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ABSTRACT This paper studies the optimal synthesis design of adjustable six-linkage mechanisms in metal-
mold die-casting systems. The synthesis process is extremely complex because of higher order structures,
collision-free constraints, and multiple loci in the solution space. Therefore, a twin-space crowding genetic
algorithm was used to solve the design problem with the multiplicity of solutions. To verify the effectiveness
of the proposed approach, this paper first studied the function generation problems for adjustable four
linkage-bar structures in the literature, and compared these with a numerical local optimization method.
From the comparison result, multiple and more precise design solutions can be obtained with the proposed
approach. The synthesis design problem for collision-free adjustable six-linkage bars was then solved and
discussed. The simulated experiments demonstrated the promising result of the proposed approach.

INDEX TERMS Adjustable mechanism, evolutionary algorithm, collision-free design.

I. INTRODUCTION

Industry companies typically adopt linkage mechanisms to
perform dedicated manufacturing tasks because of their cost-
efficient, fast and stable operations compared to other types
of devices such as serial-link robots. However, because of the
limited degrees of freedom for planar linkages, it is difficult
to synthesize linkage structures to satisfy complex tasks, such
as performing an exact function generation and supporting
multiple manufacturing paths [1]-[3]. Adjustable linkages
are often used in these situations.

Some studies have explored the synthesis design of
adjustable linkages based on an adjustable pivot position [4].
These studies mainly focused on motion generation [5] or
function generation [6]. Naik and Amarnath [7] designed a
five-bar linkage and used the fifth bar to adjust the pivot for
motion generation problems. Zhou [8] used a similar design
for function generation tasks, but added additional three bars
to cooperate with the fifth bar to form a parallel four-edged
shape. Ganesan and Sekar [9] designed a four-linkage-bar
with an adjustable ground pivot to generate a rectangular
path.

Other studies have designed linkage-bars with
adjustable bar lengths to solve the synthesis problem.
Hong and Erdman [10] studied planar and spatial adjustable
four-linkage bar structures with adjustable input and output
bar lengths to perform motion guiders. Soong and Chang [11]
studied a procedure to solve function-generation problems for
four-bar linkages with variable length driving links. However,
it is difficult to synthesize stricter paths for low-order linkage
structures, and as such a higher-order structure is chosen.
For example, Shimojima et al. [12] designed six-linkage
bars with twin four-linkage-bar structures based on a shared
symmetrical bar to generate a straight line and an L-shaped
path.

This paper studies the design problem of a transfer mech-
anism used in a metal-mold die-casting system (Fig. 1). The
mechanism performs a flexible transfer task containing mul-
tiple operation modes. In the operation flow, it loads different
types of metal liquids, such as aluminum alloy and magne-
sium aluminum alloy, in different modes and transfers them to
different injection holes to ensure a favorable manufacturing
quality. Because of the difficulty in synthesizing multiple
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FIGURE 1. Metal-mold die-casting system. (a) Metal-mold die-casting
machine (from http://www.custompartnet.com/). (b) Boiler (loading
area). (c) Injection Position.

manufacturing paths, an adjustable six-linkage-bar structure
was considered.

When synthesizing such high-order and adjustable linkage
structures, if the designed structures are insufficiently pre-
cise, the accumulated component errors will result in high
failure rates and the structures will be unsuitable for practical
manufacturing work. Therefore, many studies [13], [14] have
investigated various synthesis techniques for the kinematical
analysis of linkages. Graphical and analytical methods are the
most explored techniques in the literature [15] but their appli-
cations are limited to finite precision points [16]. As comput-
ing power has grown, optimization methods have been used to
improve solution capabilities. By minimizing coupling errors
in the objective function, some evolutionary methods have
been developed to solve optimal design problems [17]-[19].
However, the evolutionary synthesis of adjustable linkages
for multiple manufacturing paths has rarely been discussed
in literature. In this paper, we study an evolutionary approach
to solve the precise synthesis of adjustable linkages on the
basis of kinematical analysis including position, velocity and
acceleration under a collision-free constraint. Moreover, to
assist the design work, this paper further studied the solution
multiplicity of synthesis design problems. In practice, it is of
great help to mechanism designers to have multiple design
solutions for choice.

In literature, genetic algorithms (GAs) have been proved to
be able to achieve optimization through mimicking processes
observed in natural evolution [20]-[22]. However, a simple
GA (SGA) [23] cannot efficiently maintain multiple local
or global solutions. Therefore, our previous work [24] has
studied a niche genetic algorithm, the twin-space crowding
GA (TSCGA), which improved the diversity of the SGA to
efficiently explore multiple global solutions. Furthermore,
its parameter-free paradigm is more suitable for engineering
problems compared to other niche mechanisms with specific
parameters such as the niche radius [25], [26]. Therefore, this
paper used the TSCGA to solve the design problems.
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To verify the solution capability of the proposed approach,
this study first examines the optimal function generation
problems of adjustable four-bar linkages and compares the
synthesis result with the previous work of Zhou [8]. The
collision-free design problem of the adjustable six-bar ladle
is then studied. In the ladle design, the proposed approach
explored multiple design solutions which simultaneously sat-
isfy the dimension synthesis, multiple paths and practical
manufacturing constraints such as kinematical acceleration
and collision-free constraints. These diverse solutions were
studied and discussed in the simulated experiments.
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FIGURE 2. Transfer operation diagram. (a) Controller module block.
(b) Transferring curve.

