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Abstract: Solution of the problems of synthesis of spatiaéfbar hinged mechanisms with two degrees of freetisk
considering the angle of transmission and definit conditions of existence of cranks is giverthia paper. A possibility of
movement of the designed mechanism without seithateis depended on shape and sizes of the meahénis is envisaged.
At solution of the problem of synthesis first aretetmined sizes of the mechanism couples consgldtia angle of
transmission and then are determined the limitgaoftion of the angle of transmission dependingiars of the mechanism
links. The conditions are ascertained which musinie¢ by sizes of the spatial five-bar mechanisrksliso that the two links
adjoining to the frame are crank (theorem on emisteof cranks in the spatial five-bar mechanism).
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1. Introduction

Spatial mechanism with two degrees of freedom tdaghk
among numerous hinged mechanisms used in praetigeh
in contrast to four-bar mechanisms, can realizeencomplex
laws of motion favouring at the same time rise bé t
machines efficiency and optimization of the teclogaal
processes.

A distinctive feature of these mechanisms is thafacity
for variation of the coupler point locus from thimple to the
more complex form in the course of operation atatam of
angular velocities of the input links consideririgedtions of
motions and their mutual initial inter-location abnstant
lengths of the links.

These circumstances are directly related with Seleof
length of the output links of mechanisms and preaeine
necessary conditions for creation of compact, Vigdght
mechanisms, especially in the fields of space afmbtics
industry, decreasing at this consumption of malerand
energy.

The spatial five-bar hinged mechanisms with twordeg
of freedom are widely used in various devices, fi@bo
systems as well as in industrial practice as opgyat
members [1, 2] and so on.

The researches into hinged mechanisms with twoegsgr
of freedom started at the end of XIX and beginnifig<X

centuries by first studying planar five-bar mecksars with
two input links.

Solution of the problem on locations for the spatia
mechanisms with several degrees of freedom andrisphe
five-bar mechanisms with two degrees of freedom firas
considered by A.G. Ovakimov [3] only in the 70-iesthe
XX century.

The problems of kinematical analysis of the spatial
five-bar mechanism of type RCRCR with one degree of
freedom were considered in the work of J. Duffi aad.
Habib-Olahi. [4]. The analytical formulae were dred with
the use of spherical trigonometry. The positionsuiput links
of the mechanism are determined by the forth oedgiation
and in the work of J. Duffi [5] for determinationf o
displacements of the spatial five-bar mechanisnewsed the
dual equations.

Much attention was given to the problems of analysi
synthesis, kinetostatics and dynamics of mechanmgthswo
degrees of freedom by Georgian scientists havingechout
deep analysis of the mentioned mechanisms.

In should be noted in this aspect the works [60f7N.S.
Davitashvili. In the work [6] is given analysis ioffluence of
parameters of the five-bar hinged mechanism oedtajies
of the couplers points and in the work [7] — arad&d
problems of kinematics and precision of these meishas.

Besides the mentioned works numerous researches int
analysis, synthesis, dynamics and precision of ding
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mechanisms with two degrees of freedom are caoigdy
first author of these articles [8, 9, 10]. In therw[11] of N.S.
Davitashvili and O. Gelashvili is given synthesif the
five-bar spatial mechanism with two degrees of dme
according to the trajectory.

In the presented work is carried out synthesisiefdpatial
five-bar hinged mechanism with two degrees of fozed
taking into account the angle of transmission ani¢ions of
existence of two cranks.

2. Synthesis of the Spatial Five-Bar
M echanism Taking into Account the
Angleof Transmission

At solution of the problem of synthesis of spafigé-bar
mechanisms with two degrees of freedom it is neggs®
consider the following requirements: correct stuuetof the
mechanism to be designed, kinematical precisionthef
movement to be performed, possibility of realizatif the

¢, =¢,(t) and @5 =@s(t), 1)

where
¢, =apta(t)and ¢s = o +B(1) . (2

Herea andp — are the variable angles characterizing the
motion of input links.
The gear ratios from link 5 to link 2 is defined as
¢s _ws _ B

Uy = =—==
52 P2 w2 a

®3)

where the sign (+) is taken for the case when itipls 2
and 5 are rotating in the same direction, and tha §-)
when they are rotating in the opposite directions..

