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ABSTRACT

In a link motion punch press, numerous links are interconnected and each link executes a
constrained motion at high speed. As a consequence, dynamic unbalance force and moment are
transmitted to the main {rame of the press, which results in unwanted vibration. This degrades
productivity and precise stamping work of the press. This paper presents an effective method for
reducing dynamic unbalance in a link motion punch press based upon kinematic and dynamic
analyses. Firstly, the kinematic analysis is carried out in order to understand the fundamental
characteristics of the link motion mechanism. Then design variable approach is presented in order
to automate the model setup for the mechanism whenever design changes are necessary. To
obtain the inertia properties of the links such as mass, mass moment of inertia, and the center of
mass, 3—dimensional CAD software was utilized. Dynamic simulations were carried out for various
combinations of design changes on some links having significant influences on kinematic and
dynamic behavior of the mechanism.
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When the links comprising a link motion
punch press are executing constrained motions,
time-varying forces and moments are transmitted
to the main frame of the press, which produce
vibration. These force and moment are called
dynamic unbalance force and moment. They are
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transmitted to the main frame at the locations
on the main frame where the kinematic
constraint joints, which connect some links to
the main frame, are defined. Therefore dynamic
balancing is the technique minimizing dynamic
unbalance force and moment.

Many studies have been undertaken on
balancing planar and spatial mechanisms. The
general technique for dynamic balancing is to
make the overall mass center of a mechanism as
stationary as possible by using counterweights(1~5) .
This is actually equivalent to the technique of
reducing the resultant dynamic unbalance force
and moment transmitted to the main frame of
the mechanism, which is presented in this work.
Another important technique also in wide use is
the total

constant by

energy of a
(6~9)

to make potential

mechanism using  springs
Arakelian and Smith presented a review of the
balancing techniques by counterweights and
harmonic balancing by two counter—rotating
masses'?. Ouyang and Zhang introduced a new
force balancing method of adjusting kinematic
parameters for robotic mechanisms as opposed to
force balancing methods using counterweights(“).
In automotive applications Kim et. al. presented
designing a balance shaft
module"?. Real in high speed
operation, however, exhibit some flexibility due
to elasticity and some plasticity. To account for
these real-life techniques
dealing  with plastic
deformations of the flexible muitibody systems
d"*'9, Furthermore, there
exist some clearances in each kinematical joint,
and this will lead to collision and wear. A

methodology for including the effects of the

a technique for
mechanisms

phenomena the
elastic and even

have been develope

inherent  clearances and lubrications in

multibody mechanical systems have also been

d™1” The incorporation of all these

develope
real-life effects into the model of a link motion

punch press will produce more realistic results
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when the problems such as heavy computational
burden and modeling complexities are resolved.

In this work, all the links in a link motion
mechanism are assumed to be rigid, and a
method for balancing a complicated link motion
mechanism is presented. Firstly, kinematic
motions of the mechanism are analyzed. In a
press, a pair of

is used

link motion punch

counterbalance weights in order to

counteract the dynamic unbalance force and
moment. Focusing on the kinematic relationships
between the counterbalance weights and other
links, optimal kinematic conditions are studied
for achieving best dynamic balancing.

In order to automate the setup of the model
for the mechanism whenever some design
changes are required, some important aspects
of the mechanism such as link lengths, locations
of joint constraints were assigned as design
variables.

Dynamic unbalance force and moment are
formulated by using both Newtonian and
Lagrangian mechanics. Although they produce
identical dynamic simulation results, they have
their own merits and demerits.

In Newtonian mechanics, the inertia force and
inertia moment of each moving link can be
directly computed when its center—-of-mass

acceleration and angular acceleration are
known. The inertia force and inertia moment of
every link is added up respectively, in order to
produce the resultant dynamic unbalance force
and moment™®.  This

kinematical

means that only
needed and the

computational burden will be greatly relieved

information is

compared to Lagrangian mechanics. However,
the joint reaction forces and moments cannot
be obtained from pure kinematical information.
In order to obtain these, the Newtons second
law of motion should be applied to every
individual link and solved simultaneously, which
is quite a formidable task.
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In Lagrangian mechanics, the vectors of
Lagrange multipliers and constraint equations
are used to compute the joint reaction forces
and moments acting on the constraint joints
defined on the main frame. From these,
dynamic unbalance force and moment can be
obtained"®. This gives extra

burden compared to Newtonian mechanics, but

computational

provides valuable information on dynamic
loading acting on each constraint joint.

