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Abstract

The present study develops a method to synthesise the groove cam Geneva mechanism with
increased dwell period. The main condition of the synthesis is to provide the desired law of motion
of the wheel. Additional synthesis conditions are the limitation of the maximum pressure angle and
the limitation of the minimum curvature radius of the cam profile. Unlike the conventional Geneva
mechanisms, the synthesised groove cam Geneva mechanisms enable motion of the wheel due to an
arbitrarily specified law, double locking of the wheel at its dwell-to-motion and motion-to-dwell
transitions, absence of soft impacts in the extreme positions. The analysis shows that for the
cycloidal law of motion, number of slots in range 3 to 15 and additional dwell coefticient in range 0
to 0.7, the operating time coefficient can be provided in wide range from 0.053 to 0.765. The
effectiveness of the method is illustrated by numerical examples.
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ax wheel rotation invariant

by wheel angular velocity invariant

Cxk wheel angular acceleration invariant
k dimensionless time
kat additional dwell coefficient
ky operating time coefficient

N distance between the wheel axis and driving pin axis

loa initial crank radius

log distance between the crank rotation axis and wheel axis
r crank radius

ts wheel dwell period

te wheel motion period
z number of slots
A2 dimensionless distance between the wheel axis and driving pin axis
Aa dimensionless distance between the crank rotation axis and wheel axis
Ar dimensionless crank radius

Ar1,wAra | dimensionless crank radius in the zones I, ..., IV
Are dimensionless limiting radius
v pressure angle
Vimax maximum pressure angle

[v] allowable pressure angle
Pmin dimensionless minimum curvature radius of the cam profile
[p] dimensionless allowable curvature radius of the cam profile
®1 crank rotation angle
@2 wheel rotation angle
P1x total crank rotation angle
P23 total wheel rotation angle
w1 crank angular velocity
[ay) wheel angular velocity
Ag additional dwell angle
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3 1. Introduction
4 Increasing speeds and productivity of automatic machines require employment of highly
5 functional and efficient cyclic mechanisms. Geneva mechanisms belong to the cyclic mechanisms
6 commonly used in automatic machines [1-3]. Their application range is extensive and has evolved
7 from mechanical watches and motion-picture projectors to discrete motion drives in robotic
8 manipulators and CNC machines [4—10].
? 0 The Geneva mechanisms are simple, technological and undemanding in maintenance.
1 However, like all lever mechanisms, they possess certain disadvantages. First of all, the laws of
12 motion of the wheel are characterised by impact phenomena in its extreme positions, which imposes
13 speed and energy limitations. Moreover, in the Geneva mechanism with a constant crank radius and
14 a fixed number z of slots on the wheel, the operating time coefficient k,, = tt/t equal to the ratio of
12 the motion period t; of the wheel to its dwell period t, is governed by the number z as per the
17 equality k,, = (z—2)/ (z + 2). Adjusting the coefficient k, by changing the number z is not
18 feasible in many practical cases [11].
19 There is a class of automatic machines and automated lines employing the Geneva
g? mechanism where most technological operations are performed when the wheel is stationary. This
2 class includes but is not limited to engine lathe machines, carousel lathe machines, cutting
23 machines, milling machines, drilling machines, packaging machines, conveyor machines, lining
24 machines. For example, if the Geneva mechanism is used in a bottle filling machine, rotation of the
25 wheel provides placing the consecutive empty bottle under the valve, whilst filling of the bottle with
26 liquid takes place during the dwell period ts. The productivity of such automatic machines can be
g; thus improved by reducing the motion period t; or, in other words, increasing the dwell period t.
29 However, if large inertial masses are attached to the wheel, the motion period t; cannot be reduced
30 without a significant increase in the wheel angular acceleration and, accordingly, inertial loads.
31 Further, the disadvantages of the Geneva mechanisms include the fact that the wheel is
32 locked solely by a locking ring [12]. As the driving pin of the crank enters the slot, the edge of the
;31 locking ring, which is rigidly connected to the crank, comes out of contact with the wheel. High
35 accuracy should be, therefore, guaranteed for the mutual location between the crank and locking
36 ring. Errors in the manufacture and installation of the mechanism and its wear lead to the
37 occurrence of unwanted gaps. This, in its turn, results in non-simultaneous entry of the driving pin
38 into the slot and exit of the locking ring from contact, which is accompanied by increased impact

39 loads. A similar situation is observed when the driving pin leaves the slot.