It should be noted that by giving functions of
displacements of the input links, gear ratio imals

=+2
q

(4)

We select two fixed coordinate systems for the frijmks

Usy = Usy(t).

given movement by mechanism to be designed from tf?e and 5 so that point A is located in the plang&¥. The

standpoint of dynamics, possibility of movement thie
mechanism under action of applied forces with maxim
possible efficiency (taking into account the anghé
transmission to avoid their seizure) and finallpsaring
existence of cranks and reproduction of the givewement
by the sizes of links of the synthesized mechanism.

2.1. Dimensioning of Couplers of the Five-Bar Spatial
Mechanism Taking into Account the Given Value of the
Angle of Transmission

Let's consider spatial five-link hinged leverageSRR type
mechanism ABCDE (Fig. 1) with two degrees of fremdind
determine the dimensions BGand CD=, of couplers with
taking into account the given values of angle afsmissiory

(Ymins Yma)-

Figure 1. Spatial five-bar mechanism with two degrees oftivee

For solution of this problem are given: dimensiondéinks
1, 2, 5, designated &g {,, and(s; anglesy, andp,, specifying
the initial position of the input Agand EQ links 2 and 5, with
respect to the frame 1.

The laws of motion of the input links 2 and 5 areeg as:

system EXyY,Z, is selected for link 5, and systerX,Y,Z; -

for link 2.
Accordingly are given the coordinates of point
A()Q)yozo) in the systemEX;Y,Z, considering angle

between axisEX, and frame 1:

Xg =1;c0s&; yy =1;siné; z,=0. 5)

The transformation of systemAX;Y;Z; in the system
EXpYyZ, is carried out due the matrix:

by By by
b, by byp=0, (6)
by B, bgs

whereby;, by,,...., bz— are directing cosines of axes of the

systemAX; Y;Z; with respect to th&X,Y,Z, system.

It is possible at first to set the four values dfedting
cosines, for exampléy,, bys, by andbs, =0, then forbas, by,
b,s, b, we will have:

b33 =v1_b§15 bas
_Mi by, =V1_b121_b3%1-

b33

__ byibsg |
b13 - =

(7)

b3 =

The variable distancé between movable joints B and D,
the value of that is depended on dimensions of drégrand
input links 2 ¢,) and 5 (s), initial position of input links
(oo ,Bo), gear ratio(us,) between input links with taking
into account directions of their movement can biemheined
in the system EX,YyZ, with the help of formula for the

distance between two points in space:
02 = (xg —xp)* + (¥g —¥p)* + (zs — 2p)*,  (8)

where
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Xg =0; Zg =(,Sing, .

9)
(10)

Yg =, COSP,;

Xp =0; Yp =5 COSps; Zp = l5sings.

Considering the location of point A at the origih the
system, , the coordinates of point B CAN be writterthe
system EX,Y,Z, using matrix (6);

Xg = byl , cosp, + b5, sing, + ¢, cos{;
Ya = Dyyl 5, COSP, + 03l 5, SiNG, + £ SING;
Zg =Dbgsl,Sing,.

Considering values (2), (10) and (11) expressionwi
take a form:

(11)

£ ={£2 + 2+ ¢ + 2¢,¢,[cos(ap + ) -
- (byzcosé + by, siné) + sin(ay + a) -
“(b3y cos§ + byz sin§)] —
—24,45sin & cos(By + us,a) —
—240,%<[b,, cos(ay + a) cos(By + ug,a) +
+b,5 sin(ay + @) cos(By + us,a) +
+bss sin(ay + a)byssin(By + us,a)]}?, (12)
where
P=us,a.

Herea is a variable value.
Analysis of expression (12) shows that distabcepends
on {4, Ly, Us, 0g, Po, Us,, @ @and directing cosines.