Il. PROBLEM DEFINITION AND FORMULATION
The operation principle of the ladle mechanism is shown
in Fig. 2. In each transfer cycle, it first stops at the loading
liquid line, and then begins to load the metal liquid. During
the process, the ladle should reach the loading area without
colliding with the boiler shell and transfer the metal liquid to
the injection positions. Finally, the ladle moves back to the
loading line to continue another round of operations.
According to the practical setup, the transfer mechanism
should be designed under the condition that the start loading
positions are limited to within the center area of the boiler
but multiple injection positions are vertically set in the die-
casting machine. Therefore, the synthesis problem studied in
this paper is more complex compared to those with only one
single manufacturing path [27]. To meet the requirements,
the ladle is designed to have an adjustable output bar with
multiple modes, in which each mode is set by the bar length
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FIGURE 3. Structure of the adjustable six-linkage bar and the locating conditions under different modes. (a) Spatial
and structural (draft) designs where F is the ladle end in Mode 1 and F’ is the ladle end in Mode 2. (b) Loading and

injection conditions in two different modes.

and the associated input angle. Fig. 3 shows the principle of
the structure and locating condition.

To model the collision-free synthesis problem, the kine-
matic equations of the adjustable ladle mechanism are first
analyzed.

A. KINEMATICS ANALYSIS

Suppose that the variable set of fixed-length linkages is
R = {r;, -+, re}, and r7 is denoted as the base variable
of the adjustable bar. In particular, there are d modes in
the operation set D = i(”’i’ éi, éi) [1<i< d} where r7;

is the length of the adjustable bar, and éi and 0; are the
initial and final values, respectively, of the input angle in the
i-th mode.

When analyzing the structure, pivot O is set as the origin
point, and the other parameters can be derived on the basis
of the pivot. A complete design should derive the kinematical
equations related to the parameters containing the lengths of
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the linkage bars, the input angle, and the position of the other
pivot C.

Although the length of the last bar of the studied linkage
mechanism is adjustable, its value is fixed while operating
in a specific operation mode. Therefore, we can analyze
the kinematical equations of the mechanism operated in a
fixed mode. By applying vector loop method for the position
analysis of the studied linkage (as shown in Fig. 3(a)), the
equations can be formulated as follows:

ri+r; =rog+r;3, (H
rg =rg+1r4+7rs5+17, ()
and r3 =rg+rs5+re+r. 3)

where the notation r is denoted as a position vector.

Eqgs.(1)-(3) can be differentiated to determine the veloci-
ties, and the velocity equations can be differentiated again to
determine the accelerations.
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For example, Eq. (3) can be first rewritten by making use
of the unit vectors i and j:

74 (c08O4i + sinfyj) + r5 (cosOsi + sinbsj) + (rg + r2)
(cosbri + sinbrj) — r3 (cosbzi + sinbdsj) , “4)

where r; is the length of rj, 1 < i < 9. Then, it can be
differentiated to obtain the velocity equations:

—r4 X w4 X Sinf4 — r5 X ws X sinfs — (rg + ) X wy

xsindy + r3 X w3 x sinfz = 0, 5)

r4 X w4 X €0SO4 + 15 X w5 X cosOs + (rg + 1) X wy
Xcosby — r3 X w3 x cosfz = 0, (6)
where w; = %, 1 < i < 5. The equations can be

differentiated again to obtain acceleration equations.

—r4 X 04 X SInO4 — 14 X wyq X w4 X COSO4 — 15 X A5
xsinfs—rs X ws X w5 X cosbs — (rg + r2) X o X sind
—(re + 1) X wp X wy X cosfy + r3 X a3 X sinf3 + r3
X3 X w3 X coskz =0, @)

T4 X 04 X COSO4 — 14 X wq X wgq X SINO4 + 15 X a5
XCc0SO5 — r5 X ws X ws X sinfs + (rg + ) X ap
Xcosby — (rg + 1) X wr X wy X sinfp — r3 X a3
Xcosf3 + r3 X w3 X w3 x sinfz = 0, (8)

where o = %, 1<i1<5.

The derivation steps above can be applied to
Eqgs (1) and (2) to obtain the complete equations. Then, we
can solve the equations and obtain the position (px, py) of the
ladle end (F point shown in Fig.3) as follows:

Px = g X cosfg = rg X cosd + rq4 X cosby

+ (rs + r7) x cosbg, O]
and py = rg X sinfg = rg x sind + r4 X sinfy
+ (rs + r7) X sinfg. (10)

The acceleration (ax,ay) of the ladle end can be also
obtained:

Ay = —r4 X 0g X SInO4 — 14 X wg X w4 X COSO4
— (rs+r7) x as x sinfs — (rs + ry) X ws
X w5 X cosfs, an

and Ay = r4 X 0g X COSO4 — 14 X w4 X w4 X Sinfy
+ (rs +1r7) X as X cosbs — (rs + r7) X ws
X ws X Sinfs. 12)

Finally, the equations of (px,py) and (ax,ay) can be
derived and organized to be only depended on the variables
ry to ry, 01, w; and .

