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Metallurgical equipment needs to use a large number of linkage mechanism to achieve the given movement re-
quirements, compared with the plane four-bar mechanism, the movement of the spatial mechanism is more stable, 
this paper through the study of the spatial RCCC mechanism, to establish a new method to realize the function 
synthesis of the mechanism of the algebraic solution, for the spatial mechanism in the metallurgical equipment in 
a wide range of applications to lay a theoretical foundation.
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INTRODUCTION

Mechan ical equipment is an indispensable tool in the 
metallurgical industry, which has resulted in a significant 
increase in the efficiency of metallurgical product pro-
duction. [1,2,3]Robotic automation has resulted in a four-
fold increase in powder metallurgy production, and me-
chanical equipment such as metallurgical furnace loaders 
and radial forging machines have also been widely used 
in the metallurgical industry. This shows the importance 
of machines and equipment in the metallurgical industry, 
and as the key to machine movement, the design of the 
mechanism cannot be ignored. Compared with the plane 
linkage mechanism, the space linkage mechanism has 
better performance and more stable movement.The spa-
tial RCCC mechanism can convert the angular and dis-
placement motions of the mechanism to each other, 
which can meet the motion requirements, in metallurgi-
cal equipment. [4,5] Mechanism synthesis can design the 
mechanism to meet the given requirements, and the func-
tional synthesis methods of space link mechanism mainly 
include analytical method, optimization method and nu-
merical mapping method.

This paper proposes a new method to establish 
acomprehensive design equation based on the function-
al relationship between the design parameters of the 
mechanism and the harmonic characteristic parameters 
of  the motion output. This method over-comes the 
shortcomings of the traditional algebraic method which 
cannot realize multi-point function synthesis due to the 
limitation of the number of unknown points, realizes the 
algebraic solution of multi-point function synthesis of 
spatial connecting rod mechanism, and improves the ef-
ficiency and accuracy of function synthesis of spatial 
RCCC mechanism.
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FOURIER SCALE DESCRIPTION OF OUTPUT 
ANGLE AND OUTPUT DISPLACEMENT

As shown in Figure 1 is the institutional sketch of the 
spatial RCCC mechanism, the connecting frame rods 
OAB and CD are the input and output links; the rod 
lengths of the connecting rods(CD, BC, EO, OA, AB) are 
a1, a2, a4, S4, a3, the angles between the axes s1, s2, s3, s4 
are α1, α2, α3, α4; the sliding displacements of the connect-
ing rod OED, CD, BC are S1, S2, S3; the input and output 
angles of the mechanism are  and Ψ. The point O is lo-
cated at the origin of the coordinates, the OE rod is a rack 
and coincides with the x-O-y axis, and the rotated portion 
of the AB linkage coincides with the x-axis.

Define the output corner function as f(t) = eiψt, when 
the input rod OAB of the mechanism moves at constant 
velocity with angular velocity ω, existsp φ=ωt , then f(t) 
is a periodic function, which can be expanded with Fou-
rier series as:

  (1)

where , cn is the Fourier level coefficient of the 
output corner function, n is 0,1,...,(M – 1).

It is difficult to compute cn by analytical method, 
therefore, numerical integration method is utilized for the 
computation and the expression of cn can be obtained ac-
cording to the nature of discrete Fourier transform:

  (2)

where n is 0,1..., (M – 1); m is 0,1..., (M – 1); Δ is ; M is 
the number of discrete points.

For the spatial RCCC mechanism, the mechanism 
output displacement varies periodically with the change 
of the mechanism input angle, which can be expressed 
as the sum of Fourier series for the thought variables:

  (3)
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where ,  is the Fourier level coefficient of the 
output displacement function, n is 0,1,...,(M – 1).

According to the properties of the discrete Fourier 
transform the expression for  can be obtained as:

  (4)

where n is 0,1..., (M – 1); m is 0,1..., (M – 1); Δ is ; M is 
the number of discrete points.

ESTABLISHMENT OF INTEGRATED DESIGN 
EQUATIONS

In order to facilitate the establishment of the inte-
grated design equations, the clamp angle and rod length 
parameters of the mechanism are treated separately. For 
the axis angle α1, α2, α3, α4 and the starting position 0 of 
the input angle and the starting position Ψ0 of the output 
angle, the following relation exists:

  (5)

Expand , , , 
 using Euler’s formula, the following equation 

can be obtained:

  (6)

where

;

;

;

;

.

