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Abstract: In this paper, a novel single-DOF six-bar mechanical press mechanism is proposed. In order to realize the
static and dynamic analysis of this six-bar mechanism, a kinematic model was established by complex number vector
method. The kinetostatic equation and kinetic equation of the mechanism were established by D” Alembert Principle
and Lagrange Method respectively. Finally, theoretical computation and simulation were carried out by using MAT-
LAB and ADAMS virtual prototype respectively to obtain the curves ofthe position, velocity andacceleration of the
slider, and the changing curves of the balance moment and driving torque of the articulate. The research can not only
provide theoretical basis for kinematic analysis, the solution and physical design of balance moment and driving
torque of the six-bar mechanism, but it can also provide an effective method for the static and kinematic analyses of
other multi-link mechanisms.
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As a new type of forging equipment, multi-link mechanical press has the advantages of high working
accuracy, good operation, excellent dynamic performance and high production efficiency™®. Nowmulti-
link mechanical press has been applied in many important fields'**', such as automotive, military, aero-
space, etc.
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Static and dynamic analyses of multi-link mechanical press mechanism, which is the foundation of
study on stiffness and control system design, can also provide an important theoretical basis for structure
design of the mechanism. Up to now, domestic and overseas scholars have done a large number of resear-
ches on multi-link mechanism and achieved a series of research results in these areas!®'”). Du et al. ™ de-
signed a new type of hybrid driven seven bar press mechanism, which realized the journey and velocity con-
trol of the working table of the press. Guo et al. ¥ studied on the trajectory planning and optimization of
the variable velocity servo motor drive crank, using hybrid servo presses of feedback control, to achieve
different stamping movement. Li et al. '** put forward the idea of hybrid driven press, and introduced the
characteristics of the hybrid drive machine, and the feasibility of the research of hybrid drive machine is

[ studied the optimization of main driving mechanism for servo-punch press.

prospected. Zhou et al.
However, there have been few efforts made oriented to analytical modeling which contains kinematic mod-
el, kinetostatics model and dynamic model at the same time. Then the static and dynamic analyses have not
been sufficiently considered.

This paper takes a six-bar mechanism as an example, the analytical models of the mechanism are es-
tablished, and kinematics and force analysis of the mechanism are carried out. Based on the kinematic anal-
ysis, the displacement, velocity and acceleration equations of the press are derived by using the complex
vector method. Considering the gravity and inertia force of each component, the dynamic and statics analy-
sis of the six-bar mechanical press is carried out. And the dynamic model of the press is established by u-
sing Lagrange method. Finally, by numerical computation and virtual prototype simulation, the correct-

ness of the analytical models is verified. According to this, the structure model of the six-bar mechanical

press is designed, as shown in Fig. 1.
1 Kinematics model of the six-bar mechanical press mechanism

1.1 Architectural feature of the six-bar mechanism

As shown in Fig. 1, this novel six-bar mechanism which is proposed in this paper includes Frame 1,
Crank 2, Linkage 3, Quarter Panel 4, Linkage 5 and Slider 6. Crank 2 and Quarter Panel 4 are respective-
ly connected with a machine frame through a revolute joint; Crank 2 is connected with servo motor and
driven by the motor; Linkage 3 is connected with Crank 2 through a revolute joint; Linkage 3 and Linkage
5 are respectively connected with Quarter Panel 4 through a revolute joint; the end of Linkage 5 is connect-
ed with Slider 6 through a revolute joint;Slider 6 is in the fixed guide rail, which can move only in the ver-
tical direction. The degree of freedom of the mechanism is one, and the motion of the mechanism can be
driven by Crank 2. The structure chart of six-link mechanical press is shown in Fig. 2.
1.2 Displacement model of the mechanism

As shown in Fig. 1, the length of Crank 2 of the six-bar mechanism is expressed as L,, the vector of
Crank 2 is expressed as Zz , the vector angle, which is measured between the vector of the rod and the posi-
tive direction of the x axis along the counter clockwise direction, is expressed as #,. The rest members of
the mechanical press mechanism can be expressed as the corresponding bar vector, and finally a closed vec-
tor polygon consisting of bar vectors is formed. Then the position model of the mechanical press mecha-
nism is given by

L +L =L +L,

o D
L, 4L+ L=s,
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Fig. 1 Structure diagram of six bar mechanism Fig. 2  Structure chart of six-link mechanical press

From Formula(l), we ca

n obtain
L,cos@, +L;cosf; =L, cos@, + L, cosf,
L,sin@, +L,sind; =L, sind, +L,, sind,
L,;cos(f,+a)+L;scosh; =0
L.;sin(f, +a)+ Lssing; —S; =

(2)

—L

In the Formula(2), the motion law of Crank 2 and the length of each member are known. Therefore,

three unknown direction angles 05, 0,, 0; and the displacement of the slider S; are given by

Where,L,, L, Ly, Lyi»
in Fig. 1.