Several approaches have been proposed to improve the dynamic performance of the Geneva
mechanisms. The first approach implies application of compound mechanisms to eliminate soft
23 impacts (discontinuous accelerations) in the extreme positions [13—22]. Two or more mechanisms
44 are connected in series so that the angular acceleration of the wheel changes continuously during its
45 motion. This approach inevitably introduces extra components to the system. The second approach
46 is using damping elements in the Geneva mechanism in order to reduce the impact loads [23, 24],
47 which also leads to extra components in the system. The third approach is to modify the geometry
of the slots [25-29]. Curvilinear slots are designed to provide the desired law of motion, similarly

gg as in cam mechanisms. Although processing of the curvilinear slots is resource consuming, the

51 approach enables adjusting the dwell period ts even for a fixed number z of slots.

52 The study [30] investigates the applicability of the wheel with barrel-shaped slots, called

53 ‘Quickermittent’, for motion picture film projectors. Such a mechanism allows to reduce the

>4 indexing time whilst maintaining control over the loads on the film and mechanism itself. However,
22 due to the fact that the slot is wider in its middle part, the driving pin can hit the walls of the slot,

57 which affects adversely on the motion stability, especially at low rotational speeds. In addition,

58 Quickermittent mechanisms tend to be noisier than the Geneva mechanisms.

59 A double-pins without locking arc Geneva mechanism is developed in the study [31]. The
60 proposed mechanism has two driving pins in contrast to the conventional Geneva mechanism with

one driving pin, resulting in two times higher angular velocity of the wheel. Smaller impact loads in
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the mechanism are achieved by optimising the transitional part of the slot, which implies, however,
higher manufacturing costs.

The studies [2, 8, 32, 33] suggest that the functionality of the Geneva mechanism can be
substantially extended by introducing a groove cam element. The groove cam Geneva mechanism
comprises input crank 1, output wheel 2, groove cam 3, driving pin 4 and roller follower 5, as
shown in Fig.1. The crank 1 rotates at constant angular velocity w; and simultaneously moves
radially due to the path of the roller follower 5 along the groove of the cam 3. The driving pin 4 on
the crank 1 brings the wheel 2 in motion. Thus, the mechanism makes use of the cam 3 to control
the radius of action of the driving pin 4, which provides the necessary kinematic characteristics of
the wheel 2.

[insert Figure 1.]

The analysis of the above-mentioned studies indicates a lack of research devoted to solving
the problem of synthesising the groove cam Geneva mechanism and analysing the influence of
different parameters on its performance. The purpose of the present study is to develop a method to
synthesise the groove cam Geneva mechanism with increased dwell period that satisfies the desired
law of motion of the wheel (main condition), allowable pressure angle and allowable curvature
radius of the cam profile (additional conditions). The following tasks are solved to achieve this
purpose: development of the general approach to determining the path of the driving pin due to the
specified operating time coefficient k., (Section 2); formulation of the additional conditions of
synthesis (Section 3); development of the method to synthesise the driving pin path (Section 4);
development of the synthesis algorithm (Section 5); illustration of the method application (Section
6).

2. General approach to determining the driving pin path

A detailed schematic of the groove cam Geneva mechanism is shown in Fig.2. The
numbering of the elements in the schematic corresponds to Fig.1. In addition to the input crank 1,
output wheel 2, groove cam 3, driving pin 4 and roller follower 5, Fig.2 presents the locking ring 6.
To reduce the number of parameters in the present study and simplify analysis, the roller follower 5
is assumed to have a common axis with the driving pin 4, i.e. the centre C of the roller follower 5
coincides with the centre A of the driving pin 4. Under this assumption, the profile of the cam 3
coincides with the path of the centre A of the driving pin 4.

[insert Figure 2.]