All the links were designed by utilizing a 3-D
CAD software. From this, inertia properties of
each link such as mass, mass moment of inertia,
location of the center of mass could be obtained.
Design changes on some links including the
counterbalance weights have significant effects
on dynamic balancing of the whole mechanism.
combinations of design

For many possible

variations in the mechanism, kinematic and
dynamic simulations were carried out during a
single rotation of the crank shaft in order to

reduce dynamic unbalance.

2. Analysis of Link Motion Mechanism

2.1 Description of Motion of the Mechanism
Associated with Dynamic Balancing
In Fig.1, the kinematic model of a link

motion punch press is shown. The mechanism
executes a 2 dimensional plane motion. And the
press is assumed to be operated at 1,200 spm.
This means that the crankshaft is being driven
at 1,200 revolutions per minute with constant
angular velocity. In Table 1, the names, lengths,
and numerical symbols for mass centers are
presented regarding the links shown in Fig. 1.
Linko 2 the link
connecting points @ and @, and it is named as
crankshaft. The length between the points @
and @ is the eccentricity of the crankshaft and
in this work. The
rotation center of crankshaft is denoted as point

For example, represents

will be denoted as &crank

Y
y
s
Q_
2 0
/@ X
1
Region |l 3
@}9@
clloN
N

g 6
Region | %L%

Fig.1 Model of the mechanism of a link motion
punch press

Table 1 Names of each link and location shown in

Fig.1 with link length in brackets.
Numerical values for lengths given in
parentheses are fixed throughout this work
S tocaion Name
Linkoz2 Crankshaft
© Rotation center of Linkog
@) c.m. of Linkoz
Linkg4 Connecting rod(300 mm)
® c.m.! of Linkes
Linkgg Main lever(470 mm)
Linksg Eccentric link
Linksg Lifting lever(276 mm)
Linko 10 Die-height adjust lever(130 mm)
Linkgs Counterbalance weight(614 mm)
Linkis.17 Pivoting lever
Links,12 Slide column(471 mm)
[y c.m. of slide column
() c.m. of slide
@ cm. of counterbalance weight

'e.m.: Center of mass

o
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©@. A Newtonian inertial frame of reference
(OXY) is fixed to the main frame with its origin
O coinciding with point @. Points @ and @ are
constrained to move only in vertical direction.
The model of the mechanism shown in Fig.1
has 23 links in total including the ground link,
which is the main frame. The main frame is
depicted as hatched lines as shown in Fig. 1.
Be aware that there is an additional link in the
form of a long circular bar, which penetrates
through Linkss and Linkss at point @ into the
normal direction of the plane of the paper.
There also exists a vertical prismatic joint
between a long circular bar and the main frame.
This long circular bar can possibly be named as
Crossover.

To counteract dynamic unbalance a pair of
counterbalance weights is used as shown in Fig.
1. The design of a vibration isolation system on
which the press is mounted is important as
well®? The total mass of the press including
all the moving links, the main frame, and other
accessories is approximately 7,500 kg.

In Fig. 1, for all the links located in Region I,
a pair of identical links in the left-hand and
right-hand sides of the Y axis, executes
motions which are symmetric with respect to
the Y axis. Therefore, their resultant inertia
force in X direction is 0, and their resultant
inertia moment in Z direction is also O.
Therefore all the links
transmit only the resultant inertia force in Y
For efficiently
force mn Y
should
remain as vertical as possible, and those of
Linksg and Linkeés as horizontal as possible
during one revolution of the crankshaft. This
will be demonstrated later in Fig. 4. Linkss and
Linkgs in Fig. 1, intentionally
drawn in oblique order to

located in Region [

direction to the main frame.
counteracting the unbalance

direction, the orientation of Linksg

however, are
directions in
represent the mechanism in its most general
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form. Also an intention was to avoid cluttering
up the drawing since the length of Linksg is, in
general practice, about 1/17 of that of Linkeg
as presented in Table 1 and Table 2.

