Chapter 6
Shaking Force and Shaking Moment Balancing
of Six- and Eight-Bar Planar Mechanisms

Peddinti Nehemiah

Abstract This chapter presents the dynamic balancing technique for shaking force
and shaking moment balancing of six- and eight-bar planar mechanisms. Shaking
force is balance by the method of redistribution of mass and shaking moment by
geared inertia elements. The planetary gears used to balance shaking moment of
links not directly connected to the frame in earlier methods are mounted on the base
of the mechanism which is constructively more efficient. The proposed method is
illustrated by numerical examples and it is observed that better results are obtained
than those of the previous method.

Keywords Shaking force * Shaking moment ¢ Dynamic balancing * Watt mech-
anisms ¢ Self-balanced Slider-crank mechanism

6.1 Introduction

Mechanisms, particularly those which run at high speeds, generate variable forces
on their foundations. These forces may cause noise, vibration, and unnecessary wear
and fatigue. If these devices were balanced they would run more smoothly due to a
reduction in these undesirable qualities. The balancing of a linkage would eliminate
the vibration and noise and maintains a peaceful and productive environment, and
it also minimizes the alternating components of the dynamic forces acting on the
frame of the mechanism and machine. Therefore, the problems of shaking force
and shaking moment balancing have attracted the attention of the machine and
mechanism designers for a long time. Balancing of shaking force and shaking
moment in high-speed mechanisms/machines reduces the forces transmitted to the
frame. In effect, this reduces the noise and wear, improves the dynamic performance,
and extends the fatigue life of the mechanisms. A considerable amount of research
on balancing of shaking force and shaking moment in planar mechanisms has been
carried out in the past.
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6.1.1 Shaking Force in a Mechanism

Of special interest to the designer are the forces transmitted to the frame or
foundation of the machine owing to the inertia of moving links and other machine
members. When these forces vary in magnitude or direction, they tend to shake
or vibrate the machine, and consequently they are called shaking forces. Thus the
shaking forces are the forces, which act upon the frame of a machine owing only
to the inertia forces of the moving parts. Shaking forces and shaking moments
are the unbalanced forces and moments generated when the planar and spatial
mechanisms are in motion. The study of these forces and moments is important
when they run at high speeds. These undesirable qualities of the mechanism reduce
the performance of the mechanism. The shaking force generated by the mechanism
can be determined as follows:

If a four-bar linkage is considered, as an example, with links 2, 3, and 4 as the
moving members and link 1 as the frame, then the inertia forces associated with
the moving members are —myAg,, —m3Ag,, —maAg,. Therefore, taking the moving
members as a free body, it can be immediately written as

Z F =Fp+ Fiy+ (—mAg,) + (—m3Ag,) + (—myAg,) =0

Using “Fg” as a symbol for the resulting shaking force, it is defined as equal to
the resultant of all the reaction forces on the ground link 1,

Fs = Fy1 + Fy
Therefore, from the previous equation, it can be written as
Fs = — (mAg, + m3Ag, + nmyAg,)

Thus a general equation for the shaking forces in any machine is

n
FS = —Z mnAG”
2

9

where it is understood that link 1 is always the frame and where “n” is the number
of members making up the machine.

6.1.2 Shaking Moment of the Mechanism

The shaking moment of a linkage can be described as the time rate of change of the
total angular momentum with respect to the reference origin “O.” It is

M = Ia, where M is the shaking moment w.r.t. point “O”; « is the angular
acceleration; and [ is the mass moment of inertia.
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6.1.3 Methods of Balancing

Balancing of linkages is an important step in the design of machinery. When shaking
forces and shaking moments of the whole mechanisms are to be balanced then
balancing of sub-linkages is considered. The linkages consist of different sub-
linkages; this study considers two sub-linkages as most of the mechanisms are
formed by them. Many methods [1-75] have been developed for the balancing of
shaking force and shaking moment of planar linkages:

. Method of redistribution of mass [1-6]

. Method of double crank with symmetrical properties [7]

. Method of active balancing [8—-16]

. Methods of balancing by planetary systems attached to the coupler [17-30]
. Method of balancing by minimizing vibration [31-41]

. Computational methods of optimization for balancing [42-68]

. Methods for the minimization of shaking moments [69—74]

. Balancing by opposite movements [75]
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This chapter deals with the shaking force and shaking moment balancing of
single degree of freedom planar mechanisms. Specifically, the author employs the
traditional technique of addition of counterweights and counter-rotating inertias in
order to balance six- and eight-bar linkages through the development of analytical
expressions. This chapter is the extension of the work carried out by the authors
[18-23].

