Mechanical

Open Access

Hang Ye'2, Zhongke Niu!-2, Dawei Han'-?, Xu Su'?, Weidi Chen'!?, Guojun Tu'?, and Tianchi Zhu!-?

'National Key Laboratory of Aerospace Mechanism, Shanghai 201108, China
2 Aerospace System Engineering Shanghai, Shanghai 201108, China

Dawei Han (handawei021@ 163.com)

Received: 2 June 2024 — Revised: 11 October 2024 — Accepted: 26 February 2025 — Published: 26 May 2025

Aiming at the difficult problem of comprehensive scale design of the six-bar mechanism in engineer-
ing practice, kinematic and dynamic analysis and modeling of the Watt-II six-bar mechanism were carried out
and combined with the particle swarm optimization (PSO) algorithm, the size optimization model of the Watt-II
six-bar mechanism was established, and the size optimization of the Watt-II six-bar mechanism was completed.
The results show that the optimized mechanism can improve the output capacity of the mechanism and reduce
the force of the parts while ensuring the motion stability, which has certain practical significance in engineering.

The planar linkage mechanism is widely used in engineer-
ing machinery, robots, vehicles and other industrial prod-
ucts because of its strong bearing capacity, high reliability
and long-distance force transfer (Tian et al., 2022; Fang et
al., 2004; Tan, 2011; Tuleshov et al., 2021; J. Wang et al.,
2018; Sun et al., 2022; Song et al., 2024). At present, the re-
search on various linkage mechanisms is very rich and de-
tailed, combining the advantages of the genetic algorithm
and quasi-Newton algorithm. L. Wang et al. (2018) designed
an optimization algorithm of the planar four-bar mechanism,
which improved the global convergence ability of trajectory
fitting of the planar four-bar mechanism; based on the princi-
ple of design for manufacturability (DFM), Chen (2012) op-
timized the design of the crank—rocker mechanism with the
condition that the minimum transmission angle gets the max-
imum value and improved the transmission performance of
the mechanism. Dong et al. (2010) combined the analytical
method with the simulation test to obtain a complete solution
of the synchronization performance optimization problem of
the single-crank double-rocker mechanism.

The six-bar mechanism is an important branch of the pla-
nar linkage mechanism, which has the characteristics of var-
ious motion laws, rich trajectory, small space envelope and
easy-to-realize mechanism force increase/reduction. How-
ever, compared with the traditional planar linkage mecha-

nism, it is difficult to design the six-bar mechanism because
of the large number of components and the complex force
transmission path. Therefore, scholars and experts have also
carried out extensive research on the design optimization
of the six-bar mechanism. Ma and Chen (2022) used a ge-
netic algorithm and nonlinear programming to optimize the
design of the series four-link mechanism and improve the
kinematic relation of the output angle of the mechanism; Li
and Xiong (2022) used an improved genetic algorithm to
carry out comprehensive scale optimization of the mecha-
nism so that the mechanism can better adapt to the require-
ments of working conditions. Li et al. (2021) proposed an
algebraic method to solve the trajectory of the planar six-bar
mechanism based on a Fourier series; Sun et al. (2019) ex-
pressed the topology of the metamorphic mechanism through
a holographic matrix, identified the relationship between the
original metamorphic mechanism and the subconfigurational
mechanism and verified the effectiveness of the method us-
ing an example.

At present, the design, development and engineering ap-
plication of the Watt-II six-bar mechanism are relatively ma-
ture, but there are few research papers on the Watt-II six-bar
mechanism, especially on the aspect of scale comprehensive
optimization design. Aiming at the Watt-II six-bar mecha-
nism under specific working conditions, the kinematic and
dynamic models of the mechanism are established in this pa-



Basic configuration of the Watt-II six-bar mechanism.

per, and the size optimization method of the mechanism is
proposed by combining particle swarm optimization (PSO)
algorithms. Compared with the original design size, the out-
put capacity of the six-bar mechanism is obviously improved
after the size optimization, which provides a reference for the
size optimization of the six-bar mechanism.