The resultant inertia force in X direction and
resultant inertia moment in Z direction produced
by the links located in Region II excluding the
counterbalance weights should be counteracted
by the counterbalance weights. For achieving
this efficiently, the orientation of Linkss should
remain as vertical as possible, and those of
Linkss and Linkss as horizontal as possible
during one revolution of the crankshaft as
mentioned previously. This will be demonstrated
later in Fig.4. The point 0 acts as a pivot for
Linkis17. When the length li5)7 of Linkisyz is
held fixed, increasing the length /1515 between
points @ and @ increases the amplitudes of
in X
centers of the

the components of the accelerations
direction of the mass
counterbalance weights. The same is true of
the angular accelerations in Z direction of the

counterbalance weights.

2.3 Kinematic Analysis of the Mechanism

The mechanism shown in TFig.1 s
kinematically driven since the number of
linearly independent constraint equations is

equal to the number of the system generalized
coordinates. One of the constraint equations is
the driving constraint equation prescribed for
constant angular velocity of the crankshaft. In
this work, the crankshaft is driven at 1,200 rpm
with constant angular velocity. Therefore the
mechanism has zero degrees of freedom.

At each specified angular position of the
crankshaft, the linear and angular positions of
the links can be obtained by solving the vector

of the constraint equations given by

C(q:t)z[cl(qrt) Cz(‘l»’)“‘cn(q’t)]T =0 (1)

where »n is the number of system generalized
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coordinates q which is given by

a=[q, 3,-q.] @

After differentiating the vector of the
constraint equations with respect to time, the
generalized velocity vector q can be evaluated

by solving

Cq+C =0 3

where C, is the constraint Jacobian matrix, C,
is the vector of partial derivative of the
constraint equations with respect to time.
Differentiating Eq.(3) with respect to time,
the generalized acceleration vector § can be

evaluated by solving
C.g4=-(C,9,4-2Cq-C, @

where C, is the matrix of partial derivative
of the constraint Jacobian matrix with respect
and C,

derivative of C, with respect to time.

to time, is the vector of partial

2.3 Automation of Mechanism Design

When the link lengths or the locations of
constraint joints vary, the model of the whole
mechanism should be reconstructed from the
beginning. Then new kinematic and dynamic
analyses of the mechanism should be followed.
For example in Fig.1, when the die height
increases by 30 mm, the slide should be raised
by 30 mmm. For this, point @ should be raised
in vertical direction approximately by 75mm in
this work. This will result in a substantial

change in the structure of the mechanism. Its

kinematic and dynamic characteristics also
change substantially.
If the lengths of some links or the

coordinates of constraint joints can be assigned
as design variables, then the model setup of the
mechanism can be automated and its kinematic

and dynamic analyses can be carried out
immediately after design changes. All the x and
y coordinates in this section are given with

respect to the Newtonian inertial frame of
reference.
Let wus assign the eccentricity of the

crankshaft and the length of the connecting rod
as design variables, and let their names be &crank
and leonrod, respectively. Then the y coordinate
of point @, y4, is given by

Yi= lczon_rod ~€ ®

Next, let the x and y coordinates of point
be assigned as design variables x10 and yio,
respectively. Also let the lengths of Linksg and
Linkg,10 be assigned as design variables /49 and
Is10. Point @ is the location where a revolute
joint is defined which connects Linkgio to the
main frame. Then xg and yg are given by

tan’ Y4~ +
p X0
Xy = Xig — 510 X COS 2 2 2
’ Lo+l
cos™!| 2410 T b0 " has
2 14,10 : 19,10
®
tan’ Vs~ Yo +
] . Xy
=y, +1y % sin
Yo = V0T o af B+ loio Ly
2 14.10 : 19,10

@)

Point ® lies on a straight line connecting the
end points @ and @ of Linksg. Also are volute
joint is defined at Point ®. The distance 45
between points @ and ® can be assigned as a
design variable, then the x and y coordinates
x5, y5 of point will be given by

X5 = Z Xy (8)
14.5

ys—y4+l—~-(y9—y,.) 9
4.9
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Let the x and y coordinates x7, y7 of point @,
lengths Iss and lss of Linksg and Linksg be
assigned as design variables. Point @ is
assumed to be the midpoint of Linksg. Then the
x and y coordinates xs, ys of point ® will be
given by

an’! Ys =Y +
Xy =X
x, =x,+1. xcos
6T e ,(1;, + 12— (g4 2)
2. 15,7 '15,6
10
o Ys— V1 )’7
X, — Xs
= —] 1 4 >
Yo = Y5 s ¢ X510 o (l;, +152,6 __(16’8/2)2}
2. 15,7 . 15,6
(1n
The x and y coordinates xs, ys of point will
be given by
x, =2x, —x, (12)
Vs =2¥, -, a3)

the model
setup of the whole mechanism can be automated.

