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Abstract. The new two-degree-of-freedom hybrid-driven seven-bar mechanical presses with
rotational and linear input links are presented. The rams of the proposed presses can generate two
same required output cycles during a single input cycle. The rotational input link rotates with a
constant angular speed, and the linear input link follows a reciprocating motion along a specified
linear guide fixed on the rotational input link. The configuration, solid model, kinematic analysis,
motion trajectory design of the linear input link, and optimization of the dimensional synthesis of
the proposed presses are described. An example is provided to verify the feasibility and
effectiveness of this methodology.

Keywords: hybrid-driven, mechanical press, kinematic analysis, dimensional synthesis.
1. Introduction

Mechanical presses are widely used in manufacturing industries today. They can have either
single-driven or hybrid-driven mechanisms. Studies on the former have focused on obtaining or
improving the kinematic or dynamic performance of presses by combining the concept of variable
input speed into design methods. Yossifon and Shivpuri [1, 2] designed a servomotor-controlled
double-knuckle mechanical press for precision forming. Yan and Chen [3-5] proposed a novel
approach by varying the input speed of the crank to make the ram’s motion suitable for both
deep-drawing and precision-cutting processes. Hsieh [6, 7] proposed a novel design approach for
cam-controlled planetary gear trains to generate variable input speeds. Mundo et al. [8] presented
an optimal design method for mechanical presses driven by cam-integrated linkages. Hsich and
Tsai[9-11] designed a new press system with six links driven by an Oldham coupling for precision
deep drawing. Soong [12] proposed a method to obtain the desired kinematic performance for
mechanical presses by varying the length of the driving links.

The concept of a hybrid mechanism, also called a controllable mechanism or hybrid machine,
has also been used recently to design mechanical presses. Du and Gue [13] and Guo et al. [14]
proposed an optimal design method for synthesizing a two-degree-of-freedom (2-DOF) seven-bar
linkage mechanism driven by a large constant-speed motor and a small servomotor. The resulting
mechanism was flexible and energy efficient. Meng et al. [15] designed a hybrid-driven seven-bar
linkage mechanical press by using inverse kinematic analysis and optimal synthesis. Li and Tso
[16] proposed an iterative learning control scheme for a hybrid-driven servo press and
experimentally verified the expected improvement of the pouch position errors and precision.
Soong [17] proposed a design method for adjustable mechanical forming presses that have a
length-adjustable link. Li and Zhang [18, 19] proposed a two-step optimization process to design
seven-bar and nine-bar hybrid-driven presses for precision drawing. The optimum link dimensions
and motion trajectories of the servomotor were determined, and the mechanisms had
programmable output motion, higher load capabilities, higher production rates, and lower costs.
Soong [20] proposed a new linkage mechanism with a rotational input and a direct linear input. It
could satisfy different desired design requirements by controlling the motion trajectories of the
two input links.

This paper proposes a new design method for mechanical forming presses whose ram can
generate two same required output cycles corresponding to every single input cycle. The
configuration, kinematic analysis, motion trajectory design of the linear input link, and optimal
dimensional synthesis of the new presses are described. An example is introduced to demonstrate
the feasibility and effectiveness of this design methodology.
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2. The new mechanical presses

The new mechanical forming press presented in this paper is a 2-DOF hybrid-driven seven-bar
mechanical press with a rotational input link and a linear input link. The configuration of the
proposed press is shown in Fig. 1. It has two slider links: one is the linear input link, and the other
is the ram of the press. The rotational input link is designed as a disk link and is driven by a
constant-speed motor. The linear input link is driven by a linear motor that is fixed on the rotational
input link; its centerline passes through the center of the rotational input link. The ram of the
proposed press can generate two same required output cycles during a single input cycle. The
rotational input link rotates with a constant angular speed, and the linear input link follows a
reciprocating linear motion along the centerline of the linear motor fixed on rotational input link.
The proposed press degenerates to a six-bar Watt or Stevenson press when the linear input link is
fixed. Therefore, the proposed press can be regarded as a six-bar Watt or Stevenson press with a
variable input link length, as shown in Fig. 1(a) and (b), respectively.

. . . Linear-input link Constant speed motor Rotational-input link Linear-input link Constant speed motor
Rotational-input link

a) Watt type press b) Stevenson type press
Fig. 1. The new mechanical presses with a variable length of the input link

3. Motion trajectory design of the linear input link

The linear input link has to complete a reciprocating linear motion along the guide to generate
two output cycles while the rotational-input link completes one cycle, as shown in Fig. 1.
Therefore, we assumed that the position of the linear input link was a function of the angular
position of the rotational input link. The instantaneous motion trajectory of the linear input link
can be expressed as simple harmonic motion that is a function of the angular position of the
rotational input link at any moment during a cycle as follows:

dr, d?r,

1, = l,cos6,, rri —l,w,sind,, prok —l,w3cosh,, (1)
where:
02 = ¥2 — Q2ini- (2)