6.2 Articulation Dyad

6.2.1 Complete Shaking Force and Shaking Moment
Balancing of an Articulation Dyad

An open kinematic chain of two binary links and one joint is called a dyad. When
two links are articulated by a joint so that movement is possible that arrangement of
links is known as articulation dyad. The well-known scheme of complete shaking
force and shaking moment balancing of an articulation dyad [18-23] is shown in
Fig. 6.1.

For shaking force balancing link 2 is dynamically replaced by two point masses.
A counterweight mcw, = (malas,) /rew, is added to link 2 which permits the
displacement of the center of mass of link 2 to joint A. Then, by means of a
counterweight with mass mcw, = [(m2 + mcw,) loa + milos,] /rcw, a complete
balancing of shaking force is achieved. A complete shaking moment balance is
realized through four gear inertia counterweights 3—6, one of them being of the
planetary type and mounted on link 2.



116

Fig. 6.1 Complete shaking
force and shaking moment
balancing of an articulation
dyad

Fig. 6.2 Complete shaking
force and shaking moment
balancing of an articulation
dyad by gear inertia
counterweights mounted on
the base

6.2.2 Complete Shaking Force and Shaking Moment
Balancing of an Articulation Dyad by Gear Inertia
Counterweights Mounted on the Base

P. Nehemiah

The scheme used in this work (Fig. 6.2) is distinguished from the earlier scheme by
the fact that gear 3 is mounted on the base and is linked kinematically with link 2

through link 1’.

To prove the merits of such a balancing, the application of the new system with
the mass of link 1’ not taken into account is considered. In this case (compared to the
usual method in Fig. 6.1), the mass of the counterweight of link 1 will be reduced

by an amount
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ey, ="3l0n [ ©.1)
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where mj is the mass of gear 3.

loa 1s the distance between the centers of hinges O and A.

Tew, 1s the rotation radius of the center of mass of the counterweight.

It is obvious that the moment of inertia of the links is correspondingly reduced.
If the gear inertias are made in the form of heavy rims in order to obtain a large
moment of inertia, the moments of inertia of the gear inertia counterweights may be
presented as

l/l/l,D2

I= L(i=3...6).
ral )

Consequently, the mass of gear 6 will be reduced by an amount

Ts
D2Ts

émg = 4 (m3léA + Smicw, rzwl) (6.2)

where
Ts and Tg are the numbers of teeth of the corresponding gears. Thus, the total
mass of the system will be reduced by an amount

dm = 8mey, + dme (6.3)

Here the complete shaking force and shaking moment balancing of the articulation
dyad with the mass and inertia of link 1’ taken into account are considered. For this
purpose initially, statically replace mass m/1 of link 1’ by two point masses mg and
m, at the centers of the hinges B and C:

mg = mylcs,, /Isc 6.4)
mc = ml’lBSI//lBC
where
Igc is the length of link 1.
les,, and lgg are the distances between the centers of joints C and B and the

center of mass S/1 of link 1/, respectively.
After such an arrangement of masses the moment of inertia of link 1’ will be
equal to

I;; = Iy —mylgg lcg (6.5)

where
I, is the moment of inertia of link 1" about the center of mass S/, of the link.
Thus a new dynamic model of the system is obtained, where the link 1’ is
represented by two point masses mg, mc and has a moment of inertia / ;, .
1
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This fact allows for an easy determination of the parameters of the balancing
elements as follows:

My, = (Malas, + mzlap) /rew, (6.6)

where
my is the mass of link 2.
Iap is the distance between the centers of the hinges A and B
las, 1s the distance of the center of hinge A from the center mass of S, of link 2.
rcw, 1s the rotation radius of the center of mass of the counterweight with respect
to A and

meyy, = [(ma + mew, +mg) loa + milos,] /rcw, (6.7)

where m; is the mass of link 1.
los, is the distance of the joint center O from the center of mass S; of link 1.
Also,

mew, = mcloc/rew, (6.8)

where

loc = IaB

rcw, 1s the rotation radius of the center of mass of the counterweight.
Taking into account the mass of link 1’ brings about the correction in Eq. (6.3) in
this case,

8m = Smcw, + Sme — 8m)| (6.9)

where §m, is the value characterizing the change in the distribution of the masses of
the system links resulting from the addition of link 1’.

6.3 Asymmetric Link with Three Rotational Pairs

A link with three nodes is called ternary link, where nodes are points for attachment
to other links. In previous work by Gao Feng [18] relating to balancing of linkages
with a dynamic substitution of the masses of the link by three rotational pairs shown
in Fig. 6.3 two replacement points A and B are considered. This results in the need
to increase the mass of the counterweight. However, such a solution may be avoided
by considering the problem of dynamic substitution of link masses by three point
masses. Usually the center of mass of such an asymmetric link is located inside a
triangle formed by these points.
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Fig. 6.3 Dynamic
substitution of the masses of
the link by three rotational
pairs

The conditions for dynamic substitution of masses are the following:

1 1 1 nia m;
lACieA lBeiQB lCe’HC mg = 0
li lé lé mc IS,.

where mu, mp, and mc are point masses.

