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Design of reactionless linkages and robots
equipped with balancing Assur groups

Sébastien Briot and Vigen Arakelian

Abstract In the present Chapter, we consider the shaking moment akihgj¥orce

balancing through the use of additional Assur groups maliotethe mechanism
to be balanced. Two types of mechanisms are considerede(iintline four-bar

linkage and (ii) the planar parallel robots with prismatairp. For both types of
mechanisms, the proposed solution allows the reductioeM@n the cancellation in
the case of the four-bar linkage) of the number of counttatians used for obtain-
ing the shaking moment balancing, which decreases therdesigplexity and the
inherent problems due to the use of counter-rotations (aslkcknoise, vibrations,
etc.). All theoretical developments are validated via dations carried out using
ADAMS software. The simulations show that the obtained rae@ms (both in-
line four-bar linkages and planar parallel robots) trarismiinertia loads to their
surroundings, i.e. the sum of all ground bearing forces haat moments are elim-
inated.

1 Introduction

It is known that fast-moving machinery with rotating andipeocating masses is a
significant source of vibration excitation. The high-spéeklages can generate sig-
nificant fluctuating forces with even small amounts of unbe¢a Thus, a primary
objective of the balancing is to cancel or reduce the vagidipghamic loads transmit-
ted to the frame and surrounding structures. The reducfigitbmations leads to the

S. Briot
Institut de Recherche en Communications et Cybeqgue de Nantes (IRCCyN),
UMR CNRS 6597, Nantes — FRANCE, e-mail: Sebastien.Briot@irac-nantes.fr

V. Arakelian

Institut National des Sciences Appliges (INSA), Rennes — FRANCE

Institut de Recherche en Communications et Cybetique de Nantes (IRCCyN),
UMR CNRS 6597, Nantes — FRANCE, e-mail: vigen.arakelian@nesmes.fr



2 Sebastien Briot and Vigen Arakelian

increased accuracy of manipulators [1], which is one of th&tive consequences
of the balancing. As was mentioned in [2], balancing brintfepadvantages such
as areduced cycle time [3], reduced noise, wear and fat®juag well as improved
ergonomics [5].

In general, two types of forces must be considered: the retlgrapplied forces
and the inertial forces. Inertial forces arise when linka afiechanism are subjected
to large accelerations. The inertial force system acting given link can be repre-
sented as an inertia force acting on a line through the cehteass and an inertia
torque about the center of mass. The determination of thieahforces and torques
is well known and it has been disclosed in various hand bagjk$\ith regard to the
external forces, which are associated with the useful fan¢hat the mechanism is
to perform, these are often smaller than inertia forces withuch lower variation.
On the other hand, when formulating balancing conditiorssmechanism, it is nec-
essary to recognize that, in many cases, external actiges@pplied to mechanism
links constitute internal forces with respect to the medraras a whole. Thus, if all
external active forces applied to the links of a mechanisrirgernal forces for the
mechanism as whole, then the balance of the mechanism wélhbered under the
fulfillment of inertia forces and inertia torque canceltati Therefore, the balancing
of shaking force and shaking moment due to the inertial ®felinks acquires
a specific importance. The quality of balancing of the movimasses has the in-
fluence not only on the level of vibrations but also on the uess, reliability and
accuracy of mechanisms. Besides the mentioned negatietfivibrations bring
to the environments pollution and the loss of energy, andatsm provoke various
health issues. Consequently, the quality improvementefrthss balancing has not
only technical, technological and economical aspectsIsotsocial.

Different approaches and solutions devoted to the shabirg fand shaking mo-
ment balancing have been developed and documented foremreedof-freedom
mechanisms [7-9]. Nowadays, a new field for balancing metlapglications is the
design of mechanical systems for fast manipulation [10]ctvis a typical problem
in advanced robotics [11]. Here also we have similar problestating to the can-
celation or reduction of inertia forces. However, the medte systems with multi
degrees of freedom lead to new solutions, such as the shékiog and shaking
moment reduction by optimal motions of links, by adding flaels with prescribed
motions, or with the design of new self-balanced manipusato

For all balancing method, the main challenge is the trafleeativeen the com-
plexity of the balanced mechanism and the quality of batem{9]. In the present
Chapter, we propose a solution which allows the reductiothefbalancing com-
plexity by comparison with the usual approaches. The ideastightly modify the
mechanism design by adding to it Assur groups, i.e. groupshwdos not add any
supplementary degree of freedom into the mechanism [13.uBe of such a so-
lution is detailed in the following of the Chapter for the khng force and shaking
moment balancing of:

e the in-line four-bar linkage
e the planar parallel robots with prismatic pairs.
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For both types of mechanisms, the proposed solution allbesseduction (or even
the cancellation in the case of the four-bar linkage) of thenber of counter-
rotations used for obtaining the shaking moment balanavigch decreases the
design complexity and the inherent problems due to the usmuwfiter-rotations
(backlash, noise, vibrations, etc.).

2 Complete shaking force and shaking moment balancing of
in-line four-bar linkages by adding a class-two RRR or RRP
Assur group

Many high-speed machines contain planar four-bar linkagesb the problem of
their mass balancing is of continuing interest to machinggieers. The previous
works on the balancing of planar four-bar linkages may berayed in the following
groups [6]:

1. Complete shaking force balancing [13—19]in general, it is carried out by coun-
terweights mounted on the movable links of the linkage. Wibards to the
several approaches employed for the redistribution of tlegamasses, the de-
veloped methods could be divided into three principal gsoup

a. The method of “principal vectors” [13]; The aim of this apach was to study
the balancing of the mechanism relative to each link anderdtermination
of those points on the links relative to which a static batan@as obtained.
These points were called “principal points”. Then, from toadition of sim-
ilarity of the vector loop of the principal points and theustiural loop of the
mechanism, the necessary conditions of balancing wereedkri

b. The method of “static substitution of masses”; its aim twestatically substi-
tute the mass of the coupler by concentrated masses, wisittakanced there-
after together with the rotating links. Such an approachngka the problem
of mechanism balancing into a simpler problem of balancotgting links.
This method was illustrated for four-bar linkage in [14-17]

c. The method of “linearly independent vectors” [18], in aiihe vector equa-
tion describing the position of the center of total mass ef itechanism is
treated in conjunction with the closed equation of its kiatimchain. The re-
sult is an equation of static moments of moving link massesaining single
linearly independent vectors. Thereafter following theditions for balanc-
ing the mechanism by reducing the coefficients, which are4ilependent to
zero.