Imagine that the driving pin 4 enters the slot of the wheel 2 at the moment when the crank 1
and slot are mutually perpendicular. The driving pin 4 passes then along the slot from the position A
to the position A1, which corresponds to a certain rotation angle A of the crank 1. In this interval,
the wheel 2 is stationary due to its locking by the ring 6 and motion of the driving pin 4 along the
line AA;. As the crank 1 rotates by the angle A, the wheel 2 is brought in motion. Apparently, the
described situation corresponds to an increase in the dwell period t, of the wheel 2. The angle Ag is
referred to as ‘additional dwell angle’.

There is thus a principal difference between the operation of the conventional Geneva
mechanism and that of the groove cam Geneva mechanism. In the former, the locking of the wheel
at its dwell-to-motion and motion-to-dwell transitions is performed solely by the locking ring,
whereas in the latter it is performed by both locking ring 6 and driving pin 4.

Derive an analytical expression for the operating time coefficient k.. Introduce the total
crank rotation angle ¢y and total wheel rotation angle ¢,y as
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2 2
3 — _Z)
. P13z ﬂ(l z)'
2 21
7 P2z =",
8 Further, express the motion period ¢, and dwell period t; in the form
?0 @1z — 249

h=—""""3
11 w1
12
13 _27'[—g012+2Ag0
14 ts= w1
12 Based on the equations above, the operating time coefficient k,, can be expressed as follows:
17 k te T[(Z - 2)/Z - ZAQD
e Yt gz +2)/z 4200
20 (1
21 After defining the additional dwell coefficient as the ratio
22 2A@
23 ki =
9 P1x
25 Eq.(1) can be rewritten in the following manner:
26 . (z—2)(1 = ka)
27 Y 22— (z2—2)(1 — kyo)
28
% )
30 Apparently, the operating time coefficient k., is reduced at Ap > 0 and, accordingly, k. > 0
31 . As the coefficient k, tends to 1, the additional dwell angle A¢ increases significantly along with
32 the geometric dimensions of the mechanism (see Fig.2). It is reasonable, therefore, to limit k,, and
:i the present study accepts that k, < 0.7. Due to the fact that the number z of slots cannot be less
35 than 3, whilst the Geneva mechanisms with z > 15 are rarely met in practice, the number z is
36 accepted to be in range from 3 to 15.
37 Fig.3 illustrates the dependence of the operating time coefficient k., on the additional dwell
gg coefficient k,; and number z due to Eq.(2). The analysis shows that for the conventional Geneva
20 mechanism (k,; = 0), the coefficient k,, changes from 0.2 to 0.765. By contrast, the groove cam
41 Geneva mechanism has a significantly wider range of the coefficient k,, from 0.053 to 0.765 at 0 <
42 k. < 0.7. Note that the coefficient k., is more sensitive to the variation of k. at smaller values of
43
44 Keat:
45
46 [insert Figure 3.]
47
48 Considering Fig.2, introduce the dimensionless crank radius A, dimensionless distance A,
gg between the driving pin axis A and wheel axis B, dimensionless distance 4, between the crank
51 rotation axis O and wheel axis B as
52 _— L
53 T — l ]
54 oA
55 lag
56 Ay =1
57 0A
58 los 1
59 Aa=—=——"=
60 * loa sin (T/z)
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where r is the crank radius, i.e. the distance between the crank rotation axis O and driving pin axis
A; g 1s the distance between the driving pin axis A and wheel axis B; [gp is the distance between
the crank rotation axis O and wheel axis B; [ya is the initial crank radius for the perpendicular

position between the crank and slot.
Writing the equation of closed vector circuit in the form

A+ =1,
and projecting it on the horizontal and vertical axes yield that
sin (/2 — ¢3)
“cos (@1 + ¢2)’
cos (/z + @)

M cos (g1 + 92)
3)
where ¢4 and ¢, are the rotation angles of the respective crank and wheel.
Further, represent the rotation angles of the respective crank and wheel in the form
¢1= keis;
P2 = axPox
where k = ?1/¢;5 is the dimensionless time; ay is the wheel rotation invariant. Then the derivatives

of the radius A, with respect to ¢, read
dAr Aa
A=

( T T
= sin (@1 + @,)sin (— — ) — (HCOS (— + )),
dpr  cos? (pq + ¢2)\ Q1T P2 L, P2)— P2 L, P

