is introduced. Three factors are selected to
perform the optimization process which are determining the
objective function, assigning the design variables, and
identifying system constraints.

In the previous section, parameters that have impacts on the
DCR mechanism such as links basic geometry and inertial
moments were formulated. To overcome the vibration on this
system, adding and optimizing counterweight masses of the
system is performed, in such way that forces on the system
tend to cancel each other’s effect. However, increasing
mechanism total mass would lead to the increase in the body
inertial moments and multiply system shaking moments which
is not desirable. Here comes the role of duplicating the
mechanism, where opposed momentums exert and cancel each
other’s effects on both sides.
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For this reason, our aim during performing this optimization
is to vary and determine the counterweight masses and
location which will lead to the reduction in shaking forces in
y-direction, also to minimize the total driving torque to
maintain acceptable level of shaking moment. From Eqns. (27)
and (31), the objective function can be written as:

minimize f(X) = o,F; + o0,M, (35)
where, o is weighting factor. In this study three cases of
weighting factor (o,, 0,) arbitrary values are considered for
testing trade-off impact of shaking forces and moments on
optimization process. For case-1 (0.5,0.5), case-2 (0.7,0.3) and
case-3 (0.3, 0,7). The design variable X identified by:

X ={CW,, P;} (36)
where, CW; are counterweight masses added on link (i), (j=1
to 4) and Pj is the position distance of each counterweights
CW; along the corresponding link (i) measured from coupler
joint. The optimization is performed under constraints of crank
rotation angle 6, from 0°to 360 with constant angular
velocity w2 and specific rocker stroke determined by rocker
extension link length L,, and oscillating angle 64 (Figure. 2).
These constraints were for achieving effective Kinetic
synthesis of the system and to prevent non-feasible solutions
when performing dynamic optimization of this system. The
model parameters have the characteristics and properties
mentioned in Table 1 which was introduced using
optimization method in Ref. [32]. Moreover, Figure 2(a)
introduces this mechanism kinematic behaviour presented by
linkages path motion.

Table 1. DCR links dimensions and mass properties

Link Length Mass  Moment of Inertia [Ixx,
(mm) (k9) lyy, 12z], (kg.mm?)
[2.8 x 103, 2.7 x 103,
CR1, CR2 141.4 1.075 172.4]
[1.9 x 105, 1.9 x 105,
R1, R2 690.8 4.391 743.9]
COUP1, [1.64 x 10%, 1.6x 104,
COUP2 2828 1958 319.5]
L1 481.0 NA NA

4. RESULTS AND DISCUSSION

In this section, validation and implementation of the earlier
dynamic and optimization approach of DCR mechanism is
illustrated.

This system assumed to be running under fixed angular
velocity of 2000 rpm, where no external forces or torques were
applied. Four counterweights with arbitrary masses and
arbitrary positions are placed on the four crank and rocker
linkages, as shown in Figure 3. The optimization and dynamic
simulation were performed using ADAMS VIEW® software.
The objective function stated in (35) was implemented to
optimize this system with three cases, (i.e., case-1, case-2, and
case-3) where weighting factors varied as explained in section
3. Figure 4 shows objective function versus iteration for the
three cases. Table 2 represents the initial, boundary limits and
optimized values for counterweights.



Table 2. Counterweights parametric values prior and after optimization

. . . . - - Optimized Value
D Vi | Initial t L limit limit
esign Variables | Initial condition | Lower limit | Upper limi Case 1(05,05) | Case2 (0.7, 0.3) | Case 3 (03,07)
CW1 (kg) 3 0.01 20 0.010 0.010 0.010
P1 (mm) 142 0 142 97.94 130.26 83.033
CW2 (kg) 3 0.01 20 0.119 0.042 0.511
P2 (mm) 142 0 142 94.654 118.96 77.569
CW3 (kg) 3 0.01 20 4.129 4.049 4.251
P3 (mm) 0 0 700 0.000 0.000 0.0138
CW4 (kg) 3 0.01 20 3.648 3.489 3.838
P4 (mm) 0 0 700 0.000 0.000 0.082
"
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Figure 4. Objective Function Vs Iteration: (a) Casel, (b)

Case2 and (c) Case3

Figure 5. Unbalanced and balanced results for case-1 for (a)
Normalized shaking forces, (b) Normalized shaking moment
and (c) Normalized Driving torque
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For the three cases considered in this study, Figures 5, 6,
and 7 introduce plot graphs for unbalanced and balanced
values of normalized shaking forces, shaking moments and
driving torque. Normalized values were obtained using Eqgns.
(32)-(34).

Figure 5 represents case-1, and it can be noticed that
optimized results were better when compared to the original
unbalanced mechanism. RMS results shows that shaking
forces were reduced by a value of 90.51%, shaking moments
were reduced by a value of 66.67% and driving torque was
reduced by 26.97%.

Similarly, Figure 6 represents case-2, resulted RMS for
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Figure 6. Unbalanced and balanced results for case-2 for (a)
Normalized shaking forces, (b) Normalized shaking moment

and (c) Normalized Driving torque

shaking forces were reduced by 91.64%, shaking moments
were reduced by 65.74% and driving torque was reduced by
27.39%. were reduced by 65.74% and driving torque was
reduced by 27.39%.