It should be noted that the addition of a counterweightedqeaaph device to
the planar four-bar linkage has also been used for its camggleaking force
balancing [19].

2. Complete shaking force and partial shaking moment balancig [20—-29].Two
principal approaches may be distinguished:
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a. The shaking moment minimization of fully force balancie#tdges [20-26],
in which it is shown that the optimum conditions of partial ment balance
can be obtained by certain link mass distribution ratios.

b. The minimization of the unbalance of shaking moment bydferring the
rotation axis of the counterweight mounted on the input krf@7-29]. In
the study [27], the first harmonic of the shaking moment isielated by at-
taching the required input link counterweight, not to thpuhshaft itself,
but to a suitable offset one which rotates with the same angdlocity.
This approach is original in that, while maintaining thed®ebalance of the
mechanism, it is possible to create an additional balancioment, thereby
reducing the shaking moment. This approach has been fulttheloped in
works [28, 29].

It should be noted that optimization algorithms are alsoelyidised in partial
balancing of four-bar linkages [30-33].

3. Complete shaking force and shaking moment balancing [9, 34k3]. The first

method of complete shaking force and shaking moment balgneas proposed
in study [34], which was extended in [35]. In this approadie, tnass of the con-
necting coupler is substituted dynamically by concenttat@sses located at the
coupler joints. Thus, the dynamic model of the coupler bezpaweightless link
with two concentrated masses. This transforms the probfdiouo-bar linkage
shaking force and shaking moment balancing into a problefpat#ncing ro-
tating links carrying concentrated masses. The parallatogstructure has also
been applied for complete shaking force and shaking mornadanbing of four-
bar linkages [36]. In the studies [37—-41], the authors hawpgsed methods for
complete shaking force and shaking moment balancing byteouaights with
planetary gear trains. In [42] a toothed-belt transmissarsed to rotate counter-
weights intended for shaking force balancing, which alfmed shaking moment
balancing. The disadvantage of these methods is the nedldef@onnection of
gears to the oscillating links. The oscillations of the §rdd the mechanism will
create noise unless expensive anti-backlash gears are used
Another solution using the copying properties of the pargph was devel-
oped [9, 43], in which the gears driven by the coupler suffersnch sudden
reversals so that this problem is almost eliminated. Howetvshould be noted
that the use of the gears for the balancing of four-bar liekag a drawback for
the industrial applications and a fully shaking force andkiing moment bal-
anced four-bar linkage without any gears is more appealing.
The shaking moment balancing of fully force balanced lirdsagsing a pre-
scribed input speed fluctuation was proposed in [44]. Howereeh balancing
is complicated because it is necessary to use a special fygréve generator.
Moreover, it cannot be used for balancing of linkages, wigeherate the pre-
scribed motions of the output links.

In this section a solution is discussed, which allows themete shaking force
and shaking moment balancing of in-line four-bar linkagéh wonstant input speed
by adding a class-two Assur group, i.e. a group which doeaddany supplemen-
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tary degree of freedom into the mechanism [12]. It should @teah that the bal-

ancing of the shaking moment without counter-rotationshoée particular classes
of four-bar linkages was discussed in the studies [45—-48vév¥er, such a method
cannot be extended to general four-bar linkages. In thisosed is proposed to

take advantages of the use of the properties of the fouritleade with prescribed

geometric parameters [45-49] and to combine it with

1. the principle of the dynamic substitution of link mass lbycentrated masses
2. and with the prescription of constant input speed.

It should be mentioned here that the suggested balancingagpcan be efficiently
applied on the cyclic high-speed machines executing mstinrthe steady-state
regime when the input speed is constant [50, 51].

2.1 Complete shaking force and shaking moment balancing by
adding a class-two RRR Assur group

2.1.1 Theoretical background related to the balanced foubar linkages with
prescribed geometrical parameters

Before considering the suggested balancing concept, tetoadl basic notions con-
cerning the balanced four-bar linkages with prescribedrgeddcal parameters.

In the paper of Berkof and Lowen [21], the angular momenHimand the shak-
ing momentMs", expressed at poir®, of a force balanced in-line four-bar linkage
(Fig. 1) were expressed as:

3 9 sh dH 3 9 ( )
H=Y i, M= _— =Y 1
i; 1Y dt i; 1Y
with
li=m (K+ri+rl), (i=13) 2
l2 = mp (K +13—ral2) (3)
wherer; is the length of vector; which connects the pivd® to the centre of mass
S of link i, I; is the length of vectol; which connects the proximal revolute joint

P to the distal joint on the same link, atkdis the radius of gyration with respect
to the centre of mass of link m is the mass of link. Moreover,6; is the angular
position of linki with respect to the-axis.

With regard to the shaking force balancing, the followingmressions were ob-

tained:
lo—r2
I

(4)

myry = mplyg

|
mars = mzrzi (5)
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Fig. 1 A general in-line four-bar mechanism.

In the works [47,52], it has been shown that it is possibleaiocel the shaking
moment of a four-bar mechanism by associating mentionechg&@ constraints
with an optimal distribution of masses. Three kinds of shgkiorce and shaking
moment balanced four-bar mechanisms were found, whichhanersin Fig. 2.

In order to illustrate the shaking moment balancing, let aissider the mech-
anism shown in Fig. 2(b). The geometrical constraints o thechanism are the
following:

l1=13 (6)

d=I (7)

whered is the length of the base which is the distance between théixe joints
on the base.
This leads to the following kinematic relationships:

01— 6 +6;=0 8)

Thus, from expressions (1) and (8), it is easy to see thatthlkdisg moment will
be cancelled if; =1, = I3 (see Egs. (2) and (3)). For this purpose the following
relationships must be established:

117) (|2I’27r%) —1q

ks = 9
5 p~ 9)
—mg (Iarg+r2) +1
. mg (Iarz+r13) + 11 (10)
mg
where
l1=my (K +r2+r4lp) (11)

It should be noted that similar results have been obtainedhf® mechanisms
shown in Figs. 2(a) and 2(c).
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(c) Case llllz=d andl; = 1>

Fig. 2 The three kinds of shaking force and shaking moment balanceédbfmunechanisms.