%
d*Ar Aa

_FA (
dp?  cos® (@1 + )\

Vs
@3cos (@1 + @2)cos (; + <p1) + 2¢5

+ <P1) — (2 + g3)sin (g - <P2))

S

(1 + @5)cos (p1 + @2)sin

N

i
+ (1 + sin? (@1 + @))sin P (pz))
4)
with

,_dp2 ¢

P2= do, B k<P1z'

B d*p; P23

Y2="7T">=Ck

d(P% <P%2
®)

where by, = ax/dk and ¢, = Abx/dk are the wheel angular velocity and acceleration invariants.
Thus, as the crank radius A, changes due to Eq.(3), the wheel moves according to the
prescribed law with rotation invariant a,. Remember that the expressions for A,, A;, A, given by

Eqgs.(3)—(5) are valid if the wheel motion starts from the perpendicular position between the crank
and slot.

3. Additional conditions of synthesis

Since the studied mechanism (see Fig.2) includes a cam mechanism in the form of the roller
follower in contact with the groove cam, the additional conditions of synthesis arise, as considered
next.
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2
i 3.1. Limitation condition for the maximum pressure angle
5 In order to prevent jamming in the cam mechanism, the maximum value vy, of the pressure
6 angle
7 A’r
8 v = arctan —
9 Ar
10 (6)
1 should not exceed the allowable pressure angle [v]. The corresponding condition limiting the
g maximum pressure angle vy, is formulated as
14 Vmax < [V]
15 (7
16 The allowable pressure angle [v] is chosen depending on the angular velocity and load in the
17 cam mechanism. In most engineering applications, the value of [v] is in range from 30° to 45°. In
12 the present study, [v] is accepted to be between 32.5° and 41.6°, which corresponds to the case of
20 rotary tables like Vertex Precision Tilting Rotary Table VUT used in carousel lathe machines,
21 cutting machines, milling machines, drilling machines and conveyor machines [33].
22
23 3.2. Limitation condition for the minimum curvature radius of the cam profile
24 In order to prevent sharpening and interference of the cam profile, it is necessary to limit
gg from below its minimum curvature radius p,;,. The allowable curvature radius [p] of the cam
27 profile is determined by the dimensionless expression [34]
28 A _
29 [p] = max anp] Ar + min A,
30
31 ®)
32 The minimum curvature radius pp,;, of the cam profile is derived from the known formula
:i for the radius of curvature given in polar coordinates as X
s (a2 + )"

in = min
Y P 2~
. ®
41 The condition limiting the minimum curvature radius py,, takes then the following form:
42 Pmin = [,0]
43 (10)
44 Thus, the additional conditions of synthesis include Eq.(7) limiting the maximum pressure
22 angle V. and Eq.(10) limiting the minimum curvature radius pp;, of the cam profile.
:g 4. Method to synthesise the driving pin path
49 Fig.4 shows the characteristic zones of the crank motion: I — linear path of the driving pin,
50 stationary wheel; Il — path of the driving pin for the wheel motion period; III — linear path of the
51 driving pin, stationary wheel; [V — path of the driving pin which provides a smooth conjugation of
52 the end of the zone III and the start of the zone I. The crank radius A, is determined next for each
55
56 [insert Figure 4.]
57
58 Zone [ starts in the position A when the driving pin enters the slot, and it ends in the position
Z g A1 when the crank rotates by the additional dwell angle Ag. The rotation angle ¢, of the crank
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changes, thereby, from 0 to Agp. Considering the fact that the wheel is stationary, i.e. ¢, =0, a

simplified expression for the crank radius A, is derived in the form
1

COS @1

A=
(11)
Zone 1 starts in the position A; and ends in the position Aj. The wheel moves according to
the prescribed law. The crank rotation angle ¢4 changes from Ag to (@5 — A@). The crank radius
A2 1s found from Egs.(3)—(5).
Zone I1I starts in the position A} and ends in the position A". The motion of the driving pin
occurs similarly to that in the zone 1. The crank rotation angle ¢, changes from (@1z — Ap) to @13.