By repeating these procedures,

Of course, the coordinates of the constraint joints
should satisfy the
equations in Eq. (1).

corresponding  constraint

3. Dynamic Balancing

3.1 Theory of Dynamic Balancing by
Newtonian Mechanics
When the Newton's laws are applied to a

mechanism consisting of », moving links, the

following relations can be derived™®.
PO +®+R“ =0 (14)
M& +MP + M =0 (15)

Where P© is the vector sum of the external
forces acting on m, links, and in the case of the

420/ 725 SESE =
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press it is O since there is no external force. ®
is the vector sum of the inertia forces which ny
links have.
reaction forces which are applied to ny links by

R® is the vector sum of the joint

the main frame, and the points of application of
these forces are the constraint joints defined on

the main frame. M’ is the vector sum of the
moments of the external forces acting on ap
links with respect to the rotation center of the
crankshaft. For the case of a link motion punch
press, when a moment is applied to the
crankshaft by a motor which is fixed to the
mainframe, are action moment which is of the
same magnitude but in opposite direction is also
applied to the main frame through the stator of a
motor. These constitute a pair of internal

moments for the press as a whole. Therefore,
MY is also 0. MY is the vector sum of the
inertia moments of n, links with respect to the
MG s the
vector sum of the moments of the joint reaction

rotation center of the crankshaft.

forces acting on m, links with respect to the
rotation center of the crankshaft.

According to the Newton's third law, the
dynamic unbalance force Fys is equal to
—R®, and also equal to @® according to Eq.
(14). Likewise the dynamic unbalance moment

M, . taken with respect to the rotation center

of the crankshaft is equal to —M$, and also

MY  according to Eq.(15). These
relations can be summarized as

equal to

F,, =-R“ =@ (16)

U.B.

M, = _ME)RJ = M(OO) an

Dynamic balancing is the work reducing Fy,
and M ;.

3.2 Theory of Dynamic Balancing by
Lagrangian Mechanics

The generalized acceleration vector 4 and
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the vector of Lagrange multipliers A can be
obtained by solving”g)

A IHEH

where M is the system mass matrix. Q. is

18)

the vector of system generalized external
forces, and is O for the case of the press.

From Eq. (4) Q, is given by

Q,=-(C,9),9-2C,q-C, 19)

The wvectors of the system generalized
constraint forces, Q., and A satisfy the
following relation

Q. =-C/r (20)

The solution of Eq. (18) is given by

q = quQe + Hq/le = Hqud
@n
A= H/Iqu +H,;Q,=H,,Q,
where
H, = (C(‘M‘ICI)’l
H, =M"'+M"'C!H,CM" @22

H, =H| =-M"CH,,

To obtain the dynamic unbalance force and
moment applied to the main frame, the joint
reaction forces and moments acting on the
constraint joints defined on the main frame
should be obtained first. When
connected to the main frame by a given joint %,

link i 1is

the generalized constraint forces acting on link
i is given by

(Q:)A =-(C, ):, X, =[Fr; Fv’k MAI ]T (23)

where Fi Fyik M, are the components of

the vector (Q)), and they are defined with

respect to a local coordinate system which is
attached to link i. The origin of the local
coordinate system coincides with the mass
center of link i. C, is the vector of constraint
equations of joint &, », is the vector of
Lagrange multipliers associated with C,.

Let “; be the position vector from the origin
of the local coordinate system of link i to joint
k. Then the vector of the actual joint reaction

forces and moment, F', is given by

F'=[F, F, M,-(u,xF)-k[" (24)

where F, =[F, F;}]T, and k is a unit vector
along the axis of rotation. Then the moment
(M]), with respect to the rotation center of

the crankshaft is given by

(M), = M, —(u, xF,) k+(R, xF)) -k (25)
R, is the position vector from the rotation

center of the crankshaft to joint k.

and the

dynamic unbalance moment, My, which are

transmitted to the main frame, are given by

The dynamic unbalance force, Fus.,

Fip = _; F, (26)

@n

My, = _{Z (Mll« )o }k

ki

3.3 Results of Dynamic Balancing
The sequential procedure of changing the

design variables for reaching satisfactory dynamic
balancing is summarized below.