Ia, Ig and /¢ are the moduli of radius vectors of corresponding points.

04, 6p and O¢ are angular positions of radius vectors; m; is the mass of link.

I, is the moment of inertia of the link about an axis through S; (axial moment of
inertia of link).

From this system of equations the masses are obtained:

ma = Da/Dj;mg = Dg/D;;mc = Dc/D,; (6.10)

where Dp, Dy, D¢ and D; are determinants of the third order obtained from the
above system of equations.

6.4 Summary

The complete shaking force is balanced by the method of redistribution of mass and
making the total mass center of the mechanism stationary. The complete shaking
moment is balanced by geared inertia counterweights. The planetary gears which
are mounted on the links not directly connected to the frame in earlier method are
mounted on the frame of the mechanism by connecting the planetary gear and the
corresponding link by a link of known mass, center of mass, and mass moment
of inertia. This arrangement makes the balanced mechanism constructively more
efficient and compact and yields better results over the Gao Feng method.
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6.5 Watt Mechanism with Three Fixed Points Linkage

Watt mechanism consists of six links; out of them two are ternary and the remaining
four are binary links. In Watt mechanism two ternary links are directly connected
to one another. This mechanism is obtained when one of the ternary links in the
basic Watt chain is fixed. This is a simple mechanism as the radii of path curvature
of all motion transfer points are known. This mechanism is used in steam engines
and is also used to oscillate the agitator in some washing machines. In the Watt
mechanism with three fixed points shown in Fig. 6.4, link 1 and 3 are ternary links
and all other links are binary links. The balanced Watt mechanism with three fixed
points is shown in Fig. 6.5.

6.5.1 Shaking Force Balancing of the Mechanism

For shaking force balancing link 3 is dynamically replaced by three point masses
mp3,mc3 and mps and then the problems of sub-linkages OAB and DEF are
considered.

777 2

Fig. 6.4 Watt mechanism with three fixed points

Fig. 6.5 Balanced Watt mechanism with three fixed points
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The dynamic conditions for link 3 to be replaced by three point masses are

1 1 1 meg3 nms
ifg ifc ifp —
[ge'B [ce'C [pe mes | = 0
1123 l% IZD np3 153
myy =P [ smes =P [y oy = P0 [ (6.11)

where

I, Ic, Ip are the moduli of radius vectors of corresponding points.

0, 0c, Op are the angular positions of radius vectors.

ms is the mass of link 3.

Is, is the mass moment of inertia link 3 about its center of mass.

Dg, D¢, Dp and Dj are the third-order determinants obtained from the system of
equations.

For sub-linkage DEF link 4 is dynamically replaced by two point masses #ipg
and mps and then kinematically linked link 4 and its corresponding gear inertia
counterweight 7 by link 5’ and link 5’ is statically replaced by two point masses mg
and my and attached a counterweight mcw, against link 4. Then link 5 has been
dynamically replaced by two point masses mgs, mps and attached a counterweight
Mmcw, against it.

For link 4 to be dynamically replaced by two point masses the condition to be
satisfied is k& = Ips,/p,s,

where

k4 is the radius of gyration of link 4 about its center of mass.

Ips, 1s arbitrarily fixed.

Ip,s, 1s obtained from the above condition:

_ mylp,s /
D4 o (lDS4 + ZP4S4)

_ mylps /
11tP4 ) (Ips, + Ip,s,)

For link 5 to be dynamically replaced by two point masses the condition to be
satisfied is

2
ks = lgsslpss,

where
ks is the radius of gyration of link 5 about its center of mass.
lgs; 1s arbitrarily fixed.
Ipyss s obtained from the above condition:

_ mslps. /
MES 55 (lESS + ngSg)

_ mslgs /
"ps ’ (lEss + lP5$5)
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and counterweight mass against “G” is equal to

mew, = "MolrG /rcw7 (6.12)

’
m le
= 5 5
e / lon

_ milcs, /
" lon
I's, = Iy, — milgs;lus; (6.13)

meyy, = (Males, + mpsloe + mulex)
4 rCW4

mews = ((m4 + mp3 + my + mcw,) lgr + msles;) e

5
where rew, = (Ip,s, — lgs,) is the radius of rotation of counterweight mcw, and
rews = (Ipsss — Irss) is the radius of rotation of counterweight mcw; .

For sub-linkage OAB link 2 is dynamically replaced by two point masses
mpy, mp; and then kinematically linked link 2 and its corresponding gear inertia
counterweight 11 by link 1’ and link 1’ is statically replaced by two point
masses my, my and attached a counterweight mcw, against link 2. Then link 1 is
dynamically replaced by two point masses maj, mp; and attached a counterweight
mcw, against it.