In an engineering project, the peripheral structure layout and
allowable motion envelope size of the Watt-1II six-bar mech-
anism are shown in Fig. 1. In the figure, /1, I3, I3, I5, [ and I7
are the length dimensions of the bar members of the six-bar
mechanism; ¢1, @2, @3, @5, s and @7, respectively, repre-
sent the angle between the corresponding bar members and
the horizontal line; &1, h», l4 and Ilg are the vertical and hor-
izontal dimensions between the hinges of the Watt-II six-bar
mechanism. Rod /1 is connected with the output shaft of the
driving mechanism, and the driving torque required for the
movement of the six-bar mechanism is output, rod /3 is firmly
connected with rod /5, rod /7 is the output rod of the mecha-
nism, and angle @7 is the output angle. Under the working
condition, the rotation angular speed of the six-bar mech-
anism crank rod [/; is constant, and the load torque of the
output rod /7 is 180 Nm; it is required that the mechanism
crank rod /q drives the mechanism to achieve the rotation an-
gle range of the mechanism output rod /7 under the load con-
dition of 120° while ensuring the stability of the mechanism
motion.

The mechanism rod in Fig. 1 is represented by a vector as
shown in Fig. 2, and the vector equation can be obtained as
follows:

Li+l=1l44+h+1;, ()
Is+1lg=13+hy+17. )

By expressing the vectors in Eqs. (1) and (2) through com-
plex numbers, the complex number equation can be obtained

Watt-II six-bar mechanism vector.

Rod length range.

Dimension Rod  Value range

1 I [80,130]

2 15 [150,220]

3 I3 [120,190]

4 Ig [150,250]

5 Is  [170,270]

6 lg [140,200]

7 I7 [120,140]

8 I [120,240]

9 hy [20,100]

10 hy [20,120]
as follows:
119" + 16! = 146" + hye' P + [3¢'93, (3)
lseiws —i—lﬁei% = lgeiw8 +h2€itph2 +l7ei¢7. @

In Egs. (3) and (4), ;i = 1,2,...,8, hy, hy) is the angle be-
tween each vector and the horizontal plane, where the fixed
angles are

@4 = @3 = 180°, o, = gn, =90°. &)
Since rod /3 and rod /5 are fixed, there is an angle relation-
ship:

@5 = @3 +a(a = const). (6)
0

Combined with Euler’s equation e/ =cos@ +isinf,
Egs. (3)—(5) can be further expressed as follows:

lycosg) +1rcospy = —h| +13cos @3 7

l1singy + Il singy =14+ 13sing3 ’

Iscosgs + lgcospg = —ho +17cos @7 )
I5sings + lgsingg = I3 + l7singy

From Eq. (7), we obtain the following:

A1 =licos¢y + hy,
B =11 sing — Iy, )
Cy = (A} + Bf +13—13) /(213).



Force diagram of the Watt-1I six-bar mechanism.

From Egq. (8), we obtain the following:

Ay =lI5c0sp5+ ho,
By =I5sings — I3, (10
Cr=(A3+ B3 +13 —12)/21y).

By combining Eqgs. (7)—(10), the relation between the angles
of the rods of the double four-link mechanism can be ob-

tained:
By +,/A?+B? - C}

= 2arct , 11
©3 arctan A -G (11)
By +13si
@y = arctan Bi+i3sings ) (12)
Aq+13c0s¢3
B,+.,/A3+ B3 —C;
= 2arct , 13
©7 arctan 4G (13)
By + 17si
@6 = arctan Datlzsingr \ (14)
Ay +17c08¢7

Considering the surrounding space size and motion envelope
requirements of the Watt-II six-bar mechanism under this
working condition, the given value range of each rod length
is shown in Table 1.

According to Egs. (7)—(14) and Table 1, the changes in
angle and angular acceleration of each rod during the move-
ment of the six-bar mechanism can be obtained when /; mo-
tion characteristics of the crank rod are determined, which
can be used as a reference for size optimization.

The force diagram of the Watt-II six-bar mechanism is shown
in Fig. 3. In the figure, M|, M3, Ms and M7 are the torque
subjected by the bar members /1, I3, [5 and 7, respectively.