(1) When the orientation of the crankshaft,
Linkgs, is horizontal as shown in Fig. 1, the
orientation of Linkss should be close to vertical,
and those of Linksg and Linksg beclose to
horizontal.

(2) When the orientation of the crankshaft is

vertical, those of a pair of counterbalance

%
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weights, Links1s and the one on the left-hand
side, should be close to vertical.

(3) Firstly, try to reduce the component of
force in
of the
is reached, keep

the resultant dynamic unbalance
Y-direction. Until the required level
resultant unbalance force
running dynamic simulations by trimming excess
mass from or adding additional masses on the

Table2 Design parameters before and after

dynamic balancing

Before balancing | After balancing -
Crankshaft 20.90 mm 20.87 mm
eccentricity ‘crank
Lis 188.20 mm 188.00 mm
I 15.60 mm 16.00 mm
Pos(i.ﬁon of @ 950, -314.0, 0.0§325.0, ~313.0, 0.0)
in mm)
Position of @ {4660 3489, 0.0)460.0, -427.1, 0.0)
(in mm)
Stroke' 25.00 mm 25.04 mm
Orientation of
Linksg with 9.84° 0.22°
respect to ’ ’
horizontal axis
Orientation of
LinkG.S mth _13 84n 0.63°
respect to ’ ’
horizontal axis
Orientation of
Linkss with -68.58° -93.54°
respect to ' ’
horizontal axis
Mass &fg\?ﬂsmgle 421 kg 344 kg
IG3 of a single 10.6 kgxm? 9 4kg><m2
CBW ) ’
cm. of the LH |, _ _
CBW (in mm) (-432.1,-32.5, 0.0)| (-428.4,8.6, 0.0)
c.m. of the RH _
CBW (in mm) (441.4, -33.3,0.0) | (437.5, 9.4, 0.0)
115'17 128 mm 129 mm
D6 lstr 28 mm: 100mm | 27 mm: 102 mm

IStroke : Distance between top dead center and bottom
dead center of the slide
%CBW : Counterbalance weight
3G : Centroidal mass moment of inertia about an axis
passing through mass center

422/t A SVUSIES=EH/A17 A A5 E, 20073

counterbalance weights, i.e. by shaping them by
a 3-D CAD software. After each shaping, the
mass, the moment of inertia, and the mass
center of a counterbalance weight change.

(4) Secondly, try to both the
component of the resultant dynamic unbalance

reduce

force in X-direction and the resultant unbalance
moment in Z-direction. This can be done by
varying the ratio between the length Ij516 and
the length lig17.

(5) If the results are not successful, repeat
(3) and (4) again.

The conditions prescribed in (1) and (2) are
to make favorable phase relationships between
the counterbalance weights and other major
contributing links in  order for the
counterbalance weights to effectively counteract
the dynamic unbalance.

In Table2, the design parameters before and
after dynamic balancing are compared. In Fig. 2
and Fig.3, the and angular
accelerations of important links are
compared during one revolution of the crankshaft

in a time period of 0.05sec before and after

accelerations
some

balancing work, respectively. The computed
dynamic unbalance force and moment before and
after dynamic balancing are compared in Fig. 4.
From Fig.4 and Table 2, it is demonstrated
that the orientation of Linksg should be close to
vertical, and those of Linksg and Linkegg be
close to horizontal when the orientation of the
crankshaft is horizontal as shown in Fig. 1. This
would be the primary condition leading to
successful dynamic balancing. From Fig. 3, it
can be found that even after balancing two
counterbalance weights do not have identical
accelerations and angular accelerations but have
small After balancing,
pronounced feature is that the accelerations and
angular accelerations of the mass centers of the

counterbalance weights have nearly opposite

differences. the most
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Fig. 2 Comparison of accelerations and angular
accelerations before balancing (LH: left—
hand, RH : right—hand, CBW : counter—
balance weight)