Since @y = @45 = 2T/z, the expression for the crank radius A3 reads
1

cos (27/z + ¢,)

Zone IV starts in the position A" and ends in the position A. Accordingly, the crank rotation

angle ¢ changes from ¢y to 2m. The crank radius 4,4 can be defined in the form of polynomial
n

Ay = Z ai(pil_ !

i=1

Az =—

(12)
where n is the number of the conditions imposed on the crank radius A,4.
The boundary conditions are formulated to prevent soft impacts at the start of the zone I in
the position A and at the end of the zone III in the position A". This can be achieved by smooth
conjugation of the crank radius and its first three derivatives, i.e.

Arg = lr3|(p1 =gy

Ar4 - Ar3|¢’1 =1y’

AM - Ar?’ @1= @15’
Ara = Ar ®1=¢13
(13)
and
Arél-l(pl:zn:/lrll(pl:o;
Ar4|(p1=2n:/1r1|(p1=0;
Ara p1=2m Ar1 01=0
Araly, = 20 = Arily, — o
(14)

Since there is infinite number of functions satisfying Eq.(13) and Eq.(14), additional
conditions should be formulated. In the bisector of the zone IV, which corresponds to the crank
rotation angle @1 = @, = 13/2 +m, the crank radius 4,4 is set equal to the dimensionless limiting
radius A, 1.e.

/1r4|(pl =@, Arc
(15)
and the rate of change of 1,4 is set equal to zero, i.e.
A’r‘*|<p1 —p.=0

(16)

http://mc.manuscriptcentral.com/(site)


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

e

Page 9 of 39 Journal name

9
1
§ Thereby, the total number of the conditions given by Eqs.(13)—(16) equals n = 10. These
4 conditions lead to the following system of equations with respect to the coefficients a; in Eq.(12):
A
2 1 oz ofx iz ofx @iz @Sz @iz oix @iz “ A’FSI%Z
7 0 1 2¢1x 3(P%E 4‘!’%2 S(Péllz 6(P?z 7(p?g 8(p{2 9(p?2 a; :3 .
5 0 0 2 6@y 12¢% 20(ng 30<p1‘§ 42@f 56<p§55Z 72<pZ§ as | [M3lgy
9 0 0 02 63 24(/‘)}12 60(/;12 1202012 210(;)12 336({,}012 504((5)12 a, A;.'é o1
10 1 . e Pe Pe Pe Pe Pe Pe Pe as | Arllo
1 0 1 2p. 3¢7 492 Sec 69 79l 8ol 99 |G| | 5|
12 0 0 2 6@, 1202 2093 300% 4205 5605 729 || @ e
13 2 3 4 5 6 || as Ar1 0
0 0 0 6 24p. 6097 12007 210p% 33697 504¢¢ |7 o
h 1 o @2 @2 et e ¢l ¢l % o Nagl |70
e 0 1 20 3¢ 497 5S¢t 692  Te¢ 8l  9p¢ o
17
. (17)
20 where ¢, stands for 2 for shorter notation.
21 Now it is turn to determine the maximum pressure angle vy,,x and minimum curvature radius
22 Pmin 0f the cam profile for each zone and compare them to the allowable values [v] and [p],
23 ;
respectively.

24 P y
25 C . .. .
2% 4.1. Limitation condition for the maximum pressure angle
27 Zone 1. Substitution of Eq.(11) into Eq.(6) results in the pressure angle v = ¢;. Since the
28 crank rotation angle ¢ changes from 0 to Ag, it is true that the maximum pressure angle equals
gg Vmax = A¢. The condition of Eq.(7) is thus fulfilled if Ap < [v] or, taking account of Eq.(1) and
31 Eq.(2), if
32 < 2z

<——[v
33 T n(z— 2)[ |
34 (18)
:Z Fig.5a shows the range of the additional dwell coefficient k,; that satisfies Eq.(18). The
37 coefficient k, can take any value between 0 and 0.7 for z € {3,4}. As the number z of slots
38 increases, the upper limit of the range decreases. For z = 15, it equals 0.417 at [v] = 32.5° and
39 0.532 at [v] = 41.6°
40
41 . .
42 [insert Figure 5.]
43 . . . . . .
44 Zone II. Substitution of Eq.(3) and Eq.(4) into Eq.(6) allows deriving the expression of the
45 pressure angle v in the form
46 sin (@1 + @3)sin (T/z — @,) — @hcos (T/z + ¢1)
47 tanv =
48 cos (1 + @3)sin (T/z — @)
o (19)
51 Assume that the wheel moves according to the cycloidal law
52 sin (2rk)

ag=k——F""