B. COLLISION-FREE CONSTRAINTS

During manufacturing operations, the collision-free con-
straint requires that the manufacturing path should be out of
the area covered by the obstacles. In the study, the boiler is an
obstacle although it is a manufacturing device; because of the
multiple casting-points, the injection part in the metal-mold
die-casting machine becomes an additional obstacle when
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the adjustable linkages perform under the different modes.
Therefore, the collision area was modeled as a triangle set T
which was customized to include the shapes of the boiler and
the injection holes according to the practical manufacturing
situation. The elements in the set were shown in Fig. 3(a). Fur-
thermore, the manufacturing path was modeled as a trajectory
set J which contained a group of line segments connecting
the trajectory points of the ladle end during the transfer oper-
ation. For an expected accurate level y, it was formulated as
J = k|l <k <y} where Jx is the k-th line segment
pﬁflpﬁ , and pE is the position of ladle end F' when the input
angle is set to éi +kx (6 — éi)/y in the i-th mode.

Based on the definitions above, the collision-free con-
straint function was defined as follows:

ni R, D, T, J) =ni(T, J), 13)

where N;(.) computes the intersection value of the trian-
gles (in T) and the line segments (in J) in the i-th mode.
In particular, the intersection evaluation between triangles
and line segments is a classic mathematical problem, and
some previous work (e.g. see [28]) has provided program
codes for the implementation. In the adjustable linkage design
problem, the constraint value should be 0.

C. MANUFACTURING OBJECTIVE
Besides the constraints, the adjustable mechanism should
have the capability to accurately locate both the loading and
injection positions and to stably perform the transfer oper-
ation. Therefore, we defined a step objective function ¢; (-)
which converted the design objective into a scalar problem
by constructing a weight-sum of the acceleration range in the
operations and the locating errors at the loading and injection
positions. It was formulated as follows:
0, o < 6y, X <&,y < &p,
X—8+y—5
+ /3 (@i — &q),

¢ (R,D) =
otherwise,

(14)
where X = hSif)i’ ‘ and y = ‘f)i[); ; thresholds &, and &
are the bounds of locating errors; 8 is the weighting factor
between the acceleration and locating error; in the i-th mode,

o = MAX}: 1 /ai I + a§ P and 1 is the number of the sam-

pling points in the trajectory path; p; and p; are the expected
loading and injection positions, and p; and p; are the actual
positions of the ladle end (py, py) when the input angles are
set to 6; and 6;, respectively.

D. THE OPTIMIZATION PROBLEM
On the basis of these definitions above, the optimal design
problem is formulated as follows:

Minimize Max{_, ¢i(R, D),
Subject to Max{_,; ;i(R, D, T, J) = 0,
M<n<nl<j<T, (15)

where f'j and rj are the customized bounds of ;.
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As formulated in the kinematical equations, some param-
eters such as the pivot point (Cy, C)), w1, a1, f’j and 7 are
directly customized by the designer. For the other parameters
in the linkage structures, we use the TSCGA to optimize their
values.

IIl. SOLUTION BY USING A TSCGA

Although many state-of-the-art evolutionary algorithms
(e.g. [22], [29]-[31]) have been reported to have good capa-
bility of exploring a single global optimum, they usually
cannot efficiently maintain multiple local or global solutions
for optimization problems. In general, the niching meth-
ods [32] can be incorporated into a simple EA to efficiently
maintain formation of multiple stable subpopulations within
a single population. Our previous work [24] thus proposed
a crowding method, the twin-space crowding (TSC) method,
to dynamically track the niche coverage and remove similar
individuals within the niches. TSCGA can maintain a set of
diverse solutions and has more promising solution capability
compared to the other crowding methods such as the niche
crowding GA [33], the deterministic crowding GA [34] and
the cluster crowding GA [35].

The pseudo steps of the TSCGA method are summarized
as Algorithm 1.

The algorithm steps were detailed in our previous
work, and therefore, this paper focuses on the design
of the coding schema and the selection of the genetic
operators.

A. ENCODING AND DECODING SCHEMAS

In the coding schema, a complete linkage structure is encoded
into a chromosome. That is, for a linkage with d-mode oper-
ations, the chromosome is encoded as follows:

[r19"'9r67r7,17"'ar7,d]' (16)

The genes in each chromosome are denoted as the fixed-
bar length variables and a group of the adjustable bar length
variable in an operation mode.

In the decoding phase, after the structure variables are
decoded from the chromosome, a trajectory evaluation
method is performed to find the best-fitting values for the
initial and final angles, éi and 6;, of the input angle vari-
able 61 in the i-th mode. The pseudo steps are specified as
Algorithm 2.

B. GENETIC OPERATORS

Because the selection operation has a strong impact on the
diversity of the population and convergence, the tournament
selection [25] was used to select chromosomes from the
current population for the mating pool. For the crossover,
we use simulated binary crossover (SBX) [36]. While using
the SBX, the mutation is set up by a mutated value created by
a perturbance factor derived from the probability distribution
in the SBX and arandom value in [0, 1]. These operators were
also examined in our previous work [24].
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Algorithm 1 The 7SCGA Algorithm
Main part:
1. Initialize the parent population PO
2. Evaluate the fitness of P°.
3. For t =1 to MAXLOOP

(1) Perform a tournament selection on P! to select the
best-fit individuals for mating pool M".
(2) Perform crossover and mutation operations on M'
to obtain offspring population O'.
(3) Evaluate the fitness of O".
(4) Call the TSC method with the parameters P! and
0" to obtain population P".
4. End
Procedure Part (TSC Method)
Declaration:

Symbol x < y denotes that x dominates y if and only
if x has a better fitness than y has.
Symbol |xy| denotes the Euclidean distance of x and
y in the variable space.
(a) Input:
(a.1) Parent population P={Py,...,Py} with
size m.
(a.2) Offspring population O={Oy,..
with size n.
(a.3) The dimension number d of any population
member.
(b) Output:

The updated parent population P.