Statement of the problem:the aim of the suggested balancing approach consists of
adding a two-link kinematic chain with prescribed geonuetrparameters to an in-
line four-bar linkage with arbitrary geometrical paranmstdt is important to note
that the added structure must be an Assur group, i.e. a grbighwloes not add
any supplementary degree of freedom into the mechanism Th#® allows for the
modification of the mass redistribution of the obtainedlsix-mechanism without
perturbation of the kinematic properties of the initial fdoar linkage. We would
like to state that this technique allows for the completeksitaforce and shaking
moment balancing without counter-rotating masses.

Now let us consider the shaking force and shaking momennbizalg of an in-
line four-bar mechanism using class-two Assur groups ®R&Rkinematic chain.
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Fig. 3 The balanced mechanism with the class-BRRAssur group.

2.1.2 Shaking force balancing

Figure 3 shows an in-line four-bar linkage with the addedstavo RRRAssur
group. Let us denote the following vectors &s= doa, |2 = dag, I3 = dcs, 15 =
dCFb: = dpzp/ |5 = dps,P/ ri = dosl, o= dASg! 3= dcsa, 4= dp234, s = d%SS,
Fow, = dog, » Fewz = dcsC Tons = sy, -
The added class- tvvﬁRRAssur group has the above mentioned properties, i.e.
it is designed such as:
l3=1s (12)
e=ly (13)

wherel; (i = 1...5) is the norm of vectol; ande the distance betwedhandPs.

As is shown in Fig. 3, the Assur grodpP;P; is attached to the initial linkage
OABCIin such a way that it forms a four-bar linkage with liBIC, as discussed in
Section 2.1.1.

Let us now derive the expression of the shaking fdféef the obtained mecha-
nism:

= _imds (14)

whereds is the translational acceleration of the centre of nfssdm the mass
of the linki. Developing and simplifying, one obtains:

mr lo—r2Y - ro. .
foh— (=22 4 mp2—2 ) da+mp-2dg + mads,
Iy l2 I
l4 murg  mer (15)
+ =2 ) dy
I4 Is

wherer; is the algebraic values of the norm of vectorsandda, dg, ds,, dp,
anddP/ represent the acceleration of poirtsB, Ss, P, andP; respectively. Their
expressmns are:
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=2 <é1 {_czzleﬂ -6 E?rf gﬂ > (16)
=18 | o]~ omey ) an

( { oo e?fﬁ’?: -8 :‘;?rféSj o ] ) (18)
=" ( et B fon gty 19)
o= ([ 5] - [0 o

in which the angle®, (i = 1...5) are defined in Fig. 3.

The shaking forcés" may be cancelled through the addition of three counter-
weights positioned at poin&y, (Fig. 3), with massesyy, (i = 1,2,3). With such
counterweights, the expression of the shaking force besome

r.CWl "

. r .
S = £ My 2 A + Mew, A, + Mows ——2 dpy (21)
I1 w2 ls

wherery, is the algebraic values of the norm of vectogg and

. = [—sin(Bs+Yy)] ;o [cos(Bz+Y)
Ao, = Fow, (93 { cos(63+y) } — [sin(93+y) (22)
Thus the shaking force is cancelled if the distribution @f thasses is as follows:

| r lo—r
Mo, = — — <m11+mz2 2) (23)

lowy I I

marasinB +mu (1—ra/ls)l5sina

tany = - 24
v mplara/lo +marzcosP +my (1—ra/la)l5sina (24)

(rrgrgsinﬁ+m4(l—r4/I4)I§sina)2

m§W2 - r2
o ) (25)
(n12I3r2/I2+rngr3cosB+m4( —r4/la)15c0sa)
FEw,

|5 rq I's

Mews = my— +Ms— (26)

2.1.3 Shaking moment balancing

Let us now derive the expression of the shaking monwiit expressed at poii@,
of such a mechanism:
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> 3
MSh = i;m (Xg¥s —Ys%g +k6) 4—;%WI (Xscw, Yoo — Yo X&W,> 27)

wherexg, Vg, Xg andyg are the position and accelerations alongndy axes of
pointsS, respectively, ancts“,wI + Yo X andy"&wl are the position and accelera-
tions alongx andy axes of pointss.y, respectivelyk; is the radius of gyration of
link i.

Now, let us consider that link 2 is a physical pendului®5], i.e. it can be re-
placed dynamically by two point masses located at jointresi#t andB. This im-
plies that:

kZ=ra(l—r2) (28)

Then, considering that the input speed is constantgi.e= 0 and taking into
account (28), one can simplify (27) as:

5 .

Msh = Zlie. (29)
i=
where |
r —r
|3:ms(k§+r§)+rnzilg+rrmzr§w+rm 4|4 42 (30)
la=my (k§+r§—r4l4) (31)
r

ls = Mg (K212 — FewyTs) +m4§|5<|5—rcvv3) (32)

Thus, this new six-bar mechanism has the same shaking masdme four-bar
mechanism composed of linksP,, PP, andP;Ps. Therefore, the initial four-bar
linkage balancing problem is transformed in the balancihthe four-bar linkage
formed by the added Assur group. Note that the latter hasfgpgeometry and its
balancing conditions have been examined in Section 2.1.1.

Applying these results to the considered mechanism, werobta

a2
k2 = I3r74+r4l4 (33)
my
K2 = Me (—r2+ rews's) +Mura/lals (Is — rews) + 13 (34)
ms
The substitution of (33)—(34) into (29) leads to:
M®" = I3 (83 — 6+ 65) (35)

Taking into account relations (6) and (6), we have

1 A “physical pendulum” is a link which has such a distribution of maghat it allows the dynamic
substitution of link's mass and inertia by two concentrated masses.
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03— 0,+65=0 (36)

and consequently
MSh =0 (37)

The proposed balancing technique has been illustrated tisrfour-bar linkage
shown in Fig. 2(b). However, it can also be achieved via thelrarism of Fig. 2(a)
or Fig. 2(c).