53 k 2
54 (20)
; 2 which is widespread in the cyclic mechanisms, providing zero angular acceleration of the wheel in
57 its extreme positions, i.e. at the start and end of its motion period.
58 The maximum pressure angle v, is determined based on Eq.(19) and Eq.(20). Fig.5b
59 shows the corresponding range of the coefficient k, satisfying Eq.(7). As in the case of zone I, the
60 coefficient k¢ can be arbitrary from 0 to 0.7 for z € {3,4}. As the number z increases, the upper
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limit of the range decreases. For z = 15, it equals 0.375 at [v] = 32.5° and 0.506 at [v] = 41.6°.
Comparison of Fig.5a and Fig.5b shows that the coefficient k,; is smaller in the zone II for any z.

Zone II1. Since the zones I and I1I are symmetrical about the vertical axis (see Fig.4), similar
conclusions can be drawn here as for the zone .

Zone IV. The crank radius A4 represents the polynomial of Eq.(12) with the coefficients a;
satisfying Eq.(17). The dependence of the maximum pressure angle v, on the number z and
limiting radius A, is obtained based on Eq.(6). Fig.6 shows the relevant data for the limiting radius
Arc that changes from 1 to 2.2 with step 0.2. It is seen that for [v] = 32.5°, the condition of Eq.(7) is
fulfilled at 1 < A, < 2 and any z, as well as at A,. = 2.2 and z < 7. For [v] = 41.6°, the entire range
of A, satisfies the condition of Eq.(7). Note that the maximum pressure angle v, increases with
increasing A.

[insert Figure 6.]

Summarising the results for all zones leads to the conclusion that the condition of Eq.(7)
limiting the maximum pressure angle v ,,,, can be fulfilled for any z. As the number z increases, the

upper limit of the coefficient k, decreases. For [v] = 32.5°, it equals 0.7 at z = 3 and 0.375 at

z =15, whilst for [v] = 41.6°, it is about 1.3 times larger. The coefficient k,; should be chosen
according to the results obtained for the zone II (see Fig.5b). Additionally, the limiting radius A,
should be specified as small as possible to reduce the maximum pressure angle v,,y.

4.2. Limitation condition of the minimum curvature radius of the cam profile
Zone 1. Since the path AA; of the driving pin is linear (see Fig.4), the curvature radius of the

cam profile is infinitely large.

Zone II. Substitution of Eq.(20) into Egs.(3)—(5) allows determining the allowable curvature
radius [p] of the cam profile due to Eq.(8) and the minimum curvature radius p,;, of the cam
profile due to Eq.(9). Fig.7 shows the range of the coefficient k,; satisfying the condition of Eq.(10)
in dependence on the number z. The analysis reveals that for [v] = 32.5°, the synthesis of the
driving pin path is possible at z > 4. The coefficient k,, is in range from 0 to 0.29 at 4 < z < 13 and
in range from 0 to 0.28 at z € {14,15}. As for [v] = 41.6°, the condition of Eq.(10) is fulfilled for
any z. The upper limit of the coefficient k,, equals 0.34 at z = 3, 0.37 at z € {4,5,6,13,14,15} and
038at7<z<12.

[insert Figure 7.]
Zone III. Similar conclusions are valid as for the zone I due to the symmetry of the zones I

and III about the vertical axis (see Fig.4).
Zone IV. The crank radius A4 is described by the polynomial Eq.(12) with the coefficients a;

satisfying Eq.(17). Fig.8 shows the allowable curvature radius [p] of the cam profile determined
based on Eq.(8). Fig.9 shows the minimum curvature radius py,;, of the cam profile determined by

Eq.(9).
[insert Figure 8.]
[insert Figure 9.]