A—JAFB—C

0, =2arctan

B—C
- L, cosf, + L, cos, — L, cosb:
0, = —arccos< I, ) (3)
05 — arccos ( _L42 CC}IS((% +(1) )
5

Sg :L+L42 Sil’l((94 Jra) +L5 Sin@s

Ly, Ls, L, S, a are the dimension parameters of the mechanism as shown

A: 72L2L41 Sin@z 9B: 2L1 L41 72L2L41 COS@Z yC:L% +L§ —'—LZI 7L§ 72L1L2 COS@Z .

1.3 Velocity model of the mechanism

Taking first derivative of

Formula(2) with respect to time, we can get
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@5 L,sin(0, —0,)
_Liwsin(f;—6,)
@ L sin(0s—00)
_:L12w15iﬂ(9r1+a)
@ — L;sind;
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VG :1442 wy COS (@4 +a ) +L5 w5 COS@S

Where, w, is the angular velocity of the link 7,V is the velocity of Slider 6.

1.4 Acceleration model of the mechanism

Taking the second derivative of equation (2) with respect to time, the acceleration of the six-bar

mechanism can be expressed as

- 7Lza)g COS(@Z 7(91 ) 7L36()§ COS(@g 701 ) —’—Luwf

@ L.sin(g;—0,)
_L, w5 o8, +Lsw? cosls + Liassinfs — Ly, w? cosf,

a L, sind, (5)
_ L42 wi COS(04 TLa) +L4za4 Sin(@4 +0() +Lﬁ wé COS@a

@ — L sinds

as=—Lywisin(d, +a) +Lyaicos(d, +a) — Lswt sinds + Lsas cosfs

Where, a; is the angular acceleration velocity of the link 7,a; is the acceleration of Slider 6.

2 Kinetostatics model of the six-bar mechanical press mechanism

2.1 Kinetostatics modeling of the mechanism
Kinetostatics analysis diagram of six-bar
mechanism is shown in Fig. 3. From Fig. 3, the
geometric parameters of components, such as
the distance from the center of mass of the link
to the front hinge, are expressed as L, ,L,L, »
Ls; the physical parameters, such as mass of
component i and moment of inertia around its
center of mass of component i, are expressed as
m; and J;, respectively, where i=2,3,4,5,6.
And x;, y; represent the x and y coordinates
components of its center of mass of link 7; z, v,
represent the x and y velocity components of the
center of mass of linki; r,, y, represent the x
and y acceleration components of the center of
mass of linki; M, represents the balance moment
of Crank 2; F L F

Z, to x; in x direction and in y direction; F, .,

r,er Fupr,y Tepresent the force of

F. , represent the force of frame to x; in x direc-

tion and in y direction.

Fig. 3

Schematic diagram of single DOF six-bar mechanism

The force analysis of Crank 2, Link 3, Link 4, Link 5 and Slider 6 are shown in Fig. 4, Fig. 5, Fig. 6,

Fig. 7, Fig. 8 respectively.
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Fig. 4 Force analysis of crank Fig.5  Force analysis of Link 3 Fig. 6 Force analysis of quarter panel
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Through the analysis of the above five components, we can make a list of the fourteen balance equa-
tions. Because the Fourteen equations are linear equations, it can be sorted into the following matrix in ac-
cordance with the order of unknown forces on the members 2, 3, 4, 5, 6, and so on. Then we can get

CF=D . (6)
Where F= [Mz F,, FZy F. Fzgy F.,. Fl’;'ly Fis. Fisy F., Fiy Fs., F56y F; ]11><1 is an un-
known force array,

D= [*mzi.\z Gz —my .3'/.\2 0 *7713-%53 G3 —mgy y\z 130’3 *771/1-.7&.\4 G1 *77115)'151 *7711-%.\1[1.\1 Sin(zﬂ*@&
—at®—m,y,LycosQr—0,—a+p® +G LycosC2r—0,—at+p +tJiax —mxs Gi—msys Jsas
—mexy —Fs Gy—msys—F, Jiix1is known force array.