2.2 Complete shaking force and shaking moment balancing by
adding a class-two RRP Assur group

2.2.1 Shaking force balancing

The second solution, which is proposed for the cancellaifdhe shaking moment
of a four-bar linkage is carried out by adding a class-RRPAssur group (Fig. 4).
Let us denote the following vectors ds:= doa, |2 = dag, I3 = dcg, 15 = dcp,
l4 = dpE, r1 = dos, r2 = das,, 3 = dcs, r4 = dps,, I's = des;, Few, = dogy, »
Fewz = deg,» Fons = dbg, -

In this case, the lengths of added links are the following:

15=14 (38)

Thus, the new part created by added links is a Scott-Russsihamism [53],
which is attached to the initial linkage at an anglexof

The relations between the link accelerations are the fafigwior the Scott-
Russell mechanism:

63=—6, (39)

Y 4

Fig. 4 The balanced mechanism with the class-RRPAssur group.
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Let us now derive the expression of the shaking féf8ef such a mechanism:
5'='§ mdsg (40)
2

Developing and simplifying, one obtains:

myr lo—r2 - ro - .
foh= (S5 1 mp 22 ) da+mp2dp + meds,
I I2 I2

r (@1)
+(m4+ms)do+<m4|j+ms>d

wherer; andl; are the algebraic values of the norm of vectgraindl;, respectively,

i-no(o onep)|-amarp]) @
[ alzm)
o u(n[ o) wlmeral) e

in which the angle$ (i = 1...4) are defined in Fig. 4.

The shaking forcés" may be cancelled through the addition of three counter-
weights positioned at poin&y, (Fig. 4), with massesyy, (i = 1,2,3). With such
counterweights, the expression of the shaking force besome

[ . . [
fSh* :fSh+ mzwl%dA‘Fm:wzdS;wz +rnCW3dD+n]CW3(|:72/3d (45)

wherer.y, is the algebraic values of the norm of vectogg and

oren (8l 0 e ])

Thus the shaking force is cancelled if the distribution &f thasses is as follows:

| r lo—r
Mowy, = ——— ( My +mp>—2 (47)
lFowy l1 P
. I si
tany = mar3sing + (my +ms) 15 sina (48)

Mal3ra/l2 +mgrzcosp + (ma +me) I3 sina
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(mgrasing + (my + me) I3 sinar )
n%wz =

r2
o ) (49)
N (mplara/lo 4+ mgrzcosB + (my + ms) 15 cosar)
ray,
I r
Mo, = ——— (rn44 + ms,) (50)
I‘CW3 |4

2.2.2 Shaking moment balancing

Let us now derive the expression of the shaking monwiit expressed at poir@,
of such a mechanism:

5 3
sh__ o . 24 . B )
M = i;m (XSYS YsXs + k1 BI) + i;n’hwl (XSCWI y&W. ySCWI X&Wu) (51)

wherexg, Yg, X5 andyg are the position and accelerations alongndy axes of
pointsS, respectively, anat&WI + Ysow Ko andy"&WI are the position and accelera-
tions alongx andy axes of pointss.y , respectivelyk; is the radius of gyration of
link i.

Now, let us consider as in the previous case, that link 2 isyasiphl pendulum
and that the input speed is constant.

Taking into account (28), one can simplify (51) as:

MM = 1365 + 1464 (52)
where
|3:rng(k§+r§)+mz|r—jlé+m;m,2r§m,2+(m4+m5+mcm@)lgz (53)
lg = my (K +12) +mslZ 4+ Moy 2, (54)
Introducing (39) into (52), we find:
M= (13— 14) 65 (55)

Thus, the mechanism will be moment balanced if:
I3=14 (56)

which can be obtained using a design of link 4 for which thdusaf gyration
should be equal to

(57)

o \/Is—wri—%lﬁ—rmmr%me
my
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It should be mentioned that, in order to avoid the singularfigorrations of the
added structure, the value of angteshould be chosen carefully during the design
process.

Let us consider two illustrative examples of the proposddrizing technique.

2.3 Illustrative examples and numerical simulations

2.3.1 Balancing by adding a class-tw&RR Assur group

Let us carry out the complete shaking force and shaking moelancing of a
four-bar linkage with parameters

l[1=0.2m,l,=0.27 m,l3=0.25m,B3 =0 deg,

ri=0.1m,r, =0.135m,r3=0.125m,

ki = 0.056 m,k, = 0.135 m,kz = 0.086 m,

my = 1kg, mp=1kg, mg=1Kkg.

The simulations of the proposed mechanism have been cartrieging ADAMS
software and the obtained results are shown in Fig. 5 (fudi)li

Now we add theRRRAssur group with prescribed distribution of the centre of
mass and inertia. Its geometric and mass properties are:

° |4:0.8 m,I5:O.25 m,
e 1r;=04m,rs=0.125m,
e my=15kg, ms=1Kg.

and the location and mass of the added counterweights are:

[ ] I’CWl = —01 m, rc\NZ = 025 m,l’c\,\e = —0125 m,
o Moy, =2Kkg, Moy, = 2.5 kg.

The radii of gyration of elements 4 and 5 and the mass of thateoweightme,
are not given as they depend on the value of anglehich is not yet fixed (Fig. 3).
Their variations as a function @f are shown in Fig. 6. In these figures, the values
of a are bounded between 60 and 180 deg. in order to avoiRAsSSsUr group to
cross a singularity during the motion. In Fig. 5 (dotted Jinis shown that after the
addition of the Assur group, the shaking force and shakinmerd are cancelled.

As anglea is a free parameter that has only influence on the valuelss and
Mew,, it can be chosen so that it minimizes one supplementargriit. In the re-
mainder of the paper, this criterion is chosen to be the gekaput torque [50, 51].
It should however be mentioned that anglecould be used to minimize another
criterion such as the power consumption, the energy, etc.