phases when compared to those of crankshaft,
connecting rod, slide, and slide column. The
dynamic characteristics of the link motion
mechanism change drastically when varying the
design parameters for the links and constraint

joints. For many possible combinations of

design variations, dynamic simulations were
carried out in search of the better combination
reducing dynamic unbalance. The simulations
using either Newtonian or Lagrangian mechanics
produced identical results as expected. The
dynamic contributed by slide,
crankshaft, connecting rod, slide column are

large since their accelerations of mass center

unbalance

and angular accelerations as well as their
masses and centroidal mass moments of inertia
have large values. In this work, for example,
crankshaft,
connecting rod, and each slide column were
235kg, 130kg, 101 kg, 51 kg, respectively.

Constdering dynamic unbalance force in Y

the wvalues of mass for slide,

direction, its first harmonic component could be

almost removed but its second harmonic
component still remained after balancing work
as presented in Fig.4. This second harmonic
component can no longer be reduced by further
dynamic balancing but by e.g installing
additional apparatuses on the mechanism which
rotate with twice the rotational speed of the
crankshaft,

Considering dynamic unbalance force in X
direction and dynamic unbalance moment in Z
direction, only the first harmonic component is
dominant regardless of dynamic balancing work.
In Table3, dynamic

unbalance is and

maximum values of
compared before
It can be seen that drastic

after
balancing work.
reduction of dynamic unbalance in a link motion
mechanism is possible. In high-speed operation,
the exhibits high
nonlinearities both in its kinematic and dynamic

link motion mechanism

characteristics.
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o
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Dynamic unbalance in a link motion mechanism
could be greatly reduced by properly designing a

400 ; ; ; T
300 i fine: Connacting rod eim. T §
200 ________dﬁhdot line: Crankshaft c.in. P

-
[=]
(=]

(=]

R
<o o
o O

-300 Dashed line: LHCBW e~ & 4
Dotted liné: RH CBW c.m. :

Acceleration in X Direction (m/sec**2)

-400 i i i i
0 0.01 0.02 0.03 0.04 0.05
Time in seconds
(a) Accelerations in X direction
400 . , , ,
Conniecting rod t.m.
K111 IR S N SRS SR PO g

n
o
L]

e
o
(=3

RH CBW é.m.(solid li}‘.e) :
.3gpikHCBW _@'J_n_.(.d.a.s,h@gt.l!n?x_,.__;_

Acceleration in Y Direction (m/sec**2)
(=]

0.01 0.02 0.03 0.04 0.05
Time in seconds

(b) Accelerations in Y direction

1500

e
(=
[=]
<

(5]
(=]
(=4

I}
b
o
(=1

v
-
[=4
Q
(=4

-1500 i i : i
0 0.01 002 003 004 005

Time in seconds
(c) Angular accelerations in Z direction

Angular Acceleration in Z Direction (rad/sec™2)

Fig.3 Comparison of accelerations and angular
accelerations after balancing(LH : left—hand,
RH: right-hand, CBW : Counterbalance weight)

>
Do
&
@
H
>
10
2
of
Ok
i
o
I

=8//A 17 ] A5 3, 20073

pair of counterbalance weights and other design

parameters.
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Table 3 Maximum dynamic unbalance force and
moment before, after balancing

Before .
balancing After balancing
Max. unbalance
force in X 1,370 Kgf 186 Kgf
direction
Max. unbalance
force m Y 6,142 Kgf 356 Kgf
direction
Max. unbalance
moment in 96 Kgf-m 63 Kgf'm
Z direction

4. Conclusion
In this work, the methods for reducing
dynamic unbalance in a link motion punch press
were investigated by kinematic and dynamic
analyses. The dynamic unbalance produced by a
link
executing

complicated and  nonlinear motion

rmechanism, which is constrained
motions, could be substantially reduced.

Kinematic optimizations on some links were
carried out in order for the counterbalance
weights to counteract dynamic unbalance
efficiently. The procedures for automating the
model setup of the whole mechanism were
presented to handle frequent design changes.

The resultant dynamic unbalance force and
moment acting on the main {rame were
formulated by using both Newtonian mechanics
and Lagrangian mechanics.

For various combinations of design variations,
dynamic simulations were carried out in order

to reduce dynamic unbalance.
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