Initial parameters of the model building algorithm.

Parameter Name Value
D Spatial dimension 10
N Population number 50
kmax Maximum iterations 70
w Inertia weight 0.8
cl Self-learning factor 0.5
c2 Group-learning factor 0.2

Particle position component value range.

Position

component Rod  Value range
X1 I [80,130]
X 153 [150,220]
X3 I3 [120,190]
X4 Ig [150,250]
X5 Is [170,270]
X6 lg [140,200]
x7 I7 [120,140]
xg Ig [120,240]
X9 hy [20,100]
X10 hy [20,120]

The crank rod /; is connected to the drive mechanism, the
output fixed torque Mi, and the force is transferred to rod
I3 through the two-force rod /5. I3 torque of the rod can be
obtained by the following calculation:

I3sin(wr — 2 + @3)

M3 = M;—; .
lysin(w + 1 — ¢2)

5)

Rod /5 and rod /3 are fixed, so the torque of both is equal,
Ms = M3. Similarly, for the second part of the link, the force
is transferred to rod I7 through the two-force rod /g. The /7
torque of the rod can be obtained by the following calcula-
tion:

17 si —
My = Ms 7s1n(n ¢6+(ﬂ7)' (16)
Issin(mr + @5 — @6)

By combining Eqgs. (15) and (16), the relationship between
output torque M7 and input torque M| of the Watt-II six-bar
mechanism can be obtained:

317 sin (T — @2 + @3)sin(wr — @6 + @7)

M7 = M, - - .
lilssin (7 + @1 — @2)sin (7 + @5 — @6)

A7)

The bearing capacity of a mechanism is an important index to
investigate the overall performance of that mechanism. The
size of each rod in the Watt-II six-bar mechanism determines
the output torque of the mechanism, so it is necessary to op-
timize the size of the mechanism and select the local optimal
solution of each rod size within a certain range to improve
the bearing capacity of the mechanism and ensure the work-
ing margin.
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Particle velocity component value range. Iterative process of mechanism size optimization
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Figure 6. Comparison of the output bar angle of the Watt-II six-bar
mechanism.
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Figure 7. Comparison of drive capability of the Watt-II six-bar
mechanism.

3 Particle swarm optimization algorithm

The particle swarm optimization (PSO) algorithm was first
proposed by Kennedy and Eberhart (1995) to simulate the
foraging process of birds. In the process of foraging, there is
an individual closest to the food, which is the local optimal
solution. The birds constantly adjust their position to get to
this individual and at the same time try to make the group
position optimal so as to obtain the global optimal solution.

Principle of the algorithm

In the particle swarm optimization algorithm, if the number
of population individuals is k, the individual space dimension
is d, and the number of iteration is m, then the population can
be represented as x = (x1,x2,...,xx)" .

The position of the ith particle x; ( = 1,2,...,k) is

X = (Xi1, X2, ..., Xid)- (18)

https://doi.org/10.5194/ms-16-237-2025
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Figure 8. Comparison of the force on each bar of the Watt-II six-bar
mechanism.
The velocity of the ith particle x; i = 1,2,...,k) is
- Vid), 19)

v; = (i1, vi2, ..

where x;4 and v;4 represent the position and velocity of par-
ticle x; in the dth dimension, respectively.

Mech. Sci., 16, 237-244, 2025



The individual extremum of particle x;(i = 1,2,...,k) in
the tth iteration is

pi0) = (pi1(0). pia(©). ... pia(0)). (20)
[ . f a0 < f(pist— 1)
””“)‘{ it =), fai@e) > fpiyt—1y) © @D

The global extremum of the population in the ¢th iteration is

pg(t) = (Pgl(f% Pga(t), ... Pgd(l)), (22)
Pei () =EM f(pij)) . g =1.2,.. .k (23)