For link 2 to be dynamically replaced by two point masses the condition to be
satisfied is k3 = Igs, lp,s,

where k; is the radius of gyration of link 2 about its center of mass.

Igs, is arbitrarily fixed and /lp,s, is obtained from the above condition:

_ malp,s /
B2 22 (Iss, + Ip,s,)

_ mals /
e ’ (lBsz + lesz)

For link 1 to be dynamically replaced by two point masses the condition to be
satisfied is

2
ki = las,Ip;s,

where
ki is the radius of gyration of link 1 about its center of mass.
las, 1s arbitrarily fixed.
Ip,s, is obtained from the above condition:
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— merlsl/
Al (Ias, + Ip;s))

_ mylas /
el 1 (lASl + lPlsl)

’
m l[s
= 1°155
g llJ
’
m'l
= 14Ss
i / ly

_ mIlOI/
m, =
Wi rewy,
I's, = 1§, —milg 1
Sy — 1Isy 1438, “IS1

_ (malas, + mp3lag + mylay)

m
W2 r CW,

_ ((my + mp3 + my + mcw,) loa + milos,)

m
W1 rCW]

where mcw,, is the counterweight attached against point mass m;j.
rew, = (lp,s, —Ias,) is the radius of rotation of counterweight mcw,, and
rew, = (Ip;s, — los,) is the radius of rotation of counterweight mcw;, .

6.5.2 Shaking Moment Balancing of the Mechanism

The shaking moments generated by links 1, 2, 4, and 5 are given in Eq. (6.14).
The links 2 and 4 are not directly connected to the frame, and the geared inertia
counterweights required to balance the shaking moments of these two links are
mounted on the base of the mechanism, by kinematically linking them to the
corresponding links by links of known mass and center of mass.

The shaking moment generated by the linkage is determined by the sum

M™ =M™+ M MY M

M= (Is, +m Iag, + (mew, +my+matmy,) [y +mew, réy, +1's, +mi g ) i
M= (I +m5lFSS+(mCW4+mH+m4+mD3) lEF+mCW5VCW5+I/;5+msl/§ss)0‘5
M‘Z“t— (2mllél) o

M= (

2mgl]2:G) (67
(6.14)
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where

Milm, MiSnt are the shaking moments of rotating links 1 and 5, respectively.

Is,, Is; are mass moments of inertia of links 1 and 5 about their centers of masses,
respectively.

i ; o i ;5 are the changed moments of inertia of links 1, 5’, respectively.

a1, 0, 0405 are the angular accelerations of links 1, 2, 4, and 5, respectively.

For shaking moment balancing eight gear inertia counterweights are used, four
at F and four at O.

6.6 Watt Mechanism with Two Fixed Points

The Watt mechanism with two fixed points is obtained when one of the binary links
in the basic Watt chain is fixed. This mechanism is generally used in steam engines.
In the Watt mechanism with two fixed points shown in Fig. 6.6, links 2 and 3 are
ternary links and all other links are binary links. The balanced Watt mechanism with
two fixed points is shown in Fig. 6.7.

Fig. 6.6 Watt mechanism
with two fixed points

Fig. 6.7 Balanced Watt mechanism with two fixed points
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6.6.1 Shaking Force Balancing of the Mechanism

Here the link 2 is dynamically replaced by three point masses ma,, mg,, mo, by
using the following conditions:

1 1 1 mo, my
10261902 ZACZOA lBe’eB ma, = 0
2 2 2
lo, A I mg, Is,
" Do, " Da, " Dg,
0y — (v Ay = 51 By =
2 D, ’ 2 D> 2 D,

where lo,, [a, Ip are the moduli of radius vectors of corresponding points.

80,, Oa, Op are the angular positions of radius vectors.

my is the mass of link 2.

Is, is the mass moment of inertia of link 2 about its center of mass.

Do,, Da,, Dg, and D, are the third-order determinants obtained from the system
of equations.

For link 6 to be statically replaced by the point masses mc, and mp,

_ mglps,
"% = Tl

_ meglcs,
"= T

Changed mass moment of inertia I;: = 1;6 — melpsglcs,
For link 5 to be dynamically replaced by two point masses mc, and mp, the
condition to be satisfied is

2
ks~ = lcsslpsss

where Ics, is arbitrarily taken and Ip,s; is obtained from the above condition:

m m51P555
Cs —
(ZPSSS + lCSs)
mslcs;
I’l’lp5

B (lP5S5 + lDS5)

After link 5 is dynamically replaced by two point masses it is kinematically
connected to its corresponding gear inertia counterweight 8 by link 2’; moreover
link 2’ is statically replaced by two point masses mg and mg:
7
m,l'
mg = 24 FSy
lrg
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’q
o m2l GS,
Mg = ———
lrg

Counterweight mcw; can be obtained as

mcelpc + mglgg + ms [
mews = (mcelpc FIBF s Igs;) (6.15)

rcws

where rcws = Ipssy — Icss 18 radius of rotation of counterweight mcws;.
Link 3 is dynamically replaced by three point masses ma3, mp3, mg3 by using the
following conditions:

1 1 1 ma, m3
lACi9A3 lAeieD lBCieE mp;, = 0
ZAZ lD2 ZEZ m53 153
DA3 DD3 DE3
=22 py = =2 gy = — 6.16
M3 D, mp3 D, mME3 D, (6.16)

where 4, Ip, Iz are the moduli of radius vectors of corresponding points.