-»On}

Main part:
l.Fori=1ton
(1) Find P’ € P where |P'O;| = min{, {[P;O;]}.
(2) If O; < P’ then P’ <~ Oj; and continue (skip to next
iteration of loop).
(3) Compute the set T =
{TIT e P, (|T'P'| < [P'Os]) A 01 < T'}.
(4) If T <> ¥ then
. . 0, j+P;
(4.1) Define a variable Q where Q; = — L1
j=d.
(4.2) If Q < P’ then P’ <~ Q and continue.
(4.3) If Q < Oj then continue.
(4.4) Randomly choose a member T from T, and
T « O;.

IA

(5) Endif
2. End for

C. FITNESS EVALUATION

For each chromosome, the fitness is evaluated from the
objective equation of the optimization problem specified in
Eq. (15). Because a tournament selection is adopted, the
fitness does not need to be scaled as is required in a propor-
tional selection, such as the roulette-wheel method. Instead,
a constraint dominance relation [37] is used to cooperate
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Algorithm 2 Trajectory Evaluation (for the i-th Mode)
Declaration

(a) Input:
(a.1) the length variables ry, - - - , rg, 17.;.
(a.2) the loading and injection positions p and pi.
(b) Output:
the input angles 6; and 6; in the loading and injec-
tion positions.
Main part:
1. Compute the minimal locating error at the start angle:

=0 |ar
MIN/'—; pipil . (17)

where § and @ are the bounds of the input angle 61,
p: is the expected loading position, and p; is the actual
position of the ladle end at 6; in the i-th mode. Record
the input angle as 6; in the minimal condition.

2. Compute the minimal locating error at the end angle:

MINY = |5 (18)

1=06)
where 6; is obtained in the first step, and p; is the
expected injection position. Record the input angle as
6; in the minimal condition.

with the selection. In the dominance evaluation between two
chromosomes, constraint violations are first compared; the
objective values are then compared if the violations are the
same. The superior one is chosen in the tournament selection.

IV. EXPERIMENTS AND DISCUSSION

The proposed GA flow to solve the linkage design problems
is shown in Fig. 4. To verify the solution capability of the
proposed approach, the synthesis of adjustable four-linkage
bars for function generation problems in the literature is first
studied. In the case, the fitness functions are designed to
include the expected design variables and objective according
to the problem requirements in the work of Zhou [8]. Then,
the proposed approach is used to solve the practical collision-
free design problem of an adjustable six-bar ladle for a metal-
mold die-casting system.

Start

Population Initialization

Fitness Evaluation Mect Stopping

Criteria?

Tournament Selection

Simulated-binary
Crossover
Perturbance-based
Mutation

I

Twin-space Crowding
Operation

T

‘ ‘ Fitness Evaluation ‘

FIGURE 4. Flow chart of the TSCGA.
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A. OPTIMAL FUNCTION GENERATION OF

ADJUSTABLE LINKAGE BARS

The function generation problem is specified as follows:
function f(x) = y is to be generated by a linkage in
a certain range of x; the input and output angles of the
linkage need to be proportionally related to the variables
x and y, respectively. Because the function generated by
a four-linkage bar can only match the expected function
at limited precise points, an adjustable linkage structure
is used. Fig. 5 shows the principle design of Zhou [8],
which includes an assistant bar to adjust the pivot posi-
tion. This design contains two additional bars and a passive
bar, forming a local parallelogram to transfer the output
rotation.

y=f(x)
X linear scale
linear scale \ T ~.Je
| . Xo N \
| ~ \
| -9
~ | 3 ra
[ tput
| & ou
o AN
| rs / (L
rp | input /
|
/

[~ O§
& 3

FIGURE 5. Adjustable linkage for function generation (Zhou, 2008).

For the adjustable linkage to properly generate the desired
function, some parameters must be properly synthesized by
the designer. The independent design variables are denoted as
follows:

[0, w0, 11,73, 14, 15], (19)

where 6y and ¢ are the initial input and output angle values
respective to the variables xo and y¢ as shown in Fig. 5, and
the length of the input link r; is set to 1. For the entire x range,
the required value of the adjustable angle § is computed
and used to transfer the pivot position for perfect function
generation. The range AJ is the optimization objective and
can be calculated from the required maximum and minimum
d values

Minimize (8max — Smin)- (20)

The kinematic equations related to the structure are detailed
in Norton [39] and Zhou [8].

In the work of Zhou [8], a local optimum solver, the
constrained nonlinear minimization algorithm finincon, in the
optimization toolbox of MATLAB was used to optimize the
synthesis problem. In this paper, the TSCGA was used to
explore a global solution for the same optimization problem.
Two synthesis examples, the sin function and the log function
were studied. In the sin function, the desired function was
y = sin(x) over 0° < x < 90°. The input and output
rotation ranges were specified as A9 = 120° and Agp = 60°.
The genetic parameters in this case were a parent number
of 100, an offspring number of 80, a crossover rate of 1.0,
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a mutation rate of 0.1, and an evolutionary loop count limited
to within 5000.

TABLE 1. Synthesis results of function sin(x) generation.