To=—Lywicosh,—Lyarsinbs » vy, = — Lywising, +Loascoshs
Ty =—Lowicosh, — Loassinb, — L s w? cosfs — Ly as sinds »
v =—L,wisind, +Lyascosf, — L sw?sinds + L s a; cosds »
2y=—Lywicos(d,+a—p —Lya;sin(d, +a—p) .
vy =—Lyw?sin(4, +a—p) +Luaicos(@y+a—p)
To=—Lpw cos(0, +a)—Liyasin(l, +a) —Lsw?cosld; — Lsassinds »

Vs =—Lywisin(0, +a) +Lyaicos(d, +a) —Lswisinf; +Lsascosts s
Z5=0,y5=—Lpaw sin(0,+a)+Lypacos(d,+a) —Lsw?sinds + Lsas cosds »



PR E B 2 Journal of Shandong University of Science and Technology
AR B W N EAT MR A WA 69 T F B T AT 85

ro 1 0 1 0 0 0 00 0 0 0 0 07
0 1 0 1 0 0 000 0 00 00
1 Lgsing, —Lgycosh, (Ly,—Ly)sing, (L,—L)cosl, 0 0 00 0 0 0 0 0
0 0 0 —1 0 1 0 00 0 0 0 00
0 0 0 0 —1 0 1 00 0 0 0 00
0 0 0 — L, sinb, L5 cosf, (Ls;—Ly)sind, (Ly—Lg)cosfy 0 0 0 0 0 0 0
B 0 0 0 0 0 —1 0 1 01 0000
“looooo o -1 0 1 0 1 0 0 0
0 0 0 0 OLysind, —Lycosy, —Lysin(f,ta) Lycos(d,+a) 0 0 0 0 0
00 0 0 0 0 0 —1 0 0 0 1 0 0
00 0 0 0 0 0 0 —1 0 0 0 1 0
000 0 0 0 0 — L sinf; L cosls 0 0 (Lg—Lg)sings (L;—L;)cosd;0
00 0 0 0 0 0 0 0 0 —1 0 1
000 0 0 0 0 0 0 0 0 0 —1 0 Jiixus

is an unknown force coefficient matrix.
3 Dynamics model of the six-bar mechanical press mechanism

3.1 Generalized coordinates of the mechanism

From Fig. 2, Crank 2 is the driving link in the single degree of freedom six-bar mechanism. When the
angular displacement of Crank 2 is given, the position of the whole mechanism is also determined, and
thus, the angular displacement of the crank can be taken as the generalized coordinates, that is g=0,.

The Lagrange formula for a single degree of freedom system is expressed as

i(ﬁ)—%+%: : 7

dq
Where,E,V.,Q,q are the kinetic energy, potential energy, generalized force and generalized coordinates of
the system, respectively.

3.2 The Lagrange dynamic equation of the mechanism

3.2.1 Motion analysis of the mechanism

To calculate the kinetic energy of the mechanism, we must know the angular velocity and the velocity

of the center of mass of each member. By kinematic analysis of the mechanism, we can get

0. =0,(q)
11_\.,-13,((1) . (8)
Vi =y (@)

Where 6, is the angular displacement of component i, xgand ys are the coordinates of the centroid of the
component in the x axis and y axis.
Taking derivative of equation (8)with respect to time,the angular velocity 8; of the component 7, the

speed of centroid xg in the x axis and yg in the y axis can be obtained as

.20,
5{*@61 , (€D)]
J~ dx,
Ty =
i
T (10)
1' AR
Vi aqq
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The velocity of the center of mass S; can be given by

_ (1)
Ui —
3.2.2 Kinetic energy of the mechanism
The kinetic energy can be expressed as
6
E = E %()n,-vi—’—];@?) . (12)
i=2
By substituting equation (9) and (11) into equation (12), the kinetic energy of the system can be giv-
en by
1,
E—?]kq s (13

e, = 3o [ (5 4 (5) J o 55) )

=2

3.2.3 Potential energy of the mechanism
The zero potential energy position is located at the origin of the coordinate (see Fig. 3), the positive
direction of the Y axis is the direction of gravity, the potential energy of the system is written as
V=m,gy,tmsgystm gy, Tmsgys tmegye . (14)
3.2.4 Generalized force of the mechanism
The generalized force can be determined according to the virtual work principle. For a single degree of
freedom six-bar mechanism, the relationship between the virtual work § W of active force and the general-
ized virtual displacement can be given by
oW=Qsq . (15)
Where, the coefficient Q in front of generalized virtual displacement is generalized force.