0 a3, Op, O are the angular positions of radius vectors.

ms 1is the mass of link 3.

Is3 is the mass moment of inertia of link 2 about its center of mass.

D3, Dp3, Dgs and D, are the third-order determinants obtained from the system
of equations.

Counterweight against point B of link 2 can be obtained as

!

- _ (mcws + mg + ms + mce) lo,s
0,B

mg

where l(,)2B is arbitrarily fixed.
Counterweight against point A of link 3 can be obtained as

’
(OLY-N

)y = (ma2 + ma3) lo,a /
where 162 18 arbitrarily chosen.
Counterweight against point D of link 3 can be obtained as ¢

mly = (D3 + mps) lDE/bE

/ . . .
where [, is arbitrarily chosen.
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For link 4 to be dynamically replaced by two point masses mg4, mps the condition
to be satisfied is ki = Igs,lp,s,, where [gg, is arbitrarily is chosen and Ip,s, is
obtained from the above condition:

— mylp,s / . — malEs /
e e (Ipys, + Igs,) > ™ ) (Ip,s, + Ies,)
Counterweight against link 4 can be obtained as

(me3 + mps + mpy) lo,e

mcw, =
r CWy

where rew, = Ip,s, — lo,s, is the radius of rotation of counterweight mcw, .

6.6.2 Shaking Moment Balancing of the Mechanism

The shaking moments generated by links 2, 4, and 5 are given in Eq. (6.17).
The shaking moment generated by the mechanism can be determined by the sum

M™ = MY + M+ My (6.17)
where
My = (Is, +15, +mylgs, Iis,
+ (maz+maz) [y o+ (mews+mp+ms+mee) I g +m;311(2)2B) o
M= (Is,+mald, s, +mew, ey, (mp+mps+mpetmes) Io,g) o
M = (el o) a

MY MM, MM are the shaking moments of rotating links 2, 4, and 5, respectively.
Is, Is, are the mass moment of inertia of links 2 and 4, respectively.
o>, 04, 5 are the angular accelerations of links 2, 4, and 5, respectively.
For shaking moment balancing six gear inertia counterweights are used, four at
0O, and two at Oy.
Shaking force of the mechanism by the proposed method:

Frroposed = — (m2Aca + m3Acs + maAcs + msAgs + meAce + mhAg,)
Shaking moment of the mechanism by the proposed method.:

Minl Mizm + Mim + Mism

proposed =
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Shaking force of the mechanism by Gao Feng’s method:
FGaoteng = — (M2Aga + m3Ags + myAgs + msAgs + msAge + masAas)
Shaking moment of the mechanism by Gao Feng’s method:
M oeng = M3 + MY + M + (Iss + 2maslis) o

Numerical example: The Watt mechanism with two fixed points shown in Fig. 6.6
has the following parameters:

my =2kg, ky=0.1198 m, m3 = 1.8 kg, k3 =0.1178 m, my =7 kg, k4 = 0.237m,
ms =2.8 kg, ks =0.934 m, mg =3 kg, ke =0.369 m, [o3 =3.7m, /g =5.8
m,lp=56m,60, =0° 05 =117°, 00, =262° lp, =5m,ls =2.6 m, Iz =3.7,
lo,g =5,lo,a=23m,lasg=9m,lgc =8m,lcp=6m,lgp=2.1m,
lo,e=9m,lpg=7m,Ilag =5m,lasp =2.5m, 05 =0°, Op4 =208°, Op = 147°,
mb = 0.5 kg, wp = 10 rad/s, o = 10 rad/s*

6.6.3 Comparison Between the Results of Proposed
and Gao Feng Methods

The results of shaking force and shaking moment by proposed method and Gao
Feng method for Watt mechanism with two fixed points are shown in Tables 6.1
and 6.2.