Function sin(x)

A8 LS Po I s Ty I's
Zhou [8] - ]0.13983| 98.4592 | 90.694 4 ]2.16817| 1.279 |2.01525
#1 [0.10578[100.28468|91.42602|3.83998|2.35078|1.28534[1.74015
#2 [0.10016{101.01138)91.44431(3.99684|2.49039(1.29059(1.81041
#3 [0.07586(105.78935)|96.68521|3.967682.37803 [1.28583 [1.93218
#4 [0.13449(104.85145|96.17238|3.38559(2.23842(1.27841(1.43796
#5 [0.13500{107.87245|95.09018|3.74166|2.84774(1.30674[1.60108
#6 [0.10551[107.65888| 97.9862 |2.94533|2.48046(1.28999(1.01501
#7 [0.11153[107.9505195.62073|3.80296|3.33061[1.32233[1.56273

TSCGA | #80.11910]|107.73026] 96.8235 [2.98982(2.78955[1.30115|1.02461
(This work) | #9 |0.12251] 106.8488 |94.59126|3.32502|3.20743|1.31722(1.21504
#10]0.11730]107.02967(93.19484 [3.94684 |3.80871|1.34037|1.65023
#11] 0.1147 [107.03716(92.97291 4 3.89952(1.34316(1.69457
#1210.11630|107.87437| 93.9645 [3.99518(3.96801 |1.34447|1.75955
#13]0.11987]107.88809(93.99408 [3.932323.97599|1.34468|1.73634
#14]0.12718]107.77738(94.39757(3.46067 |3.65769 | 1.33397|1.44729
#15]0.13439]106.46111[92.52342(3.56349|3.85627|1.34154|1.48153
#16(0.13028(107.97905[94.11402 3.56943 [3.90002 1.34245|1.59319

Method |No

TABLE 2. Synthesis results of function /og(x) generation.

Function /og(x)

Method | No 28 o % T, I Ta T

Zhou [8] - 10.04896| 118.814 | 55.9654 [2.25888]2.38282|1.18608|1.40852

#1 [0.02606]127.28107 [60.82933|3.30274 (2.339121.19938 [2.53742

#2 10.03762]127.86685 | 52.8578 |2.53406(2.37852|1.33707[1.89198

#3 10.03676|125.86244[50.954032.40882(2.35214|1.29789(1.72671

TSCGA | #4 |0.04418(121.18706| 51.5732 |2.55034|2.35252(1.26635|1.76965

(This work) | #5 | 0.033 | 123.9622 |63.389183.10969(2.41788|1.16909|2.25605

#6 0.04594]127.99807 [60.63468|2.32338(2.37761|1.29409(1.71653

#7 10.04116]124.46075(55.27157]2.10999 (2.328941.22261 [1.40422

#8 [0.04198|124.79219(58.10156|2.12897(2.34082|1.20699 |1.42644

*Remark: The smaller A8 is better.

TABLE 3. Setup parameters in the design problem of the six-bar ladle.

Parameter Value Vertices of the Obstacles

B 1000 Boiler shape (split rectangles):

w; 0.01 (rad/sec) #1: (220,-850), (220,-2250),

oy 0 (mm/sec2) (620,-2250), (620,-850)

5 Som #2: (620,-1750), (620,-2250),

= - (1420,-2250),(1420,-1750)

D . #3: (1420,-850),(1420,-2250),

£ 0.5 mmy/sec” (1820,-2250),(1820,-850)

Y 360 #4: (-1250,-2250),(-1250,0),
(Cx, Cy) (122.5, 495.7) (-1350,0),(-1350,-2250)
71,71 [200, 800]
[y, 5] [200,800] Injection-hole shapes (triangles):
[P, Tl [200,800] #1: (-1247,-380), (-1397,-380), (-1397,-430)
ot 11200, 1800] #2: (-1247,-530), (-1397,-530), (-1397,-580)
7o 7] [200,800] #3: (-1247,-680), (-1397,-680), (-1397,-730)
[P, T [700,1300]
[P, 7] [700,1300]

1) SOLUTION MULTIPLICITY

Tables 1 and 2 lists the synthesis results of the desired func-
tions, which contain the parameters of the linkage structures
explored by the local optimization method and the TSCGA.
From the tables, the local optimization method only found a
single solution while generating either sin or log function but
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FIGURE 6. Various adjustment curves of § values explored by the

TSCGA method. (a) Adjustments in the function generation
of sin(x). (b) Adjustments in the function generation of log(x).
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Variable X

FIGURE 7. Variation of § values of solution #3 in the function generation
of sin(x) explored by the TSCGA method.

the TSCGA can explore more solutions by maintaining a set
of population with diversity.

Fig. 6 shows the adjustment curves of § in the explored
solutions of the TSCGA. In the two function generation prob-
lems, the solutions of TSCGA dominate those of the local
optimization method. As shown in Tables 1 and 2, there are
total 16 designs explored while generating the sin function,
and in the log function, 8 designs are obtained. These distinct
solutions can be used for the final design choice.

2) PRECISE SYNTHESIS

Besides the solution multiplicity, the TSCGA can obtain more
precise solutions. In the sin function, the optimal adjustment
range in the local solution was 0.13983; the solution #3 by the
TSCGA improves this to 0.07587, or approximately 54% of
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TABLE 4. Synthesis result of vertical-direction holes.