For the single degree of freedom six-bar mechanism, according to the virtual work principle, we can

get
J(L—S;
é‘W:Qaq:Mzaq*F{%&qJ (16)
From the equation (16), the generalized force of the system is given by
J
Q=M, I+ F, 2 an
dq
Where, M, is the torque of the motor acting on the crank,S; is the displacement of the slider.
3.2.5 Motion differential equation of the mechanism
Taking derivative of equation (13) with respect to ¢ and ¢ respectively, we can get
JE_1.,49],
d aE. d(J.¢) - d],
— () =—"=]g+=%° QL))
dt g dr dq
According to the equation(14) we can get
ﬂ/:m aysl_m‘ aysa_m ay”—m- aysr»_m\ Iy (20)
g 28 g 38 g 18 g 58 g 68 g

Take formula(17), (18), (19) and (20) into Lagrange equation (7) and simplify it, the dynamic e-
quation of the novel six-bar mechanism is expressed as

1), oV
Q—]pq+2 aqq +9q . Q2D
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4 Example of kinematic and force analysis of the six-bar mechanical press mechanism

4.1 System parameters of the mechanism

System parameters of the six-bar mechanism are shown in Tab. 1.

Tab.1 System parameters of the six-bar mechanism

Designed parameter Parameter values Designed parameter Parameter values
Distance between framel;/mm 430 Quality of Crank 2 m;/kg 0. 660
Distance from frames to bottom dead center of

650 Rotational speed of Crank 2 wy/(°/s) 120

Sliding Block 6L /mm
Length of Crank 2 L, /mm 90 Quality of Linkage 3 m3/kg 2.998
Length of Linkage 3L3;/mm 464.7 Quality of Rocking-bar 4 m,/kg 4.451
Length of QuarterPanel4 L, /mm 250 Quality of Linkage 5 m;/kg 2.594
Length of QuarterPaneld L;;/mm 250 Quality of Sliding Block 6 mg/kg 0.651
Length of Linkage 5 L;/mm 400 Rotational inertia of Linkage 3 J3./(kg/m?) 5.84X102
Inclination angle of the frame 6; /(%) 0 Rotational inertia of Rocking-bar 4 J,./(kg/m?) 2.29X10 2
Initial angle of Crank 2 0,/(%) 144. 64 Rotational inertia of Linkage 5 Js./(kg/m?) 3.80X102

4.2 Example of kinematic analysis

When Crank 2 of the six-bar mechanism runs three cycles, the displacement curve of Slider 6 obtained
by the numerical calculation of MATLAB and the displacement curve of Slider 9 obtained by the virtual
proto type of ADAMS are shown in Fig. 9. The velocity curve of Slider 6 obtained by the numerical calcu-
lation of MATLAB and the velocity curve of Slider 6 obtained by the virtual prototype of ADAMS are
shown in Fig. 10. The acceleration curve of Slider 6 obtained by the numerical calculation of MATLAB and
the acceleration curve of Slider 6 obtained by the virtual prototype of ADAMS are shown in Fig. 11.

From Fig. 9 to Fig. 11, the trend and the peak value of the displacement curves, velocity curves, and
acceleration curves are basically similar; the maximum error of the displacement, which occurs in 1. 58 s,
is 0. 000 4 m; the maximum error of the velocity, which occurs in 1. 98 s, is 0. 000 3 m/s; the maximum

error of the acceleration, which occurs in 1. 64 s, is 0. 000 5 m/s?.

0.12 A A A 0.12
0.1 A A /\ 5 0.1
[ \ / \ | 0
. 0.08 [\ [ / \ £ 0.08
g [ \ =
£ 0.06 / ‘ / f 2 0.06
= \ [ [ 3
oo 0.04 | = 0.04
= / \ / \ s
0.02 \ / \ j £ 0.02
0 | \ \ | \ | | | ) 0
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
Time/s Time/s
(a) Numerical calculation result by MATL AB (b) Virtual simulation result by ADAMS

Fig.9 The displacement of six-bar mechanism’s slider

4.3 Example of kinetostatics analysis
When Slider 6 of the six-bar mechanism moves with no-load, that is F, =0, the balance moment

curves of crank of mechanism obtained by the numerical calculation of MATLAB and the balance moment
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curves of crank of mechanism obtained by the virtual prototype of ADAMS are shown in Fig. 12. When Sli-
der 6 of the six-bar mechanism moves with load, that is F, =100 kN, the balance moment curves of crank
of mechanism obtained by the numerical calculation of MATLAB and the balance moment curves of crank
of mechanism obtained by the virtual prototype of ADAMS are shown in Fig. 13. The numerical calculation
of the bearing reaction between Linkage 5 and Slider 6 and the virtual prototype simulation of the con-

straint force between Linkage 5 and Slider 6 are shown in Fig. 14.