The shaking forces in Watt mechanism with two fixed points are determined at
intervals of 90°. At all positions better results are produced by proposed method.
Shaking force of the mechanism is maximum 2,726.43 N, at 0°, and minimum
791.96 N, at 180° in the proposed method. The shaking force gradually decreases
from maximum at 0° to minimum at 180° and again gradually increases to

Table 6.1 Shaking force comparison of Watt mechanism with two fixed
points

Shaking force generated | Shaking force generated
Crank angle(deg) | in proposed method (N) | in Gao Feng’s method (N)

0 2,726.43 15,285.24
90 1,840.32 14,399.16
180 791.96 13,350.82
270 923.45 13,482.31

360 2,726.43 15,285.22
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Table 6.2 Shaking moment comparison of Watt mechanism with two
fixed points

Shaking moment Shaking moment
generated in proposed | generated in Gao Feng’s
Crank angle(deg) | method x 10° N'm method X 10° N m

0 —468.22 —468.19
90 —5.23 —5.18
180 33.17 33.23
270 39.41 39.46
360 —468.25 —468.19

maximum at 360°. The shaking moment of Watt mechanism with two fixed points
is maximum 468.2 x 10° N m, at 0°, and minimum —5.23 x 10> N m, at 90°.
The shaking moment gradually decreases from 0° to 90° and again increases to
maximum at 360°. It can be observed that shaking forces by proposed method are
very much less at all intervals of crank angle than those by Gao Feng’s method. As
there is only one planetary gear 8 to be mounted on the base of the mechanism,
there is a little improvement in the shaking moment balancing, but the shaking
forces have been substantially reduced. Though the results of a numerical example
are not available in the literature to make a comparison in Tables 6.1 and 6.2, the
balanced mechanisms of both the proposed and Gao Feng methods can be compared
construction-wise. It can be observed that the balanced mechanism of proposed
method is constructively more efficient and compact and occupies less space.

6.7 Self-Balanced Slider-Crank Mechanism

In the two identical slider-crank mechanism shaking forces are automatically
balanced as the movements of the two slider-crank mechanisms are opposite to each
other, so it is called as self-balanced slider-crank system. These mechanical systems
find successful applications in engines, agricultural machines, mills, and various
automatic machines (Fig. 6.8).

6.7.1 Self-Balanced Slider-Crank System with an Imagined
Articulation Dyad

Figure 6.9 shows a self-balanced slider-crank system with an imagined articulation
dyad B’D’E, which forms a pantograph with the initial system. The similarity factor

of the formed pantograph is k = Iap / I = 1 and lppr = Ip Iz’ = Iap + IaB.
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E T
4 \
My D

Fig. 6.8 Self-balanced slider-crank system

Mi;m D ».__‘d '
Fig. 6.9 Self-balanced slider-crank system with an imagined articulation dyad B'D'E

By substituting dynamically the mass mj3 of the connecting coupler 3 by point
masses at the centers B, B’ and C and using the following condition

1 1 1 mpg ms

Igsy; —lcs; Iws, me |=1] 0
2 2 2

Isy” lcs;”™ lprs, mgr Is,

where lgs;, Ics;, lBrs3 are the distances of joint centers B, C, and B’ from the centers
of masses S3 of the link 3.

Is, is the axial moment of inertia of link 3; we determine the value of the point
masses

my = Dy/Dyme = P¢ /1) sy = Dy /Ds (6.18)

where Dg, D¢, Dy D3 are determinants of the third order obtained from the system
of equations.
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We now require imagined link B'D’ to be balanced about point G of the
pantograph, i.e.,

my = mplprG/lvg
The concentrated point masses mg mc, mg to be balanced about center A, i.e.,
mg = (mglgs + mclsc) /Ipe

where Igp’ Igc are the distances of joint centers B/, C from the joint center B, and
Ipg is the distance of joint center D from the joint center E:

mg = mp’ + mpy (6.19)

Finally the concentrated point masses mg, mp are also to be balanced about center
A ie.,

mp = mglap/lap. Thus we obtain the values of three concentrated point masses
mypy, mp, mg which allow the determination of the mass and inertia parameters of
the connecting coupler 4

where 1554 = lDE — lES4; lD’S4 = lD’E — 1554.

6.7.2 Shaking Moment Balancing of the Mechanism

The shaking moment transmitted to the frame by links 2 and 7 is calculated using
the angular acceleration of link 2. The shaking moment transmitted to the frame by
connecting rods 3 and 4 is calculated using angular acceleration of link 8, as their
point masses are brought to link 8:

M3 + MY = (Is, + molis, +mplig + mplip + milis, +Is,) o

Mg = (Is, + mslgs, + mu Iy + mlgg) (6.20)
Total shaking moment generated by the mechanism:
Mint — Mizm 4 Mi7m + Alignt (6.21)

The shaking moment generated by the mechanism is balanced by addition of gear
inertia counterweights 9 and 10.