Fig.8 and Fig.9 suggest that the condition of Eq.(10) is fulfilled almost in the entire ranges
of the number z and limiting radius A,.. For [v] = 32.5° and A, = 2.2, this condition is fulfilled at z

http://mc.manuscriptcentral.com/(site)


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

J——

Page 11 of 39 Journal name

11

1
g < 10. The limiting radius A, should take the smallest possible value to reduce the geometric
4 dimensions of the mechanism whilst providing a single-sign curvature path of the driving pin.
5 Thereby, Figs.5-9 outline the set of the groove cam Geneva mechanisms that provide the
6 double locking of the wheel at its dwell-to-motion and motion-to-dwell transitions, absence of soft
7 impacts in the extreme positions and significantly wider range of the operating time coefficient k,,
2 compared to the conventional Geneva mechanisms. It should be noted that the developed method is
10 not limited by the type of function given by Eq.(20) and can be applied for arbitrary law of motion
11 of the wheel.
12
13 5. Synthesis algorithm
14 The theoretical results obtained in Sections 2—4 can be combined into one algorithm
12 presented in Fig.10. At the first stage, the number z of slots and the operating time coefficient k,,
17 are determined by Eq.(2). At the second stage, the cam profile is checked for the maximum pressure
18 angle v, due to Eq.(7). As mentioned in Section 4.1, the symmetry of the cam profile in the zones
19 I and III should be taken into consideration. At the third stage, the cam profile is checked for the
20 minimum curvature radius p,i, due to Eq.(10). Remind that the check is not performed for the
g; zones I and III where the driving pin path is linear. If at least one of the conditions Eq.(7) and
23 Eq.(10) is not fulfilled, the algorithm returns to the first stage.
24 Repetition of the first three stages leads to the fourth stage which consists in forming the set
25 of pairs z and k,, that satisfy the main and additional conditions of synthesis. The fifth stage is
26 selection of the optimum solution. In general, a smaller value of k., corresponds to a higher
g; productivity of the machine employing the groove cam Geneva mechanism but also to higher
29 inertial loads on the mechanism. Therefore, a dynamic analysis of the mechanism considering
30 inertial masses attached to the wheel is necessary to evaluate the margin of strength that can be
31 sacrificed in favour of productivity. At the sixth stage, the cam profile is drawn based on the
32 synthesised path of the driving pin.
:i Since in the present study the centre C of the roller follower 5 is assumed to coincide with
35 the centre A of the driving pin 4 (see Fig.2), i.e. the cam profile is identical to the path of the centre
36 A, the final stage of the algorithm does not require calculations. In the general case, this assumption
37 is not true, and the cam profile is to be drawn based on the path of the driving pin centre A.
38 Obviously, the expressions derived in Sections 3 and 4 become more cumbersome in this case.
39 Nonetheless, the general approach presented in Section 2 and summarised by the algorithm in
j? Fig.10 remains valid.
g [insert Figure 10.]
44
45 6. Method application
46 For example, consider a problem of synthesising the Geneva mechanism with operating time
47 coefficient k,, = 0.3. Fig.3 shows that none of the number z of slots satisfies k,, = 0.3 and k,; = 0,
22 i.e. the conventional Geneva mechanism cannot provide the required value of k,,. Find the solution
50 using the algorithm proposed in Fig.10, accepting the allowable pressure angle equal to [v] = 41.6°.
51 Table 1 presents the pairs z and k, that provide k,, = 0.3 due to Eq.(2). The set of solutions
52 is thus 4 < z < 15. Fig.5 and Fig.6 show that the condition of Eq.(7) is fulfilled in the zones I-IV
gi for any values of z in the entire range of the limiting radius A, i.e. this condition does not narrow
55 down the set of solutions. On the other hand, due to Fig.7, the condition of Eq.(10) is fulfilled in the
56 zone Il at z < 7. Comparison of Fig.8 and Fig.9 suggests no additional limitations in the zone IV.
57 Thereby, the set of solutions is narrowed down by Eq.(10) to 4 < z < 7. Fig.11a presents the
58 synthesised paths of the driving pin for the limit values of z at A, = 1. The solution z = 4 provides
Zg minimum inertia load on the mechanism, whereas the solution z = 7 maximises the machine

productivity.
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Table 1. Pairs of the number z of slots and additional dwell coefficient k,; providing k,, = 0.3
z 4 5 6 7 8 9 10 11 12 13 14 15
ki | 0.0769] 0.231| 0.308| 0.354| 0.385| 0.407 | 0.423| 0.436| 0.446| 0.456| 0.462 | 0.468

Now consider another problem that consists in synthesising the Geneva mechanism with
specified number of slots z = 8. For the sake of variety, the allowable pressure angle is set equal to
[v] = 32.5° in this example.