FROM triangle BCD taking into account the given
maximal {ma) and minimal {.,) values of the angle of

transmission can written:

f% + [‘2} - 21“03€4 COS Vmax = €72nax;

(13)
f% + &ZL — 2830, COS Yin = €12nin'

106

dt _ kr

2@ = 2K a7

d* _ 2kk''—(kn)?
da? wk

(18)

where

k = €%+ ¢% + 02 + 20, 4,[cos(ay + a) -

* (byz cos & + by, siné) +sin(ay + ) -
*(b13 €08 & + byzsing)] —

—24, 45 sin & cos(B, + us,a) —
—24,45[b,, cos(ay + @) cos(By + us,a) +
+b,3 sin(ay + @) cos(By + us,a) +

+b35 sin(ay + @) sin(By + us,a)l;

k' = 2¢,4,[cos(ay + a)(by3cosé + byzsiné) —
—sin(ay + a)(by, cos & + by, siné)] +
+248, 45 (ug,a + ugy) sin € sin(By + us,a) —
—24,85[b,y5(cos(ay + ) cos(By + us,a) —
—(us,a + ug,) sin(By + us,a@)sin(ay + a)) —
—b,, (sin(ay + a)cos(By + us,a) +
+(ug,a + usy) sin(By + ug,a)cos(a, + a)) +
+bs3(cos(ay + a) sin(By + us,a) +
+(ug,a + usy) cos(By + us,a)sin(a, + a))].

The values k" will be found by differentiation lof
In turn
B'a—ﬁ_

a2

(19)

I
Usy =

For determining of such value afthat gives the extreme
values of distancé it is necessary that condition (14) be met.

where {max and {min — are the extreme values of variable From the relations (17) we will have

distancet.
It is known that if derivatived¢/da exists, then function
£ will have maximum or minimum only if
dat
== 0. (14)

If second derivatived?¢/da? exists, then functior will
have maximum when

@y, Loy, (15)
da da

and minimum at
Ly N (16)
da da

Accordingly we can write

285 cosug,a {£1(us,a + us,) sin € sin By +
+£, sin(ay + @) [by, cos By +

+ba3(us,a + us,) sin fy —

—bs3(us,a + usy) cos fo] +

+4, cos(ay + @) [byy (us,a + us,) sin By-
—b,3 cos By — bssin fo]} +

+24 sinug,a {£1 (U, + ug,) siné sin By +
+4, sin(@g + a)[by3 cos By (Uus,a + Usy) —
—bs; sin By + bsz(ug,a + us,) sin fo] +

+25 (o + a)[baz (us @ + us,) cos fy —
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—b3 sin By — bszcos B} — _ Usy (usy — 1D (us; — 2) )

C352 - 31 ’
—248,4,[sin(ay + a)(by, cos & + by, siné) + )
Ugy(Usy, — 1) (ugy — 2)(us, — 3)
+cos(ag + a)(by3cosé + by3siné)] = 0. (20) Ci, = 22 52 Zf 22 ;
On the bas_e of kno_vvn formulae_ of the Moiwes us,a ; Usy (Usy — D) (usy — 2)(Usy — 3) (ugy — 4)
and sinus,a included in the equation (20) can be presented Ci, = 5l
as '
and so on
CoS U@ = cos¥s2 @ — Cj_, cos*s2™ a sin® a +
o = us, (us, — 1) (us; — 2)(us; — 3) -+ (us, — (n — 1))
+Cy,, cos¥sz™* asin* @ — - (21) us, = ol .
sinus,a =1ug, cos*s2 L asina — In equations (23) a sign (+) is taken when geaosat;,
is a positive number, and sign (=)when us, is a negative
—C5, cos¥s273 g sin® a + number.

The series of binomial coefficients is finite wheg, is a
positive or negative integer, and infinite when, is a

Taking into account values (21) and (22) equatk®) gill ~ POSitive or negative fractional number. .
By solution of equations (23) are determined thkies

5

+Cy,, cos¥s2 ™ asin® @ — - (22)

take a form: , . .
a;(ay, oy, -, on), with the help of which we determine extreme
a, ta,—a; =0, (23) values £max and Ly, Of distancet accordingly to formula
12).
where (12)

In practice are mainly encountered cases whenrtpet i
links are moving with constant angular velocity:{=const).

a, = 245(cos¥sz @ — C2_ cos¥s2™2 asin®a + ,
In such case expressions (17), (18) and equat@®nvw(@l be

+C cos¥s2 ™4 g sin*a — -+ ) - significantly simplified.
Thus knowing value$ .« and £y, and transforming the
{£1(us,a + usy) sin & sin B + system (13) we obtain a value of coupler 4 (Dg4ength:
+£, sin(ay + @) [by, cos By +
. Azt [A5-44143 (24)
+b23(us,@ + usy) sin fy — bas(ug,a + usy) cos fo] + ty=4% 24, ’

+£, cos(ay + ) [by, (us, @ + us,) sin By —

—by3 cos fy — bzssin fol};

a, = 285 (us, cos*s2 g sina —

where
A= 4(COS Ymin — COS ymax)z;

A; = 4[€1znax(cos Ymin — COS Vmax)z +

~Cug, cos™ s asin®a 208 Yomarx (g = Pin) = (€O Vomin = €08 Yo
+C2,, cos*s2™% g sin® @ — ---) Ay = (82, — €2, ).