For any mechanism with the given numerical values of link mass, length, mass
moment of inertia, and radius of gyration, the shaking force and shaking moment
can be calculated using the above equations. To balance the shaking moment
generated by the mechanism geared inertia counterweights with the equal amount
of inertia moment can be mounted on the frame of the mechanism.
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Fig. 6.10 Time vs. shaking moment

Numerical example:
The parameters of the self-balanced slider-crank system are the following:

Inp = Iap = 0.05m; Iyc = Ipg = 0.2m; Ics, = lgs, = 0.1m: m3 = my = 0.35 kg;
ms =mg =2 kg; Is, = Is, = 0.005 kg — m*; wap = 307 /s; aap = 15 rad/s%;
my =my7 =0.3 kg; Is, =I5, =0.003 kg; Ips, = Ias, = 0.025m;

Is, = 0.006 kg — m2; mg = 0.6 kg

Figure 6.10 shows the variations of the shaking moment of the initial mechanical
system. For cancellation of the shaking moment it is necessary to redistribute the
masses of the second connecting coupler. By dynamically substituting the mass
mj3 of the connecting coupler 3 by point masses at centers B,B’,C and taking
into account conditions m;);mE; mp, we calculate the mass and inertia parameters
of the connecting coupler 4. Figure 6.10 illustrates the obtained results. So by
mounting geared inertia counterweights the shaking moment is cancelled. The
shaking moment of initial mechanism was +0.168 N m at 90° and —0.168 N m
at 270°. It has been observed that the shaking moment of self-balanced slider-crank
mechanism has been zero at all angular positions of the crank.

If the driving torque and time are plotted for both the unbalanced and balanced
linkages then it can be observed that the driving torque is slightly higher for
the balanced mechanism, as the inertia elements are mounted on the base of the
mechanism for shaking moment balancing. On the other hand the performance of
the balanced mechanism improves considerably and it also increases the fatigue life
of the mechanism.
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6.8 Eight-Bar Mechanism with Three Fixed Points
and Three Ternary Links (Mechanism with Low
Degree of Complexity)

The eight-bar mechanism with three fixed points and three ternary links shown in
Fig. 6.11 has eight links, four ternary links and four binary links; one of the ternary
links is fixed. It has ten binary joints. The degree of freedom of this mechanism is
one. It is a mechanism with low degree of complexity as the path curvature of motion
transfer point “E” is not known. Links 2, 4, 6, and 7 are binary links and 1, 3, 5, and
8 are four ternary links; among them link 8 is fixed link. The links 2, 4, 6, and 7 are
not directly connected to the frame. The geared inertia counterweights required to
balance the shaking moments generated by links 2, 4, 6, and 7 are mounted on the
frame of the mechanism by kinematically linking geared inertia counterweights and
the corresponding links by links of known mass and center of mass. The balanced
eight-bar mechanism with three fixed points and three ternary links is shown in
Fig. 6.12.

Fig. 6.12 Balanced eight-bar mechanism with three fixed points and three ternary links



134 P. Nehemiah
6.8.1 Shaking Force Balancing of the Mechanism

Here link 1 is dynamically replaced by three point masses mq,, ma,,mg, by using
the following conditions:

1 1 1 mo, n
loleieol lAeieA lBeieB ma, = 0
1012 lA2 le mp, 181
Do, Dy, Dg,
mo = 22y = DAL DB 6.22
0, D] Ay D] B D] ( )

where g, [a, Ig are the moduli of radius vectors of corresponding points.

80,, Oa, Og, are the angular positions of radius vectors.

m; is the mass of link 1.

Is, is the mass moment of inertia of link 1 about its center of mass.

Do,, Da,, Dg, and D, are the third-order determinants obtained from the system
of equations.

Link 2 is statically replaced by two point masses mg, and mc,:

my Ics, " my Is,
; me, =

mp, =

Isc Ipc

Changed mass moment of inertia I’ ; , =1Is, — mylcs, IBs, -
For link 6 to be dynamically replaced by two point masses mg, and mp, the
condition to be satisfied is

2
k™ = lEsglpgss

where kg is the radius of gyration of link 6 about its center of mass.
Igs, 1s arbitrarily fixed and Ip,s, is obtained from the above condition:

me lPess . me lE56

Mg, = ————— mp, = ——————
ko (lE56 + lP(,Ss) Fe (lE56 + ngSﬁ)

After dynamically replacing link 6 by two point masses, it is kinematically
connected to its corresponding gear 9 by link 1’ and it is statically replaced by two
point masses my and my:

m)l m)l

1S,
5mI:

my =
Imn
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Changed mass moment of inertia I, = I — milig I,
where [, is the original mass moment of inertia link .
Counterweight mcw, against link 6 is calculated by using the formula

melas, + myl
mew, = (melasg TN (6.23)

rcwg

where rcw, = Ipgss — Ias, 18 the radius of rotation of counterweight mcw,.
Counterweight against point mass B can be obtained as

_ (mp1 + mgy2) lpo,

my/
lB’Ol

Counterweight against link 1 is calculated by using the formula

gy, = CWs F it M) (6.24)

rCW]

where rcw, is radius of rotation of counterweight against link 1 which is arbitrarily
taken.