In the iterative process, the individual extreme value of the
particles is obtained by updating the velocity and position to
determine the individual optimal value, and the global ex-
treme value is determined by the updated individual extreme
value of the population. The equation for updating the veloc-
ity and position of particle x;(i = 1,2, ..., k) in the rth itera-
tion is

v;j(t +1) = v;;(t) + cirand () (p; (1) — x;(¢))
+ corand()(pg; (1) — xij(1)),

J=1,2d, t=1,2,.. . m—1, (24)
xijt+ D) =x;;®)+v;;¢+1),j=12,....d,
t=1,2,...m—1, (25)

where p;;(t) is the position component of the extreme value
of the rth iteration of the ith particle in the jth dimension,
and p,;(t) is the position component of the population of the
tth iteration in the jth dimension, and x;;(¢) is the position
component of the tth iteration of the ith particle in the jth
dimension. c¢1 and c; are the learning factors, c; affects the
amplitude of particle adjustment to the individual extreme
value, ¢, affects the amplitude of particle adjustment to the
global extreme value. In order to prevent particles from ex-
ceeding the allowed range during iterative optimization, par-
ticle velocity and position are limited as follows:

Vij € [~Vmax, Vmax], Xij € [—Xmax, Xmax] - (26)

Combining the Watt-II six-bar mechanism and particle
swarm optimization algorithm, the mathematical model of
the size optimization of the Watt-II six-bar mechanism is
established. It can be seen from Sect. 3 that the population
in the particle swarm optimization algorithm is composed of
multiple particle individuals, and different particles have dif-
ferent positions and velocity components in each dimension.
In Fig. 1, the length of the member includes /1—Ig, i1 and K>,
all of which affect the output mechanical properties of the

mechanism. The position component of a single particle in
the population in each dimension corresponds to the length
of each member of the mechanism and the spatial dimension
of the population, d = 10, and different member lengths cor-
respond to different particles in the population. To ensure the
stability of the algorithm, the number of particles in the pop-
ulation, N = 50, is set. The initial parameter settings of the
algorithm are shown in Table 2, the value ranges of particle
position components in each direction are shown in Table 3,
and the value ranges of velocity are shown in Table 4. In the
constant load condition, the maximum output torque required
by the mechanism is taken as the individual extreme value
for each particle, and the global extreme value and the corre-
sponding lengths of each link are obtained by traversing. The
specific optimization process is described in Sect. 4.2.

After the model is established, the size optimization algo-
rithm is realized through MATLAB programming, and the
specific process is shown in Fig. 4.

According to the basic configuration of the Watt-II six-bar
mechanism, the mathematical model of size optimization is
established with 10 dimensions corresponding to the compo-
nents of the particle position in each direction in the particle
swarm optimization algorithm. The value range of the mech-
anism size corresponds to the value range of the particle po-
sition x, and combined with the value range of particle ve-
locity v, the initial position x and velocity v of each particle
in the population are determined. The component of particle
initial position x in each direction is the initial dimension of
each lever of the mechanism. According to Egs. (7)—(14), the
kinematic model of the mechanism is built to determine the
angle changes of each lever. Meanwhile, the dynamic model
of the mechanism is built according to Eqs. (15)-(17), and
the driving torque changes of the mechanism under a con-
stant load condition are obtained by combining the angles
of each lever. The maximum driving moment required for
the work mechanism is selected as the individual and global
extremum values of the particle swarm optimization algo-
rithm are constantly increasing during the iterative optimiza-
tion process, while the required maximum driving moment of
the mechanism as the optimization goal should be constantly
decreasing; therefore, the output of the mechanism analysis
algorithm is obtained by subtracting the fixed value of 700
from the required maximum driving moment of the mech-
anism and then combined with the particle swarm optimiza-
tion algorithm to calculate the individual extremum values of
each particle in the population. The global extremum value
is obtained by traversing the results.

The optimal position and fitness of the individual and the
global are calculated by Egs. (20)—(23) and combined with
the value range of particle position x and velocity v, and the
particle position x and velocity v are updated according to
Egs. (24) and (25). The global extreme value of this iteration



Size of the mechanism before and after size optimization.

Rod I 15 I3 Iy I5 lg I7 lg  hy ho
Original size 90 188 150 190 275 150 160 155 55 115
Iterations =10 88 210 147 244 242 178 135 131 55 41
Optimized size 82 190 174 237 213 195 124 133 56 45

Comparison before and after size optimization.