In these equations, 7, is the position of the linear input link, ¢, is the angular position of the
rotational input link, ¢,;,; is the initial angular position of the rotational input link, w, is the
angular velocity of the rotational input link, and [, is the radius of the rotational input link. When
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the linear input link is at point C, as shown in Fig. 2, 8, = 0; therefore, ¢, = @,ip;-

> X

b) The coordinate system of Stevenson type with a variable length of the input link
Fig. 2. The coordinate systems of the new mechanical presses

4. Kinematic analysis

According to the coordinate systems shown in Fig. 2, the loop-closure equation can be written
as:

T5,COSQ, + 13C0SP3 — 14,C0SP, — 11C0S¢P;, = 0, 3)
and
7,8ing, + r3sings — r,sing, — rysing, = 0. “)
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Rearranging and solving these two equations, the angular position of links 4 and 3 can be given

as:
~ tan-t —-A+VAZ+B2-C ~ tan-t -D++VD?+EZ—F 5)

Pa = 220 B+C » $s =t E+F ’

where:

A = 2r,(rysing, — 1ysin@,), B = 2r,(rycos@, — r1cos@,), ©)

C = —2rry(sing;sing, + cosp cos,) + rf + 2 —ri + 12,

D = 2r5(rysing, — rysing,), E = 2r3(r;cos@p, — 1,€08¢,), %)

F = =2r;1,(sing;sing, + cos@;cos@,) + ¥ + r7 + r2 —rZ.

Differentiating Eq. (5) with respect to time and expressing the results in terms of w3 and wy:

_des K] —HL _de, GL-IK 8
“3= 0 TG —HI “*T de T G —HI' )
where:

G = —nr3singz, H = —rsing,, [ = 1r3€08@;3, | = —1,C05@,,
. dr, dry )
K = rysing,w, — ——cos@,, L = —1r,c08¢,w,; ———Ssing,.

dt dt

By differentiating Eq. (5) with respect to time twice, we can solve these two simultaneous
equations:

dw; JM —HN dw, HG-IM
o, =295 _ S e W Akl (10)
dt GJ] — HI dt GJ] —HI
where:
dTZZ de . 2 . 2
M=- 72 0502 + ZEsmgozwz + 1,C0SQ,w5 + 1RSI,y + 13C0SP3W3
— 14COSQP4W2, (11)
dr22 . dTZ . 2 . 2 . 2
N = —Wsm(p2 - ZEcosq)zwz + rysing, w5 — 1,C0SQ,a, — 138iN@sw3 + 1,S5inE, wy.

For a Watt press, since @5 = @, — 8, ws = w,, and as = a,, then according to the coordinate
system shown in Fig. 2(a), the angular displacement, velocity, and acceleration of link 6 can be
written as:

. _4 (€ — 11sing; —rssings —T5CO0SP5Ws
¢ = sin , Wy =—
Te T6COSPg
(rsSin@s w2 — r5C08Psas + TeSinPew?)

6 — )
T6COSQPg

(12)

respectively.
The linear displacement, velocity, and acceleration of the ram can be written as:
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75 = 11C0SQq + T5C0SPs5 + 14COSQg, V7 = —T5SINPsWs — TSNP W,
a; = —T5COSPsW? — TsSINQPsAs — T4COSPWE — TeSiNPeas,

(13)

respectively.

For a Stevenson press, since rg; = +/1Z + 1 — 2r513c0868, ¥ = sin~!(rgsinf/r5,),
@51 = 180 —y + @3, ws; = w3, and a5, = a3, then according to the coordinate system shown
in Fig. 2(b), the angular displacement, velocity, and acceleration of link 6 can be written as:

(e~ r1Sin@, — 1,Sin@, — 151Sin@s, —T4COSP4Wy — T'51COSP51 W3
(pﬁ = Ssin ) (1)6 = )
Te T6COSQPg (14)
_ (1SinQ,; — 14,0050,y + T515INPs1 W] — 751085, A3 + TSNP WE)
6 — )
TCOSPg
respectively.
The linear displacement, velocity, and acceleration of the ram can be written as:
T7 = 11C0S(Qq + 14,C05Q, + 15,C0SP5q + T5COSPg,
Vy; = —14SINQ W, — 151SINQP51 W3 — TSNP W, (15)
A; = —T4C0SQ,W5 — 145N, — T51COSPs1 W3 — T5,5INPs; A3 — T4COSP W3
— 1eSinggag),
respectively.

5. Optimization of the design

An optimization procedure was applied to determine the design variables while ensuring the
desired performance. The general optimization equations can be defined as follows.