It should also be noted that the input torquei.e. the torque requested by the
actuator to move the mechanism, is computed in the two iifitise examples by
using the Lagrange equations [51]:
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Fig. 7 Variation of the maximal input torque absolute value as a fonatif anglea.

whereL = T —V is the Lagrangian of the systeM,is the potential energy (equal
to 0 in absence of gravity) andis the kinetic energy:

r- LSl ) 3 =

Xg andys being the velocities along andy axes of any centre of mass (for links
and as well as for counterweights).

In Fig. 7, the maximum of the input torque absolute value & asction of angle
o is shown. Thus, it is possible to see that if the valuera chosen arbitrarily, the
input torques can grow up to 2140 N.m (far= 0 deg.). It also appears that the
input torque will be minimal ifa = 164 deg. In this case, the value of the input
torque is 1010 N.m, i.e. about 2 times less than in the firg.cas

2.3.2 Balancing by adding a class-tw&RP Assur group

We now propose obtaining the complete shaking force andmsfpakoment balanc-
ing of the same mechanism by adding a class®RRPAssur group. Its geometric
and mass properties are

e [,=025m,l5=0.25m,a = —90 deg,
e r;=0.125m,
e my=0.35kg,ms = 0.1Kkg.
and the location and mass of the added counterweights are:
L] rcwl =-01 m, rc\NZ =0.25 m,rcv\e =-0.125 m,
o My, = 2 Kg, My, = 0.55kg.
The radii of gyration of element 4 and the mass of the courg®u me,, are
not expressed in these tables as they depend on the valuglefaa(fig. 4). Their

variations as a function aff are shown in Fig. 8. In these figures, the values of
are bounded between 25 and 100 deg. or 205 and 280 deg. intordeoid the
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Fig. 8 Variation of the values of parametdgsandmy, as a function of angler.

RRPAssur group to cross a singularity during the motion. Theusations of the
proposed mechanism have been carried out using ADAMS siatarad the results
are similar to the previous case shown in Fig. 5.

As was mentioned above, the anglés a not fixed design parameter and it can be
found from minimization of the input torque of the mechanigmig. 9, maximum
of the input torque absolute value as a function of amgls shown. It is possible
to see that if the value af is chosen arbitrarily, the input torques can grow up to
2300 N.m (fora = 25 deg.). It also appears that the input torque will be mihifna
o = 205 deg. In this case, the value of the input torque is 1380, Nemabout 1.7
times less than in the first case.

Let us now consider the balancing of parallel robots by thditexh of one or
several class-twRRAssur groups.
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Fig. 9 Variation of the maximal input torque absolute value as a fonabdf anglea.

3 Balancing of parallel robots by the addition of one or severh
class-two RRR Assur groups

For robots, shaking force balancing is mostly obtained miagtimal redistribution

of movable masses [7-9, 54-60] or adjustment of kinematiarpaters [61]. The
cancellation of the shaking moment is a more complicatddaad can be obtained
using three main different methods:

1. Shaking moment balancing using counter-rotations [8R, 6
2. Shaking moment balancing by adding four-bar linkages44564, 65] and
3. Shaking moment balancing by optimal trajectory planiié® 66—69].

Previous works have been devoted to the study of paralleipukators with
revolute joints and few studies has been carried out on categhaking force and
shaking moment balancing of parallel manipulators witlsipatic pairs.

In this section, we propose solutions for complete shakorgef and shaking
moment balancing of planar parallel manipulators withmatic pairs. We illustrate
these solutions via the RPRparallel manipulator. All obtained results are validated
using ADAMS software simulations

3.1 Complete shaking moment and shaking force balancing by
adding an idler loop between the base and the platform

Inertia force balancing by adding &ler loop made of a singI®RRRAssur group is
known to be used for 1 degree of freedotiof) mechanisms [19, 36, 70—72]. With
regard to planar manipulators, such an approach has ontyuseel in the balancing
of gravitational and inertia forces [59, 60, 73, 74].
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(a) Schematics of the BPRmechanism (for this configh) Schematics of the added idler
uration, pointgO andP coincide) loop (RRRchain)

Fig. 10 Schematic of the RPRrobot under study.

In this sub-section, the complete shaking force and shakioment balancing
of planar manipulators by adding an idler loop made of a siRFRRAssur group
is discussed. The added balancing loop is mounted betwedate and the plat-
form of the mechanism. We illustrate the suggested balgrteithnique on a ®PR
mechanism (Fig. 10). Please note that we do not mention the=dj actuation of
the mechanism as it has no influence on the balancing.

3.1.1 Theoretical background

Firstly, let us analyze the cancellation of the dynamic tieas of the 3RPRplanar
parallel mechanism (Fig. 10(a)). Such a mechanism hdaf two translations in
the (Oxy) plane and one rotation of the moving platform around an asipgndic-
ular to (Oxy)) and is composed of three identical legs, each being cordpafsa
revolute joint attached to the base at pdinfin the following,i = 1- - - 3), one mov-
ing prismatic guide, located at poiBt, and another revolute joint attached to the
platform atC;. The base and platform triangles, denofed,Az andC;C,C3, are
equilateral. On this manipulator, typically, the actugj@dts are the first revolute
joint atA; or the linear guide aB;.

Considering that thg axis is directed along the lin& A, they axis being per-
pendicular to thex axis and the origin of the base frame located at p@inthe
centre of the circumcircle of trianghe; AAz, one can define the coordinatey and
@ of the platform, as being respectively the coordinates @itd@along thex andy
axes and the angle between the €, andA; A;.
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Let us denote a§; the centre of mass of link (j = 1,2), which has a mass;
and an axial moment of inertlg;. The centre of mass of the platform is located at
pointP. The mass of the platform g, and its axial moment of inertig.

In order to cancel the shaking forces and shaking momenteofithnipulator,
an idler loop is added between the base and the platform {Bidp)). The centre
of mass of elements 5 and 6 of the idler loop are locate®} andS;, respectively.
Their masses are denotedmasandmg and their axial moments of inertia &g and

Is;, respectively. The positions of ttewmsare defined such thaﬁ = r1lgc Ui,
Cﬁ = (r21)lg,c ui, E—SJ-> = r5ﬁ, andl@? = reﬁﬁ, r1, rz, s, andrg being dimen-
sionless coefficients, ang a unit vector directed aloriﬁ.