For link 3 to be dynamically replaced by three point masses mc,, mp,, mo, the
conditions to be satisfied are

1 1 1 mo; nms
lo3ei903 lceiec lDCiQD mc, = 0
1032 lcz lD2 mp;, 153
Do, Dc, Dp,
mo, = ——, Mg, = —, Mp, = — 6.25
03 = P ey = Moy = (6.25)

where lo,, Ic, Ip are the moduli of radius vectors of corresponding points.

80,, OBc, Op are the angular positions of radius vectors.

my3 is the mass of link 3.

Is, is the mass moment of inertia of link 3 about its center of mass.

Do,, Dc,, Dp,, D3 are the third-order determinants obtained from the system of
equations.

Counterweight against point C can be obtained as

_ (mc, + mc;) loye

mcr
lcro,
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For link 4 to be statically replaced by two point masses mp, and mg, the
conditions to be satisfied are

m4lGS4 . m4lDS4
mp, = —— = ——
Ipg Ing
Changed mass moment of inertia of link 4 can be obtained as I’ ;4 =I5, —

malps,lcs,
Counterweight against point D can be obtained as
N (mp, + mp,) Ipo,

mypy
Iyo,

For link 5 to be dynamically replaced by three point masses mos, Mmgs, mg; the
conditions to be satisfied are

1 1 1 mos ms
lo;e™0s Ige'% [pe™r mgs | =1 0
1052 lc;z ZF2 ME; 155
Do, Dg, Dk,
mo, = 205 o =26 DR 6.26
Os DS Gs D5 Fs DS ( )

where lo,, Ig, Ip are the moduli of radius vectors of corresponding points.

0o,, O, O are the angular positions of radius vectors.

ms 1s the mass of link 5.

I, is the mass moment of inertia of link 5 about its center of mass.

Dos, Dgs, Dgs, Ds are the third-order determinants obtained from the system of
equations.

For link 7 to be dynamically replaced by two point masses mg, and mp, the
condition to be satisfied is

2
k7™ = Igs,lp,s,

where k7 is the radius of gyration of link 7 about its center of mass.
[rs, is the arbitrarily fixed and Ip,s, is obtained from the above condition:

" mylp,s, mslps,
E =575 P, =
lps; + Ip;s, Ips; + lp;s,

After link 7 is dynamically replaced by two point masses, it is kinematically
linked to its corresponding gear 13 by link 5 and moreover link 5 is statically
replaced by two point masses my; and m:

/ /
mleS/5 mslMs/S
mM = —n mK = —=

’

Ixm Ixm
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Counterweight mcw, against link 7 is calculated using the formula

(mmlem + malgs; )

rcwy

mCW7 -

where rcw, = Ip,s, — Igs, is the radius of rotation counterweight.
Counterweight against point G can be obtained as

/ (mG4 + mGs) ZO5G
mg= ————
losa
where losq is arbitrarily taken.

Counterweight against point F can be obtained as

/ (m7 + mCW7 +) lOsF
mgp =

losw

where losp is arbitrarily taken

6.8.2 Shaking Moment Balancing of the Mechanism

The shaking moments of links 1, 3, 5, 6, and 7 are given as follows:
The shaking moment generated by the linkage is determined by the sum

Minl — Miln[ _|_Ménl + M-i%nl + Mism + Mi7nl (627)
MM = ([S1 +mily s, +1s, + m/lllzs, + mpalgy g + Ml g + mew, ’%wl) a
1

M = (Is, 4+ mew,rew, + Melas, + mulay + 2milg, ;) 26

int _ 2 2 ' n /2
MY = (Isy + mlg,s, + mp,lo,p + mplo. + mclo3c,) as

int __ 2 2 /72 /712 /72
MY = (Iss + mslg.s, + maaly g + mgly o + mply g + +milg ) as

MY = (Is, + mlis, + mow, réew, + muliy + 2mglg g ) o

where MM, M, M, MM, MM are the shaking moments generated by links 1, 3,
5, 6, and 7, respectively.

Is,, Is,, Iss, Isg, and I, are the mass moment of inertias of links 1, 3, 5, 6,
and 7, respectively.
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oy, a3, is,0¢ and o7 are the angular accelerations of links 1, 3, 5, 6, and 7,
respectively.

For shaking moment balancing ten geared inertia counterweights are used, four
at Os, two at Oz, and four at O.

6.9 Summary

Self-balanced slider-crank mechanism has been studied with numerical example
and it is observed that shaking moment is completely balanced. Shaking force and
shaking moment balancing expressions are developed for eight-bar mechanism with
three fixed points and three ternary links.
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