Minimize:
ni
fry, b, 13,70, 75, 76,8, 01, B, P2ini) = Z obj;. (16)
i=1
Subject to:
Constraints of equality ¢;(ry, 5, 73,74, 75,76, €, 91, B, @2imi) =0, j=1,..,7n, a7
and
Constraints of inequality g;(ry, [, 73,74, 75, 76, €, 01, B, P2ini) <0, j =1,...,ng, (18)

where obj; gives the desired objective functions, n; denotes the number of the desired objective
functions, and n. and n, give the number of equality and inequality constrained equations,
respectively. Note that the equality and inequality constraints are defined to obtain the desired
performance.

Any optimization method can be used to determine the design variables. We solved the
optimum dimension synthesis problem by applying the “fmincon” function in the optimization
toolbox of the Matlab software package.

6. Example and discussion
In this section, an example is given to demonstrate the feasibility of this proposed approach.
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First, we assumed that the proposed press had the same dimensions as a reference press. We let
the linear input link move following simple harmonic motion while the rotational input link rotated
at a constant speed of 60 rpm during a cycle to verify that the ram of the proposed press could
generate two output cycles. Then, using the same input conditions, we conducted a dimensional
synthesis to obtain the desired output motion using the same stroke as the reference press.

In this example, two same output cycles, during which the ram maintains an approximately
constant speed over a specific period before forming for precision deep drawing, were desired
during one cycle of a Stevenson press with a variable input link length, as shown in Fig 1(b). The
optimization was used to synthesize the optimal dimensions of the proposed press. The dimensions
of the existing reference press are shown in Table 1.

Table 1. Dimensions of an existing reference press

Dimensions P1 " 2 3 K s "6 € B
©) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
Values 0 276.08 81.16 142.12 | 24349 | 204.63 | 367.30 | —141.69 0

The objective function can be defined as follows.
Minimize:

f(rl' lZl 13,74,75, 76, €, P1, B' (pZini) = peak Of as, (19)

subject to:

Cl(rll lz,T3,T4,T'5,T'6, €, Y1, Bv (pZini) = stroke = T 7max~T7min = 10425!
C2(11, 12, 73,74, 75,76, €, 01, B, P2ini) = 17(P2 = Q2ing +45°) = 407.8,
c3(11, 12, 73,74, 75,76, €, 01, B, P2ini) = 17(P2 = Q2ini + 60°) = 425.9,
Ca(11, 12, 73,74, 75,76, €, 01, B, P2ini) = 17(P2 = Q2ini + 75°) = 444,
C5(T1, l2' 13,74, 715,76, €, P, .81 (pZini) = T7((p2 = Q2ini + 900) = 4621'
(11, L2, 13,7, 75, T6, €, 91, B, P2ini) = T7(P2 = P2ini +105°) = 480.2,
g1 = lycos0, <1y, g, =1,c080, <13, g3 =1,c080, <71y,

ga =1lc080, + L; < L, + L.

Figures 3 and 4 compare the reference press with the proposed non-optimized and optimized
presses, respectively, in terms of displacement, velocity, and acceleration of the ram. The optimal
dimensions of the proposed press are shown in Table 2.

Table 2. Optimized dimensions of the proposed press
P1 n 2 3 Ty Ts Te e B @oini
() | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) 2t
Values 0 | 410.58 | 77.67 | 117.50 | 385.33 | 151.61 | 502.35 | 441.19 | 90.48 | 166.24

Dimensions

Figure 3 indicates that the ram did generate two same output cycles, but their strokes and
kinematic performance did not satisfy the original design requirements. After optimization, the
results (Fig. 4) indicated that the ram did generate two same output cycles whose strokes were the
same as that of the reference press, and it had a steadier velocity period before BDC during the
forming process than the reference press did for precision deep drawing.

The desired output motion characteristics for example were achieved as expected, as shown in
Figure 4, respectively, but the peak ram acceleration was higher than the reference value, even
after the optimization. This was the only cost paid for our proposed design method.

The results of this example suggest that mechanisms with two same output cycles
corresponding to one input cycle are possible and feasible to design. The proposed mechanism
doubled the efficiency of the original one.
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Fig. 3. The comparisons between the reference and proposed non-optimized press in displacement,
velocity and acceleration of the ram

7. Conclusion

A novel 2-DOF hybrid-driven seven-bar mechanical press with a rotational input link and a
linear input link was presented. The ram of the proposed press could generate two same required
output cycles during a single input cycle. The rotational input link rotated at a constant speed, and
the linear input link followed a reciprocating motion along a specified linear guide fixed on the
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rotational input link. This design method increased the efficiency of the proposed press over that
of the original one. The configuration of the proposed press was described, along with the motion
trajectory design of the linear input link. A kinematic analysis was performed using the
loop-closure equation for two types of presses. Then, the optimized dimensions of the proposed
presses were found. An example was used to verify the feasibility and effectiveness of this
methodology.
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Fig. 4. The comparisons between the reference and proposed optimized press in displacement,
velocity and acceleration of the ram
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