Figure 7 represents case-3, the results for shaking forces
reduction, shaking moment reduction and driving torque
reduction are 88.19%, 65.74%, and 25.31% respectively. It
can be noticed that case-2, (o, 0,) values (0.7, 0.3), gives best
results in term of reducing shaking forces and driving torque,
while all cases giving close results in term of reducing shaking

moments.
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Figure 7. Unbalanced and balanced results for case-3 for (a)
Normalized shaking forces, (b) Normalized shaking moment
and (c) Normalized Driving torque

Table 3. Dynamic behaviour resulted by different optimization methods, a comparison

. This study
Reference Mechanism  van  FFB  Bram —— 0 0505 Case2(0.7,03) Case 3 (0.3,0.7)
Max 7300 1264.42 65578 1558.4 724.66 670.14 913.47
Min -6422.48 40457 -32.87 -1226.6 -306.25 -110.38 -581.99
Fe Ave. 527.92 4636 2683  460.2 287.61 284.86 290.86
RMS 4722 8202 3806 9965 448 394.8 557.9
RMS reduction % 8263 9194 789 90.51 91.64 88.19
Max 2.06 234 085 143 0.67 0.73 0.63
Min -1.54 127 041 -0.91 -0.38 -0.38 0.4
Mix10°  Ave. 0.24 017 054  0.89 0.95 0.83 0.11
RMS 1.08 115 042 073 0.36 0.37 0.37
RMS reduction % 648 6111 3241 66.67 65.74 65.74
Max 3.65 198 261 213 2.66 2.63 2.7
Min -3.19 71 227 -185 -2.32 -2.29 -2.35
Tax10°  Ave. 0.72 073 052 042 0.53 0.52 0.53
RMS 2.41 131 173 142 1.76 1.75 18
RMS reduction % 45.64 2822  41.08 26.97 27.39 25.31
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Moreover, Table 3 introduced a comparison between the
three cases introduced in this study, full force balance method
(FFB) in the paper [20], optimization methods by Yan et al.
[10], and Demeulenaere et al. [26]. It can be noticed that FFB
and case-2 of this study give best results in term of shaking
force reduction by about 91%. For shaking moment reduction,
the three cases of this study introduced best results by about
66% then comes FFB with about 61%.

For driving torque reduction, results from the paper [10, 26]
introduce best results by about 45% and 41% respectively,
while this study introduces about 25 to 27% reduction in
driving torque values.

For better understanding of forces and moments
cancellation effect for DCR mechanism that illustrated
previously in Figure 3, analysis of force and moment
component are illustrated in Figures 8 and 9.

25
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-| ==Fx-Unbalanced
---Fx-Balanced
15| —Fy-Balanced

Normalized Force

0.0 0.0056 00112

Time (sec)

0.0169 0.0225

Figure 8. Normalized shaking forces components of DCR
mechanism before and after balancing

Figure 8 represents normalized forces values for force
component acting on DCR in x- and y- direction. These forces
show higher values and asymmetrical behaviour which leads
to the presence of higher shaking forces on system. However,
these forces show less amplitudes and better symmetrical
behaviour that brings total shaking forces into an acceptable
value.
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Figure 9. Normalized shaking Crank and Rocker moments of
DCR mechanism before and after balancing.

Similarly, Figure 9 represents normalized crank and rocker
moment values for acting on DCR. These moments show
higher values and asymmetrical behaviour which leads to the
presence of higher shaking moments on system. On the other
hand, these moments show less amplitudes and better
symmetrical behaviour that brings shaking moments to cancel
each other effect and reduce total shaking moment value.

Even though considering both shaking forces and shaking
moments when performing the optimization process is giving
better results, but it is also noticed that when applying
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complete force balance on the DCR system, it can achieve high
balancing results. since duplicating the mechanism highly
helps in reducing shaking moments and adding the
counterweights reduces shaking forces by this system.

5. CONCLUSIONS

In this work, a double crank-rocker (DCR) mechanism was
suggested as a new configuration to reduce the vibration
resulted from a single CR mechanism. The theory is based on
combining counterweights to balance shaking forces and
duplicating the working mechanism to overcome the resulted
shaking moments. A dynamic study of the four-bar mechanism
was introduced, then evolved to satisfy the balancing
requirements of the new designed model.

Later, based on the dynamic analysis, the objective function
and design variables used in optimization process were
formulated. validation of the optimized system showed that
adding counterweights to the DCR result in reducing both
shaking forces and shaking moments to a satisfying result.
However, increment of mechanism weight due to mechanism
duplicating, and counterweight addition was increased by
about 51%. Further work on different mechanism layout
should be done to investigate vibration behaviour due to the
implementation of this developed mechanism.
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NOMENCLATURE

a
Fe

transitional Acceleration, mm/s?

External Forces, N

Shaking Forces, N

Obijective function

Moment of Inertia, Kg.mm?

Length of Link i, mm

Mass of link i, Kg

Crank Joint Moment, N.mm

Rocker Joint Moment, N.mm
Counter-weight j, position along link, mm
Distance from centre of mass to fixture, mm
External Torques, N.mm

Driving Torque, N.mm

Transitional velocity, mm/s



Greek symbols i Angle between i link and x-axis, rad

1) Angular velocity, rad/s

a Angular Acceleration, rad/s? X Design Variable
s Angle between force action line and x-axis,

rad Abbreviations
¢ Angle between centre of mass and x-axis, rad
u Angle between link i and counterweight, rad CR Crank Rocker
p Distance between counter-weight mass and Cw Counterweight

fixed joints, mm DCR  Double Crank Rocker
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