The expression of the shaking foris8 transmitted by the robot to the ground is:

3 2
fsh _ (Z\Z mj'r'sj> +Mpi'p + Mei's, + Mgl 5, (60)
i=1j=1
wherefg;, fp, I's; andfs, are the accelerations of twms §, of P, S and &,
respectively.

Developping (60), it can be demonstrated that the shakirgef§" can be ex-
pressed as:

3
N = (myry —mp (1—r12)) Zia; + (3mp + My + Mere) A
i=

(61)
+ (3mp +mp + Msrs+me) i'r
with 8 0
o = [—SIn (N '-2 COsl I
a =lgg <9| |:COSG| } & [Siﬂ@l) (62)
- = | —sinBg -5 | COSBg
% = Irp (66 [ cosBs } —% [sin@J) (63)

At this step, only five counterweights are needed in the diatiom of the shak-
ing force, but it could be demonstrated after more derivetithat three others
are necessary for the cancellation of the shaking momemteftre, we propose
directly adding three supplementary counterweights (Eijy. The positions of
the eight added counterweights a&eviij = rew,lgic Ui, BiMa = (rew, — 1)lg,c Ui,
EM; = rcwslﬁf, andFMg = rcweﬁ, Fewys Fewnr Fews, @ndrey, being dimensionless
coefficients. Their masses are respectively denmgg, Mew, , Mews andmey,,. With
the addition of the counterweights, the shaking force bexsom

3
fSI —fsh 4 Fows — 1-r i+ Mo I
(Mewy Fewy — Mew, ( cwz))i;a Mewg 'cwg 36 (64)
+ (MewsFews + Mewg ) FE

Thus, the shaking force is cancelled if:
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M

Fig. 11 Schematics of the 3-RPR mechanism with the added RRR chain usie foancellation
of the shaking force and shaking moment.

myr
Mo, — 111
r.CWl
~ mp(l-ry)
Mew, = 1—rew,
me _ 3(M2+Mew,) +Mp+ Mol (65)
e r.CW(;
3(Mp + Mowy) -+ Mp + MeF'5 + M + Mewg
Mews = —

rc\NS

The expression of the shaking momMﬁ1 of the modified structure (expressed

at pointO) can be written as:

d
M= 4 Ho (66)

whereHg is the angular momentum of the leg (expressed at g@inThus, in order
to cancel the shaking moment, the angular momentum is helstaot over time.
The expression of the angular momenthig is equal to:

3 2 _
Ho :ZZ (mj (XSijj _ijXSj) + Mew, (XMiijij _yMinMij) +|51-9|)
B 67)
‘Hp(p"' zs(mj (XSijj _ijXSj) +mcw,- (XijMj —YM,-XMJ-) +|Sj 9])
J:
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wherexqg, Yg, Xg andyg are the position and velocities of any po@talongx and
y axes, respectivelyq being either poin§j, Mij, (j = 1,2), S or Mj (j =5,6)).
Developing and introducing (65) into (67) yields

3 -
Ho=2 (15 15+ (murd -+ Moy 2, +me (1= 12)° + M, (1 e,)*) 13, ) @

i=
+ (I + (M6r3 + Mg 2y, + Mp+3(Mp + Mew,)) 12p) B
+ (I, + (M5F2 -+ Mg T2y + Mo+ Mo -+ Mp + 3 (M + Mo, )) 12¢) s
+ (Ip+3 (M + Mew,) 1&p) ¢
(68)

After such modifications of th&RRchain, the angular momentum of the legs
of the mechanism and of tHRRRchain can be balanced using six counter-rotations
(Fig. 11), which have an axial moment of inertia equal to:

lor, = Is, + s, + (mlrf + Mo, M8y, +Mp (1= 12) + Mo, (1— rCWz)Z) 12¢,
ler, = lp+3(M2+ Mew, ) 1€ p

lerg = I + (M6rg + Mo 2 +Mp + 3 (M2 + Mew, ) 1Ep + 2ler,

lery = s+ (M3 -+ Mewg 25 + Mo+ Mew + Mp+ 3 (M2 + Mewy) ) 126 + 2l

(69)

3.1.2 lllustrative examples and numerical simulations

Let us illustrate the suggested balancing approach usimgerical simulations car-
ried out with ADAMS software. For this purpose, non balanaed balanced RPR
parallel manipulators will be compared.

The chosen trajectory for simulations is a straight linehaf ¢ontrolled point of
the platform, achieved ity = 0.25 s, betweet® = [xo Yo]' = [0.05m 0m|" and

Pr =[x yf]T —=[0.2m 0m" with a rotation of the platform frong = 0 deg. to
¢ = 30 deg. For the displacement of the mechanism, fifth ordgmpoohial laws
are used and therefore the trajectory is defined by the follpexpressions:

X(t) = %o +S(t) (Xt — o)
y(t)=0 (70)
o(t) = @+s(t)(¢r — @)
with
10

15, 6
=3 44 <t° (71)
f

i L
a 5
t t7

s(t)

The parameters used for the simulations are the followings:

e lopg=0 m,IoA. =0.35 m,||3i(:i =0.05 m,qu =0.1m,lgg =0.15m andgp =
0.1581 m,
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Fig. 12 Shaking force and shaking moment before (solid line) and afteshed line) the addition
of the counterweights, and after the addition of the courdtations (gray line).

e 1 =2,rp=r5=rg=0.5,
e my =0.75kg,m = 0.37 kg,ms = 0.42 kg,mg = 0.47 kg;mp = 1 kg,
e |5, =0.00344 kg.m, Is, = 0.00025 kg.M, Is, = 0.00122 kg.n,

ls, = 0.00146 kg.m, 1, = 0.00436 kg.m.