NO r(mm) | n(mm) | r;(mm) | 1 (mm) rs (mm) 16 (mm) r71(01,0,) mm(degdeg) | r7,(8,,6;) mm(degdeg) r73(03,8;) mm(deg,deg)
#1 334.3 325.6 381.3 523.9 1354.7 1295.5 895.5(-7,148.5) 1053.5(0,137) 1246.3(8.5,125.5)
#2 329.7 300.2 335 394.1 1293.9 1252.6 779(-4,146) 957.2(3.5,135.5) 1127.5(10,126.5)
#3 333.9 322.9 330 403.9 1293.9 1270.7 740.6(-6.5,148) 900.3(0,137) 1057.2(7,127.5)
#a 334.7 3415 364.6 439 1278.4 1259.6 830.5(-8.5,150.5) 954(-3,140) 1091(3.5,131)
#5 335.9 317.1 387 476.2 1282.8 1234.4 874.5(-8.5,150.5) 1017.2(-2.5,140) 1176.1(4.5,130.5)
#6 336.4 297.4 352.8 450.5 1391.3 1301.9 778.9(-5.5,148.5) 956.9(1,138.5) 1126.8(7.5,129.5)
#7 333.2 352.4 377.3 398.5 1281.3 1270.4 871.2(-8.5,150.5) 975.4(-3.5,141.5) 1086(1.5,133.5)
48 338.2 305.5 390 524.2 1354.7 1273.5 895.1(-7,149) 1053.5(-1,138.5) 1246.4(7.5,128)
#9 338.2 364.3 391.4 423.6 1291 1282.4 878.5(-10,152) 975.4(-6,143) 1086(-0.5,135)
#10 3335 310.4 329.7 437.7 1346.3 1294.8 738.7(-5,147.5) 918.7(2,136) 1099.8(9.5,126)
#11 328.8 292.1 326.8 3721 1242.7 1210.8 748.9(-4,146.5) 930.7(3.5,135.5) 1097.1(10,126.5)
#12 335.1 321.7 385 458.8 1282.5 1239.1 866(-9,151) 1012.9(-2.5,140.5) 1152.2(4,131.5)
#13 333.9 320.6 339.5 4433 1310.2 1272.4 762.4(-6.5,149) 925.9(0,137.5) 1093(7.5,127.5)
#14 341 314.1 352.7 425.9 1315.8 1261.9 740.6(-9,151) 900.3(-2.5,140.5) 1057.2(4,131.5)
#15 335.4 365.4 415.1 4753 1291 1282.8 945(-10,151.5) 1054.1(-5,141.5) 1179(1,132.5)
#16 333.7 332.5 377.3 397.7 1282.3 1250.5 859.7(-8.5,150.5) 976(-3,142) 1095.6(2,134)
#17 344.9 320.5 382.2 519.6 1375.6 1289.9 801.7(-10,153) 957.2(-4.5,142) 1124.9(2.5,132)
#18 329.4 303 324.7 366.8 1293.9 1253.1 743.8(-4,146.5) 900.3(2,137) 1067.9(9,128)
#19 3345 318.2 339.5 471.8 1310.2 1269.7 756(-6.5,149) 925.9(0,137) 1117.8(8.5,125.5)
#20 332.8 302 330.3 403.7 1293.8 1249 718.9(-5.5,148.5) 904.9(1.5,137) 1080.2(8.5,127.5)
#21 336 328.9 4124 426.4 1195.5 1180 937.1(-10,152) 1037.8(-5,143) 1156.2(0.5,134.5)
#22 330.3 304.5 342.8 366.8 1293.9 1246.6 791.5(-5,147.5) 933.5(1,138.5) 1072.7(6.5,131)
#23 330.2 301.4 330.1 389.9 1294.6 1251.1 744.7(-5,147.5) 923.7(2.5,136.5) 1088.2(9,127.5)
#24 337.5 308 394 489.8 1365.6 1282.9 894.7(-8,150) 1053.5(-1.5,140) 1213.7(5,131)
#25 330.1 300.6 330.1 391.4 1293.9 1252.4 762.4(-4,146.5) 925.9(2.5,136) 1103.5(10,126.5)
#26 335.1 329.7 362.5 450.5 1393.6 1334.3 837.1(-7,148.5) 982.3(-0.5,138.5) 1128.9(5.5,130)
#27 342.9 342.7 352.7 4425 1393.6 1336.2 746.3(-10,151.5) 884.3(-4.5,142) 1027.6(1.5,133)
#28 3343 336.4 339.2 4433 1310.2 1288.2 762.1(-7.5,149) 914.2(-1,138) 1083.6(6.5,127)
#29 330.3 315.6 324.7 366.8 1294.1 1265.5 743.8(-5.5,147) 900.3(1.5,137) 1050.6(8,128.5)
#30 335.7 352.4 340.2 384.7 1208.5 12221 765.1(-10,151.5) 864.8(-5,141.5) 986.8(1,132.5)
#31 3339 306.7 329.7 436.3 1346.3 1291.4 727.7(-5,147.5) 920.2(2,136) 1103.5(9.5,126)
#32 334 381.1 409.9 465.5 1355.4 1347.3 953.6(-9,150) 1054.1(-4,141) 1179(2,132)
0.002 0.0004
""""" Local Optimizer
TSCGA ——TSCGA
0,001+ 0.0002 .
w = |
% oo : 0.0000 /
@ -0.0002 - 1
0001
-0.0004, 12 14 16 18 2
.0.002 . N Variable X
0 30 60 a0
Variable X FIGURE 10. The structural errors in the function generation of log(x) with
FIGURE 8. The structural errors in the function generation of sin(x) with a a fixed 4.
fixed s.
0.040
- Local Optimizer
\—TSCG’* synthesis cannot be obtained, and a structural error will occur.
0020 TN However, as shown in Fig. 8, the optimal structural error

0.000} /

Adjustable Angle (deg)

-0.020

-0.040

1 125 15
Variable X

175 2

FIGURE 9. Variation of § values in the optimal function generation of
log(x) explored by the TSCGA method.

the local solution range. The required continuous adjustments
of § in the TSCGA solution #3 for the exact synthesis problem
are shown in Fig. 7. If a fixed pivot is used, then an exact
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based on a fixed-pivot rule in the local optimum method
is 0.00131, which is occurred at the pivot value of
8 = 175.69°, and the value was also improved to 0.00084
by setting a fixed pivot of § = 164.54°.