[6]From the analysis in the literature, it can be seen 
that the original function can be better described by us-
ing Fourier series to represent the original function by 
taking a finite number of harmonics, and in the paper, 
we take the 4th harmonic,  and  as a sum of Fourier 
series with  as the variable:

  (7)

  (8)

Substituting Equations (7) and (8) into Equation (6) 
and combining and simplifying them gives the following 
equation:

  (9)

where ; ;
;

;

;

;

;

;

;

; ;.
Analyzing Equation (9) , it can be found that the ex-

pression of L–3, L–2, L–1, L0, L1, L2, L3 in equation no 
longer changes when and taking higher harmonic num-
bers, according to the properties of complex exponen-
tial functions, it can be obtained that if Equation (9) is 
equal to 0, then Li (i = –3,–2,..., 2,3) should all be 0. 
Also, in order to eliminate the periodicity of the com-
plex exponential and trigonometric functions, it is de-
fined that cosα4 = (1 – t2)/(1 + t2), cotα3 = q,  = u, 

 = v, t = tan(α4/2), sinα4 = 2t/(1 + t2), cotα1 = r, which 
leads to the following equation:

  (10-1) 

  (10-2)

  (10-3)

  (10-4)

  (10-5)

Figure 1 General position diagram of spatial RCCC mechanism
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  (10-6)

  (10-7)

Equations (10-4) to (10-7) are containing only the 
unknown quantity u, v, t, q. The system of equations is 
built by associating the equations, and the value of u, v, 
t, q can be obtained by solving with the Mathematica 
program, and the value of 0, Ψ0, α3, α4 can be obtained 
by solving with the following equations:

Based on the known u, v, t, q the associative Equa-
tions (10-1) and (10-2) form a system of equations, and 
the solutions of l0 and r can be obtained by solving the 
system of equations:

 

 

α1 and α2 can be calculated according to the following 
equation:

The output displacement S1 of the mechanism is re-
lated to the angles θ2 and θ3 as follows:

 (11)

 (12)

 (13)

 
(14)

 
(15)

According to Equation (3), the nth harmonic term is 
taken to express S1 as a Fourier series expansion form:

  (16)

Bringing Equations (7), (8), (12) to (16) into (11) 
and using Euler’s formula to expand , 

, ,  therein, the follow-
ing equation can be obtained after combining and sim-
plifying them:

(17)

By the nature of the complex exponential, Tn should 
all be 0. Since the lower harmonics are able to fit the 
original function better, the associations T–2 to T2 form a 
system of equations which is a quintic system of equa-
tions. Solving the system of equations yields the values 
of the remaining design parameters α1, α2, α3, α4 and S4.

EXAMPLE OF FUNCTION SYNTHESIS

By this method the mechanism is synthesized so that 
the mechanism input and output angle outputs are in 
order to satisfy the functional relationship in Figure 2.

Sampling the objective function with /64 as the 
period, 64 points of the objective function can be ob-
tained, and the Fourier series of the output angle as well 
as the Fourier series of the output displacement can be 
obtained by calculation, as shown in Table1.

The value of the obtained Fourier series is brought 
into the functional synthesis equation of the spatial 

Figure 2 Given output angle and displacement functions

Table 1 Fourier coefficients of target angle and 
displacement functions

Harmonic number Fourier coeffi  cient cn Fourier coeffi  cient cn 

-4 -0,0024+0,0011i 0,0051-0,0184i

-3 -0,0058+0,0024i 0,0891-0,2231i

-2 -0,0436+0,0074i 0,0500-0,2024i

-1 -0,0930+0,1771i 1,3779-2,3697i

0 -0,4881+0,8228i -0,7255

1 0,0999-0,1767i 1,3779+2,3690i

2 -0,0350-0,0067i 0,0500+0,2024i

3 0,0096+0,0030i 0,0891+0,2231i

4 0,0999-0,1767i 0,0051+0,0184i

'
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RCCC mechanism, and the design parameters of the 
mechanism can be obtained by solving the system of 
equations, as shown in Table 2.

The synthesized results obtained are brought into the 
motion simulation program of the spatial RCCC mecha-
nism to verify the synthesized results. Figure 3 shows the 
comparison between the synthesized mechanism gener-
ated function curves and the given function curves, and 
Figure 4 shows the error curves of the generated function 
and the original function of the synthesized mechanism, 
which show that the synthesized mechanism is able to 
realize the generation of the given function within the 
error tolerance, where the angular error and displacement 
error are denoted by Δa and Δb, respectively.

CONCLUSION

An algebraic solution method for multi-point func-
tion synthesis of spatial RCCC mechanism is estab-
lished, which overcomes the deficiency of the tradition-
al analytical method that cannot accomplish multi-point 
function synthesis due to the limitation of  the number 

Table 2 Synthesized design parameters

Parameters Value Parameters Value Parameters Value
α1 60 φ0 20 α3 5,0003

α2 30 Ψ0 30 α4 12,0018

α3 20 α1 7,0018 S4 -0,0008

α4 65 α2 10,0005

Fi gure 4  Error curve of synthesized mechanism output 
function curve versus target output function curve

Figure 3  Comprehensive institutional output function curve 
versus target output function curve

of unknown points. The method is characterized by fast 
calculation speed, high synthesis precision and easy 
programming, which improves the efficiency of func-
tion synthesis of spatial RCCC mechanism and provides 
a theoretical basis for the wide application of spatial 
RCCC mechanism in metallurgical equipment.
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