For such parameters and such a trajectory, the shaking &mdeshaking mo-
ment are computed using ADAMS software and are presented.idE (solid line).
Then, we add the counterweights and the idler IB&{ to the mechanism. The po-
sition coefficients of the counterweights are all equakip = —0.5 (j = 1,2,5,6).
Therefore, the added masses are equaltp = 0.75 kg, Mgy, = 0.37 kg, My, =
6.92 kg, mey, = 21.66 kg. The new values of the shaking force and moment are
presented in Fig. 12 (dashed line). It is possible to seewtithtthe added coun-
terweights the shaking efforts are cancelled, while theimakvalue of shaking
moment is increased by a factor 17. Finally, we add the countations. Their val-
ues are equal thy, = 0.01917 kg.m, l¢r, = 0.02665 kg.m, I, = 0.18169 kg.n,

ler, =0.72781 kg.m. With such counter-rotations, the shaking moment is baldnc
(in gray line in Fig. 12(c)).
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Fig. 13 A general slider-crank mechanism.

3.2 Complete shaking force and shaking moment balancing using
Scott-Russell mechanism

In this sub-section, another approach for complete shakirgg and shaking mo-
ment balancing is developed, which consists of adding SRos$isell mechanisms
(mechanisms made &RRAssur groups) to each leg of the initial architecture of a
manipulator. This approach enables a reduction in the nuoflimunter-rotations.

3.2.1 Properties of the Scott-Russell mechanism

Let us observe a simple slider-crank mechanism (Fig. 13) cEmtre of mass of link
i (i=1,2,3)is denoted a§. Link i has a massy and an axial moment of inertia
Is. The positions of the centres of massA—&> = rlﬁ, @ = rzﬁ, C—>% = l3rzx,
ri, r> andrs being dimensionless coefficients, dgdbeing a constant length.

It is known that the compete shaking force and shaking morbal@ncing of
a general slider-crank mechanism can be obtained by addingaunterweights
mounted on the links and two pairs of counter-rotations. el@w, it is possible
to balance this mechanism without counter-rotation if i Ispecific geometrical
parameters, as in Scott-Russell mechanisms Q m,lag = lgc — Fig. 13).

Let us consider the balancing of this mechanism. The exjress$ the shaking
forcefsh of a slider-crank mechanism can be written as:

3

fSh:.zlmfs = (Miry+ ) g+ (Mprz +Mg)a (72)
with :
ool A

i's being the acceleration of poiBt
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The constant terms of (72) can be cancelled by the additioivofcounter-
weights located aMj, (j = 1,2) (Fig. 13), whose masses are denotedrag, .
Their positions are equal tm = rcwl,@, B—I\/I2> = rcwlB%, Few, @ndrey, being di-
mensionless coefficients. With the addition of the counéégits, the shaking force
becomes: .

O = 14 (Mewy Fewy + Mew, ) P8+ MewyFewy@ (74)

Thus, the shaking force is balanced if:

r myr
_ Mprz+mg andmey, = — 111+ M + Mew, + Mg

75
Few, low, (75)

Mew, =

The expression of the angular momenttim (expressed at poim) is:

3 2 .
Ha= % (m; (Vs —Ys%s))) + Z(m:w,- (2wt Ya; — Yw Xy ) + 15, 65) - (76)
=1 I=

wherexg, Yq, Xg andyq are the position and velocities of any potalongx and
y axes, respectivelyq being either poing;j or Mj, (j = 1,2,3)).
Developing and introducing (75) into (76),

Ha = (Is, + (MurZ -+ Moy 12, + M + Mow, +mg) 13g) 61

. (77)
+ (Is, + (Mar3 +mew, 13, +me) 13c) 6

with . L
b, — Y8l —8) +(a—ys) (%c — %) (78)

I8
wherexg, yg, Xc are the coordinates alongandy axes of point8 andC, respec-
tively, andxg, yg, Xc their velocities.
In order to cancel the shaking momeMg", the angular momentum has to be
constant or null. Developing (77M§\h can be cancelled i = 0 andlag = Igc (in
such a caség) = —6,) and if:

Is, + (MLrZ + Mow, 12, + M + Mow, +Me) 125

(79)
—Is, — (Mar5 + Moy T, +Mg) 13c =0

3.2.2 Balancing of a manipulator’s leg using a Scott-Rusdehechanism

Now let us consider a manipulator’s leg with an added ScatsRell mechanism (i.e.
an additionaRRRAssur group — Fig. 14). Let us denote&sthe centre of mass of
link 4, which has a massy and an axial moment of inertig,. The position 0f$,
is such thatAS, = Israu, r4 being a dimensionless coefficient ané unit vector
alongCS.

Now the shaking force becomes:
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Fig. 14 A manipulator leg with added Scott-Russell mechanism.

M = (Myr 1 -+ Mew, Fewy + M2 + Mew, + Mg) 5 + (Mars + Murs) ag

(80)
+ (Mpr2 + Mewy, Fow, + M) &2
with
N - —sin 903 ~o COS@03
2 =ls (903 { c0SBo3 } B |:Sin603:|)
(81)

. . —sin(6p3 — 641) ; : cos(6o3 — 6a1)
o= o (- ) [ o] - B (i ]

At this step, only one supplementary counterweight is reargsfor the can-
cellation of the shaking force, but it could be demonstrat#edr more derivations
that another is necessary for the cancellation of the sgakimment. Therefore, we
propose adding this additionnal counterweight directhe Two counterweights are

. ) —
located at point#/z andMy, defined such tha€Msz = rey,lau, AMg = rey,lau, rew,
andrcy, being dimensionless coefficients. Their masses are regglgctlenoted
Mew, andmey,. With the addition of the counterweights, the shaking fdreeomes:

s — gsh Mews B + Moy @1 + (mCW3rcw3 + mCW4rCW4) a (82)

Thus, the shaking force is cancelled if:

mgr
n})W4:7 4
Iowy
mar
mcvx@:—r 3
o
Mol M+ Mo (83)
rnCWZ__r—
oy
Ml 4+ M+ Mew, + M3+ Mewy
rTbW]___

I’cwl
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Fig. 15 Schematics of a shaking force and shaking moment balanced 3-RARnis0.