In the log function, the desired function was y = log(x)
over | < x < 2. The input and output rotation ranges
were specified as A = 60° and Agp = 60°. Table 2
lists the synthesis result of the desired function. Fig. 6(b)
shows the adjustments of § in all the solutions. In particu-
lar, the optimal adjustment range of the local optimization
method was 0.04896, and the value is improved to 0.0267
by the TSCGA. The required continuous adjustments of &
in the TSCGA solution #1 for the exact synthesis are shown
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FIGURE 11. Multiple synthesis designs explored by the TSCGA. (a) All the transferring paths in mode 0. (b) All the transferring
paths in mode 1. (c) All the transferring paths in mode 2. (d) Transferring paths of solution #1 in the three modes.

in Fig. 9. Fig. 10 shows the structural errors generated by the
two methods if the fixed-pivot rule is considered.

In these two examples, the TSCGA method obtained supe-
rior results compared to the local optimization method.

B. COLLISION-FREE SYNTHESIS OF THE

SIX-LINKAGE BAR STRUCTURE

In the case study, there were three modes to be consid-
ered; that is, d = 34, as shown in Fig. 3. The loading
position was (838, —1350), and in the practice, the error
allowance range for position locating was limited within Scm.
The positions of the injection holes were vertically set to
(—1247, =380), (—1247, —530), and (—1247, —680), but
the error allowance range for position locating was limited
to 0.5cm. The other design parameters are summarized
in Table 3. The genetic parameters specified in the previous
section were also adopted in this case study expect that the
execution loop count was set to 50000.

1) SOLUTION MULTIPLICITY IN THE SIX-BAR

DESIGN PROBLEM

Table 4 displays the result of the TSCGA, which contains
32 optimal solutions. All the solutions meet the collision-
free constraints and have the minimal objective values.

VOLUME 4, 2016

The transferring paths in the different modes are shown in
Fig. 11. These manufacturing curves are diversely distributed
in the space.

Based on the solutions, designers have more references
to choose the final design. In general, the designer can
select a final design through coupling refinements, for exam-
ple, adjusting the parameter range or increasing additional
constraints.

2) MANUFACTURING PATHS IN THE DESIGN
The simulated execution of solution #1 is shown in detail: its
manufacturing paths for the operation modes are shown in
Fig. 11(d), in which each path is outside of the obstacle area;
in the solution, the values of pairs (r7, é, 0_) are (895.5mm,
—7°, 148.5°), (1053.3mm, 0°, 137°) and (1246.3mm, 8.5°,
125.5°) in the three modes; the ladle end reached the three
loading areas within a circular range of 5 cm radius, and
located the three injection holes within a position error of
0.5 cm; the solution satisfied the design requirement.
Furthermore, all the acceleration values during opera-
tions were within the limited range, and the maximal accel-
eration value occurred in the third mode with a value
of 0.313 mm/sec?. The operation paths and its relative accel-
eration diagrams are shown in Fig. 12.
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FIGURE 12. Transfer operation and the related acceleration diagram in the vertical- direction hole case. (a) Transferring path and
acceleration variations in Mode 1. (b) Transferring path and acceleration variations in Mode 2. (c) Transferring path and acceleration

variations in Mode 3.

3) SCALABILITY VERIFICATION OF THE

PROPOSED APPROACH

Another injection arrangement was used to verify the scal-
ability of the proposed approach. A horizontal arrangement
was considered here, in which the loading position was also

set to (838, —1350), but the injection positions were set to
(=947, —680), (—1097, —680) and (—1247, —680).

4818

Using the same genetic parameters, the result is
shown in Table 5. Fig. 13 shows the manufacturing
curves of these solutions. In particular, in solution #I,
the values of pairs (m,é,é) are (1025.6mm, 2°, 142.5°),
(879.6mm, —4.5°, 142°), and (751.1mm, —10°, 140.5°),
separately. Fig. 14 shows the manufacturing paths
and its acceleration variations diagram under the
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#1 in the three modes.

TABLE 5. Synthesis result of horizontal-direction holes.