{1 (us2a + usy) sin & sin By + £, sin(ag + @) Accordingly a length of coupler 3 (B@3 will be
+ [bys €05 By (ulp@ + Usy) — byy sin B + determined from system (13):

+b33(us,a + usy) cos Byl + £, cos(ay + a) - l3 = 2€4(C°ZZ$Z;{;$:;ZVmax). (25)
[by; (uspa + sy) cos o — 2.2. Determination of Limits of Angles of Transmission

—bys sin By — bascos Bol}; Depending on Dimensions of Links of the Spatial

Five-Bar Mechanism

az = 20,%,[sin(ay, + a)(b;, cos& + by, siné) +
’ e ° 1 2 At solution of this problem a condition is envisdge

+cos(ag + a)(byz cos§ + by sin§)]. according to which an angle of transmission at position
of the mechanism must not be less that certain ngive
minimum value ensuring normal functioning of the
Us, (Us, — 1) mechanism.
szsz =7 Selection of allowable angles of transmission is
' determined by dynamical conditions of the mechanism
operation and in the first place by absence ofuseinf

Binomial coefficients in turn will have forms
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output links.
Considering a polygon of links ABCDE and triangl€B
(Fig. 1) for distancé we can write:

02 = 02 + 0% + ¢% + 20,4, [cos(ay + @) -
*(byp cos €& + by, siné) +
+sin(ay + a) (bs; cos & + byssiné)] —
—2¢,¢5 sin € cos(B, + us,a) —
—24,45[b,, cos(ay + a) cos(By + us,a) +
+b,5 sin(ay + @) cos(By + us,a) +
+bs3 sin(ay + @) sin(By + us,a)] =

=¢34 ¢2—205¢,cosy. (26)

From expressions (26) can be determined the anfgle 8

transmission:

cosy = (2€38,) {3 + €3 — £ — 05 — 2 — 20,4,
[cos(ay + a)(by, cos & + by, siné) +
+sin(ay + a)(bs; cosé + by5siné)] +
+24,¢5 sin & cos(By + us,a) +
+24,45[b,, cos(ay + a) cos(By + us,a) +
+b,; sin(ay + a) cos(By + us,a)
+b35 sin(ay + ) sin(By + us,a)}. (27)

If O<y<m, then the extreme values of anglewill be
determined from formula (27):

{)% 'H)i_f?nax
cos ymax = 2{; {; ) (28)
314
BH—tin
COSYmin ==, (29)
3t4

An optimal valuey=m/2 will be obtained at value of
variable anglex determined from equation

034 02 — 02 — 2 — p% —

—24,%;,[cos(ay + a)(byy cosé + by, siné) +
+sin(ay + @) (b3 cos & + byz siné)] +
+24, %5 sin & cos(B, + us,a) +

+24525[b,, COS(ag + @) cos(By + us,a) +
+b,3sin(ay + a) cos(By + us,a) +

+b33 sin(a, + @) sin(ﬁ0 + usza)]=0- (30)

The obtained results allow to determine relatioeasveen
dimensions of links of the spatial five-bar mecisamifor
which optimal value of the angle of transmissionl Jeie
arithmetical mean of its extreme values, i.e.

108
— T _ Ymax~VYmin
y=5="y (1)
Suppose
Ymax = §+ 6 and Yy, = g -6, (32)

wheres is a certain angle.
Substituting of these values in (28) and (29) wi haive:

—2058,SIn8 = €2 + 42 — 42,40

33
2038,sind = €2+ 02 — £2 ... (33)
Excludings we will obtain
2(€§ + &21) = f‘?nax + €12nin' (34)

Thus if dimensions of links of the spatial five-bar
mechanism satisfy condition (34), then deviatiohihie angle
f transmissiony from optimal valuey = /2 will be
identical in both sides.