Developing and simplifying, the expression of the angulammantum is equal
to:
Ha = Ieql 903+ |qu 941 (84)

with

4
leg :_ZIS + (mlr% + mCergwl +mp (11— r2)2 + Mewy, (1— rcwz)z) lﬁB (85)
i=
+ (Mar5 + Mows T o, + Marg + Mew, T30, ) 15
legy =lg, + (murs + 2 12
ep — 1S i n‘cwlrcwl+rr]2+nkvv2+rn3) AB

(86)
— s, — (Mar3 + Mo, 3y, +Ma) 13¢

From (79),leq, = 0. Therefore, the shaking moment of the leg can be cancelled

using a simple counter-rotatidg with an axial moment of inertia equal tgy, .

3.2.3 Shaking moment and shaking force balancing of the BPR manipulator

Now, let us apply such an approach to th&@BRmechanism. First of all, let us
substitute the platform mass by three points masses loa&fzdC, andCs, with the
values of mass equal to,, , mp, andmy, respectively [38,73,75]. Such a condition
can be obtained if:

My, = mp/3 andlp = 3mp 1&p 87)
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Such a decomposition of the platform enables us to condigestiaking force
and shaking moment balancing of each leg of the mechanisem, Thodifying each
leg in order to obtain a mechanism similar to a Scott-Russkage, the shaking
force and shaking moment are cancelled if:

myry
rTI:W4 =
rCW4
mgrra + My
Mews = _ripl
w3
Ml + Mg+ Moy + My
Mew, = — r
W
Ml 4 M+ Mew, + M+ Mewg + M,

lowy,
0=Is, + (Mur? + Mo, r3y, + Mo+ M, +Mg) 135
—Is, — (Mar3 + Mew, Iy, + M) 13, and

4
ler = ZIS + (mlrierCerEWl My (1—12)% + Mo, (1— rCWZ)Z) 128
i=

+ (Mar3 -+ Mews &y, -+ Marg + Moy Mo, +Mpy) 13

taking into account thakt, is the axial moment of inertia of the counter-rotations
(Fig. 15).

Thus, with this approach it is possible to create a fullyabakd shaking force
and shaking moment BPRmechanism with only three counter-rotations (Fig. 15),
i.e., this method enables a reduction in the number of countations by a factor
of two.

3.2.4 lllustrative examples and numerical simulations

The parameters used for the simulations are the followings:

IOAi =0.35 I'T],|A4-Bi = lBiCi =0.25 m,|cip = 0.1 mandlz =0.025 m,
ri=ro=0.5,r3=0andrg =4,

my = 1.09 kg,mp = 1.1 kg,mz = 0.37 kg,my = 0.75 kg; mp = 1 kg,
Is, =0.00738 kg.m, Is, =0.58389 kg.m, I3 = 0.00344 kg.n,

ls, = 0.00025 kg.m, andl, = 0.01 kg.n?.

For these new parameters and for the trajectory used in0Begtl, taking into
account that the position coefficients of the counterwsight equal toc,, = —0.5
(] =1,3,4), rew, = —1, the new values of the counterweights ang;, = 3.17 kg,
Mew, = 1171 kg, My, = 0.33 kg, mey, = 0.75 kg. The shaking force and shak-
ing moment are then computed (dashed line in Fig. 16). Kinale add the
counter-rotations. Their values are equalfe= 1.56907 kg.m. With such counter-
rotations, the shaking moment is balanced (gray line in Fogc)).
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Fig. 16 Shaking force and shaking moment before (solid line) and afteshield line) the addition
of the counterweights, and after the addition of the courgtations (gray line).

Finally, it should be noted that the combination of the pmgabtwo techniques of
balancing enables the creation of fully balanced paralbsipulators with modified
legs. As examples, different structures of balanced maatiprs are presented in
Fig. 17 (3RPR 3-PRRand 3PRP) in which one leg with a prismatic pair is replaced
by a leg with only revolute joints. Such a modification allothie displacement of
the centre of mass of the manipulatoiGeand then to balance the manipulator via
the modified ledC3B3As.

In the same way, it is possible to balance a parallel manipulgith prismatic
pairs by adding fewer Scott-Russell mechanisms. The biaguschemes for several
parallel manipulators are presented in Fig. 18.

Thus, it has been presented new balancing schemes for thmgHarce and
shaking moment of planar parallel manipulators whose legsrede of prismatic
pairs.

Usually, the balancing of parallel manipulators with prétio pairs is only at-
tained via a considerably complicated design. This sestianved that it is possible
to balance planar parallel mechanisms using Scott-Russsthanisms. Such an
approach enables a division of the number of counter-motatby two. Numerical
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(b) Balanced 3RRparallel manipulator

(c) Balanced FRPparallel manipulator

Fig. 17 Complete shaking force and shaking moment balancing of planapriators with pris-
matic pairs via structural modification of one leg.

simulations carried out using ADAMS software validated thtained results and
illustrated that the suggested balancing enables tha@nezta parallel manipulator
transmitting no inertia load to its base.

4 Conclusions

For all balancing method, the main challenge is the trafleaifveen the complex-
ity of the balanced mechanism and the quality of balancimghé present Chapter,
we have proposed a solution which allows the reduction obtldancing complex-
ity by comparison with the usual approaches. The idea wabgiatly modify the

mechanism design by adding to it Assur groups, i.e. groupshwdos not add any
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A1
B, \%%

(a) Balancing of 3RPRparallel manipulator (b) Balancing of 3PRRparallel manipulator

(c) Balancing of 3PRPparallel manipulator

Fig. 18 Complete shaking force and shaking moment balancing of planapriators with pris-
matic with reduced number of Scott-Russell mechanisms.

supplementary degree of freedom into the mechanism. Thefusgch a solution
was detailed for the shaking force and shaking moment bilgrud:

e the in-line four-bar linkage
e the planar parallel robots with prismatic pairs.

For both types of mechanisms, the proposed solution allaivedreduction (or
even the cancellation in the case of the four-bar linkageh@humber of counter-
rotations used for obtaining the shaking moment balanciiich decreases the
design complexity and the inherent problems due to the usmwfter-rotations
(backlash, noise, vibrations, etc.).

All theoretical developments were validated via simulasicarried out using
ADAMS software. The simulations showed that the obtainediraaisms transmit-
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ted no inertia loads to their surroundings, i.e. the sumlofralund bearing forces
and their moments were eliminated.
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