0.2 0.2r

0.11 /\ 0.1 /\
/o |
Z: | v’/ \v/ \/ |
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[

Velocity(meter/sec)
[

. . . : : 02 : . . . . .
0 1 2 3 4 5 6 7 8 9 0o 1 2 3 4 5 6 7 8 9
Time/s Time/s
(a) Numerical calculation result by MATL AB (b) Virtual simulation result by ADAMS

Fig. 10 The velocity of six-bar mechanism’s slider
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(a) Numerical calculation result by MATLAB (b) Virtual simulation result by ADAMS
Fig. 11 The acceleration of six-bar mechanism’s slider
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(a) Numerical calculation result by MATL AB (b) Virtual simulation result by ADAMS

Fig. 12 The balance moment of the six-bar mechanism when the slider has no load

From Fig. 12 to Fig. 14, the trend of MATLAB calculation result is consistent with the ADAMS virtu-
al simulation result; when Slider 6 of the six-bar mechanism runs with no-load, the maximum error of the
balance moment, which occurs in 1. 28 s, is 0. 198 2 N ¢« m; when Slider 6 of the six-bar mechanism runs

with load, the maximum error of the balance moment, which occurs in 1.98 s, is 14. 332 4 N » m; when
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Slider 6 of the six-bar mechanism runs with load, the maximum error of the constraint force between Link-

age 5 and Slider 6, which occurs in 1. 58 s, is 30 N.

1510° 10 000.0 -
0.5} 5000.0 -
g g
Z 0 Z 0
Q Q
= =
-0.5¢ —-5000.0 -
_1 | | \ | \ \ \ | \ ~10000.0 I S S S S N S
0 1 2 3 4 5 6 7 8 9 01 2 3 4 5 6 7 8 9
Time/s Time/s
(a) Numerical calculation result by MATLAB (b) Virtual simulation result by ADAMS

Fig. 13 The balance moment of the six-bar mechanism when the slider has load

5 5
115510 115 10
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g 1.05 e
2 2
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0.95 \ . | | \ | | | \ 1.00
1 2 3 4 5 6 7 8 9 012 3 456 789
Time/s Time/s
(a) Numerical calculation result by MATL AB (b) Virtual simulation result by ADAMS

Fig. 14 The constraint force between Linkage 5 and Slider 6 when the slider has load

4.4 Example of dynamics analysis

When Slider 6 of the six-bar mechanism moves with no-load, that is F, =0, the numerical calculation
of the driving torque of the crank obtained by MATILAB and the virtual prototype simulation of the driving
torque of the crank obtained by ADAMS are shown in Fig. 15. When Slider 6 of the six-bar mechanism
runs with load, that is F, =100 kN, The numerical calculation of the driving torque of the crank obtained
by MATLARB and the virtual prototype simulation of the driving torque of the crank obtained by ADAMS

are shown in Fig. 16.

4 ”
2 L
g g
2 o 2
Q Q
= =
2N
74 L L L L L L L L I}
0 1 2 3 4 5 6 7 8 9
Time/s Time/s
(a) Numerical calculation result by MATL AB (b) Virtual simulation result by ADAMS

Fig. 15 The driving torque of the six-bar mechanism when the slider has no load
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Fig. 16 The driving torque of the six-bar mechanism when the slider has load

From Fig. 15 to Fig. 16, the trend of numerical calculation result is consistent with the virtual simula-
tion result. When Slider 6 of the six-bar mechanism runs with no-load, the maximum error of the driving
torque, which occurs in 1. 26 s, is 0. 058 8 N « m. When the slider 6 of six-bar mechanism runs with load,

the maximum error of the driving torque, which occurs in 1. 98 s, is 10. 332 4 N « m.

5 Conclusions

1) A novel single-DOF six bar mechanical press mechanism is proposed. The kinematic model of this
novel six-bar mechanism is established by using the complex vector method; the kinematic analysis inclu-
ding slider position, slider velocity, and slider acceleration is realized and verified by numerical calculation
and virtual simulation.

2) The kinetostatics model of the six-bar mechanism is established by using the matrix method, the
constraint force of joints and balance moment are studied and verified.

3) The dynamic model of the six-bar mechanism is established by using the Lagrange Method. The
driving torque on crank is solved and verified.

4) This study can not only provide theoretical basis for kinematic analysis, force analysis and structure
design of the six-bar mechanism, but also suggest a way of static and dynamic analysis for other multi-link
mechanisms.
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