2.3. Conditions of Existence of Two Cranksin Spatial
Five-Bar Mechanisms

At solution of numerous problems of synthesis ddtigh
mechanisms with two degrees of freedom it is vergartant
to select relations between lengths of the linksnahg one or
two links to realize full or partial turning arounthosen
points.

It is known that condition of existence of cranksplanar
and spherical four-bar mechanisms was first fortedldy F.
Grasgof. The similar problems were studied by NBfBievich,
V.V. Dobrovolski, F. Freidenstein, F. Duditsa arbevs.

For spatial four-bar mechanisms conditions of exisé of
one of two cranks was first formulated by D.S. Taelidze.

By numerous researches into various hinged meainanis
by N.S. Davitashvili were formulated theorems oisggnce
of cranks in spherical five-bar, six-bar and seban-
mechanisms.

By studies of structure and kinematics of five-bar
mechanisms with two degrees of freedom is ascedaihat
conditions of turning of input links are signifidhn
influenced by dimensions of frame 1 and links 2 ar(Hig. 1),
gear ratio g, between input links considering their directions
of movement, initial positions of input links spied by
anglesay and By and duration of the mechanism movement
cycle.

For spatial five-bar mechanism (Fig. 1) we haveaitstd
formula (12) for calculation of variable distan€ebetween
movable hinges B and D, whose extreme valiygsand i,
are found on the base of satisfaction of conditid®g, (16).

The found extreme valuds,., and{,, of distancet allow
us to write inequalities defining conditions of &eince of
cranks 2 and 5according to the kinematical schehspatial
five-bar mechanism:

fmax < ’€3+’€4_,

35
fmin 2 |€3_€4|- ( )

Thus we can formulate a theorem of existence ofanaoks
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in spatial five-bar hinged mechanisms as follows.

In spatial five-bar hinged mechanisms two linkgpating
to the frame, will be cranks if and only if at movent of the
mechanism maximum distance between the hingesecrbst
connection of input links and corresponding coupisiess or
equal to the sum of lengths of couplers and minindistance
is more or equal to the difference of these lengths

If the assume that0=B0=0 andt5=0 the spatial five-bar
mechanism ABSDE (Fig. 1) will be converted into tigla
four-bar mechanism ABCD (Fig. 2).

Figure 2. On the conditions of existence of cranks in a spdtiur-bar
mechanism.

In this case variable distanéeaccording to expression (12)

will be:
€= {€2 4¢3+ 20,¢,[cos a (by, cos & + by, siné) +
+sin a (bsy cos & + by sin )]} 7. (36)
The equation for finding will be written as:
28,45 [cos a (by3 cos & + by3siné) —
—sina (by, cos & + by, siné)] = 0. (37)

Accordingly value ofx will be found by formula

b
COS (1 2) = T —=,

2.p2
bi+b3

(38)

where
bl = blz CoSs E + bzz Sln E,
bz = b13 Cos E + b23 sin E.

Taking into account the values®f anda, from expression
(36) we will have:

Conax = [£% + €5 + 20,4, (by, cosa; +

+b,, sin al]l/z, (39)
Conin = [€2 + €3 + 28, 8,(by, cOs a, +

+b,, sin az]l/z. (40)

Accordingly to expressions (35) conditions of exste of
cranks in the spatial four-bar mechanism will be:

[£2 + £2 + 26,4,(b, cos a; + by sina;)]/2 <
< ’€3 + ‘€4,

[£2 + €2 + 24,2, (b, cos a, + b, sina,)] /2 >
2 |‘€3 - ‘€4|.

(41)

3. Conclusion

By accomplished researches into five-bar mechanigitins
two degrees of freedom are marked out some problEms
synthesis of the mentioned mechanisms.

For the purpose of ensuring operation of the meshan
without seizure with maximum possible efficiencyear
determined dimensions of the links firstly considgra given
angle of transmission and then depending on themsions
of links of the spatial five-bar mechanism are gkted limits
of variation of the angle of transmission. A theoref
existence of two cranks in spatial five-bar hingegthanisms
is formulated. The obtained results are suitabled&signing
new mechanisms and solution of practical problems.
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