Item Original size  Optimized size  Decreasing amplitude

Driving torque (Nm) 174 115 33.9%

Rod I Maximum load (N) 3501 1447 58.7 %
Standard deviation 393.9 104.4 73.5%

Rodl3/ls Maximum bending moment (N)  4.68 x 10° 242 x 107 48.3 %
Standard deviation 4.46 x 104 2.63 x 10* 41.0%

Rod g Maximum load (N) 2173 1100 49.4 %
Standard deviation 240.9 119.1 50.6 %

(that is the output torque of the mechanism) is compared with
the global extreme value of the last iteration. If the differ-
ence between the two is within the tolerance range, the loop
is stopped. If the condition is not met, the updated particle
position and velocity are used as the input of the mechanism
analysis algorithm, and the loop continues until the condition
is met. At the end of the cycle, the optimized connecting rod
size is obtained. Under a constant load condition, the driv-
ing torque of the Watt-II six-bar mechanism with this size is
minimal, and the size optimization effect is achieved.

The change in the global extreme value in the iterative pro-
cess of the algorithm is shown in Fig. 5. It can be seen that
in the iterative process, the global extreme value keeps in-
creasing and finally tends to be stable, which also indicates
the process of continuous optimization of the population to-
wards the optimal position.

The output motion characteristics and driving torque of the
mechanism before optimization, during the optimization pro-
cess (number of iterations = 10) and after optimization are
compared to verify the effect of size optimization.

The original design size and optimized size of the Watt-11
six-bar mechanism are shown in Table 5.

Under the same load conditions (same initial crank angle,
same rotational angular speed and 180 Nm torque applied
on output rod /7), the comparison between angle changes in
output rod /7 during the motion process of the Watt-II six-
bar mechanism before optimization, during the optimization
process (number of iterations = 10) and after optimization is
shown in Fig. 6.

The comparison between the driving torque of each mech-
anism position (bending moment of crank rod /) during the
movement process is shown in Fig. 7.

During the movement of the mechanism, the internal force
of each rod is also an important factor to be considered. The
comparison between the stress of each rod during the move-
ment is shown in Fig. 8.

As can be seen in Fig. 6, the variation trend of the output
angle curve of the original design size and the optimized size
mechanism is basically the same, and the output angle range
of the mechanism is basically the same, so the optimized size
can ensure the motion stability of the mechanism. The driv-
ing torque required by the original design size and the op-
timized size mechanism and the stress situation of each rod
during the movement of the mechanism are shown in Table 6.

After size optimization of the six-bar mechanism, under
the same load, the driving torque and the stress of each
rod are greatly reduced, the standard deviation of the stress
change curve of the rod is smaller, and the stress change trend
is stable. Size optimization can effectively improve the out-
put capacity, operation efficiency and working margin of the
mechanism. Under the premise of ensuring the safety factor
and strength, the weight reduction optimization design of the
parts of the mechanism can be done to improve the overall
adaptability of the mechanism.

A kinematic and dynamic model of the Watt-II six-bar mech-
anism was established, and it was combined with the par-
ticle swarm optimization algorithm to establish a size op-
timization algorithm model for the Watt-1I six-bar mecha-
nism. The dimensions of the mechanism were optimized.



After optimization, the mechanism’s folding and unfolding
angles and smoothness of motion were ensured while the
driving torque was greatly reduced, thereby improving the
mechanism’s working ability. Although some progress has
been made, there are still some shortcomings, and further im-
provements and more in-depth research can be made in the
following areas:

1. More suitable and effective algorithms should be tested,
and the exact and close relationship between the opti-
mization algorithm and the mathematical model of the
mechanism should be established, further improving the
optimization effect and obtaining a more efficient mech-
anism size.

2. The algorithm model takes the required driving torque
of the mechanism as the optimization goal, and then it
can explore the optimization algorithm that takes into
account the factors such as the smooth motion of the
mechanism and the change trend of the internal stress
of the member so as to improve the performance of the
mechanism in all aspects.

In order to protect intellectual property rights
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