NO rn(mm | nmm) | (mm) | n(mm) | rs(mm) re (mm) r71(81,6,) mm(deg,deg) 175(82,8,) mm(deg,deg) | ry3(83,83) mm(deg,deg)
#1 307.8 305.6 371.1 393.8 1318.2 1274.7 1025.6(2,142.5) 879.6(-4.5,142) 751.1(-10,140.5)
#2 308 287.8 386.9 532.2 1316.9 1257.8 1163.1(6.5,136.5) 1032.5(0.5,135.5) 898.7(-5,134.5)
#3 308.2 306.7 367.4 436.9 1373.4 1323 1056.2(4,139.5) 921.6(-2,138.5) 795.2(-7.5,137)
#4 309.4 279.4 379.8 529 1231.9 1201 1175.3(8,134) 1031.7(1.5,133.5) 889.6(-4.5,133)
#5 313 311.9 390.7 533.8 1394.3 1319.7 1080.7(1,142) 946.9(-4.5,140.5) 828.7(-9.5,138.5)
#6 304.3 266.4 386.8 461.4 1324.1 1254.1 1177.8(7.5,137) 1049.8(2,136) 924.7(-3,134.5)
#7 313.2 271.2 359.4 532.2 1297 1237.8 1060.8(6,136) 940(1,134.5) 814(-3.5,133.5)
#8 305.6 343.6 367.4 448.3 1372.9 1360.4 1056.4(3.5,139) 930.2(-2.5,137) 800.7(-9,135.5)
#9 307.8 301 372.4 393.6 1290.9 1250.3 1025.6(1.5,142.5) 879.4(-4.5,142) 751.1(-10,140.5)
#10 312.8 282 345.9 421.8 1213.8 1196.1 969.4(3.5,139) 825.8(-2.5,138.5) 693.6(-7.5,137.5)
#11 302.3 294.5 398.4 532.2 1316.9 1264.8 1233(8,135.5) 1089.5(1.5,135) 963.2(-4,133.5)
#12 315 283.8 352.2 400.7 1368.7 1297 950.4(2.5,141.5) 819.5(-3,140) 707.6(-7,138)
#13 314.4 263.3 383.1 501.1 1239.5 1184.3 1090(4,139) 944.8(-2,138.5) 805.1(-7,138)
#14 313.8 343.6 348.9 436.9 1373.5 1358.6 950.4(0.5,141) 819.5(-5.5,139.5) 705.9(-10,137)
#15 314.5 297.9 348.9 436.9 1373.5 1312.2 949.6(2,141) 819.5(-3,139.5) 707.6(-7.5,137.5)
#16 302.4 283.4 383.8 411.4 1259.1 1221.4 1132.6(5.5,139) 983.2(-1,138.5) 844.8(-7,138)
#17 311.8 301.3 394.7 533.8 1394.3 1322 1145.8(4,139) 1013.5(-2,137.5) 898.7(-7,135.5)
#18 315.8 285.4 352.1 436.9 1373.5 1299.7 949.6(2,141.5) 819.5(-3,140) 707.6(-7,138)
#19 305.5 263.4 386.8 461.4 1324.1 1251.1 1177.8(7.5,137) 1048.3(2,136) 904.8(-3.5,135.5)
#20 312.2 285.2 361.9 532.2 1295.3 1253.8 1096.7(7,134.5) 972.7(1.5,133) 844.8(-3.5,132)
#21 313.1 282 344.1 470.8 1373.3 1304.5 978.1(5,138) 869(0.5,136) 752.6(-3.5,134)
#22 302.5 300.9 368.4 443.7 1366 1320.3 1119.3(7,136.5) 1002.2(2,135) 871.6(-3.5,133.5)
#23 307.8 301 374.7 468.3 1237.9 1221.9 1090(4.5,138) 944.8(-2.5,138) 797.2(-9,137.5)
#24 314.3 285.5 382.5 532.2 1295.3 1242.1 1094.7(3.5,138.5) 969.9(-2,137) 837.5(-7,136)
#25 308 248.5 368.5 439.9 1315.8 1233.9 1096.5(7.5,137) 969.9(2.5,136) 836.7(-2,135)
#26 306.6 340.3 343.4 373.7 1373.5 1353.6 959(2,141.5) 819.5(-4.5,140.5) 699.2(-10,138)
#27 313.2 261.2 379.3 531.7 1295.3 1216.8 1096.1(5,138) 973(0,137) 836.8(-5,136)

different modes.
this case occurred in the third
0.251 mm/sec?.
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The maximal

acceleration value

mode with a value of

in

To sum up, the proposed approach can successfully solve
synthesis design problems with the multiplicity of solutions,
and each mechanism in the design solution can perform
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FIGURE 14. Transfer operation and the related acceleration diagram in the horizontal-direction hole case. (a) Transferring path and
acceleration variations in Mode 1. (b) Transferring path and acceleration variations in Mode 2. (c) Transferring path and
acceleration variations in Mode 3.

precise loading and injection operations in multiple collision- the constraints and including the kinematical requirements
free manufacturing paths. into the fitness evaluation, the proposed approach success-

fully explored multiple design solutions which synthesized
V. CONCLUSIONS the required different manufacturing paths for the six-linkage
In this paper, we used the TSCGA to solve the optimal synthe- bar ladle mechanism, and could precisely locate a sin-
sis of collision-free adjustable six-linkage bars with multiple- gle loading position and multiple injection holes with an
operation modes. By formulating the collision-free issue as adjustable bar.
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Furthermore, this paper studied an adjustable four linkage-
bar structure that was discussed in the literature. Compared
to the local optimization solutions, the proposed evolutionary
approach could obtain superior and more precise synthesis
results.

Extensions of this work may contain scalability validations
for different design requirements of adjustable linkages. For
example, the adjustable part is changed to another link or a
movable pivot is included as another design variable. The
reasoning formulation can be also extended or modified to
include multiple design objectives and additional constraints.
However, it requires a well-designed multiobjective opti-
mization method to serve as a solver.

Now, the Technology Base Corporation (TBC)
(http://www.tbc-diecast.com/company.htm) has already been
licensed to use the proposed design method to find the opti-
mal synthesis design of adjustable six-linkage mechanisms in
metal-mold die-casting systems.
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