Fig.3 outlines the infinite set of solutions for z = 8 in the form of k, ranging between 0 to
0.7. The check of Eq.(7) shows that k,; is limited from above by 0.48 in the zones I and I1I, as
shown in Fig.5a, and by 0.46 in the zone II, as shown in Fig.5b. Due to Fig.6 for the zone IV, the
limiting radius A, may vary between 1 and 2. Further, the check of Eq.(10) shows that k,; is limited
from above by 0.29 in the zone II, as shown in Fig.7, whilst there are no additional limitations in the
zone IV, as shown in Fig.8 and Fig.9. The set of solutions is thereby limited by Eq.(7) and Eq.(10)
to the range 0 < k. < 0.29. Fig.11b shows the synthesised paths of the driving pin for the limit
values of k,; at A, = 1. The solution k,; = 0 has the same operating time coefficient k,, = 0.6 as the
conventional Geneva mechanism. In contrast, the solution k, = 0.29 corresponds to k,, = 0.37, i.e.
the groove cam Geneva mechanism synthesised by the algorithm in Fig.10 allows improving the
machine productivity by (1 +0.6)/(1 + 0.37) ~ 1.17 times.

[insert Figure 11.]

7. Conclusions
A synthesis method for the groove cam external Geneva mechanisms with increased dwell
period is developed which provides the required law of motion of the wheel with account of the
conditions limiting the maximum pressure angle v, and minimum curvature radius pp,;, of the
cam profile.
It is shown that unlike the conventional Geneva mechanisms, the synthesised groove cam
Geneva mechanisms enable:
e arbitrary law of motion of the wheel;
double locking of the wheel at its dwell-to-motion and motion-to-dwell transitions;
absence of soft impacts in the extreme positions;
significantly wider range of the operating time coefficient k..
The dimensionless analysis performed for the cycloidal law of motion, number z of slots in

range from 3 to 15, additional dwell coefficient k,; in range from 0 to 0.7 shows that the operating
time coefficient k., is provided in range from 0.053 to 0.765. The advantages of the synthesised

groove cam Geneva mechanisms over the conventional Geneva mechanisms are clearly illustrated
by the numerical examples.
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Abstract
;z The present study develops a method to synthesise the groove cam Geneva mechanism with
21 increased dwell period. The main condition of the synthesis is to provide the desired law of motion
22 of the wheel. Additional synthesis conditions are the limitation of the maximum pressure angle and
23 the limitation of the minimum curvature radius of the cam profile. Unlike the conventional Geneva
mechanisms, the synthesised groove cam Geneva mechanisms enable motion of the wheel due to an
arbitrarily specified law, double locking of the wheel at its dwell-to-motion and motion-to-dwell
27 transitions, absence of soft impacts in the extreme positions. The analysis shows that for the
28 cycloidal law of motion, number of slots in range 3 to 15 and additional dwell coefticient in range 0
29 to 0.7, the operating time coefficient can be provided in wide range from 0.053 to 0.765. The
30 effectiveness of the method is illustrated by numerical examples.

Keywords: Geneva mechanism, groove cam Geneva mechanism, synthesis method, number of
wheel slots, operating time coefficient, additional dwell coefficient
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ax wheel rotation invariant

by wheel angular velocity invariant

Cxk wheel angular acceleration invariant
k dimensionless time
kat additional dwell coefficient
ky operating time coefficient

N distance between the wheel axis and driving pin axis

loa initial crank radius

log distance between the crank rotation axis and wheel axis
r crank radius
ts wheel dwell period
te wheel motion period
z number of slots
A2 dimensionless distance between the wheel axis and driving pin axis
Aa dimensionless distance between the crank rotation axis and wheel axis
Ar dimensionless crank radius

Ar1,wAra | dimensionless crank radius in the zones I, ..., IV
Are dimensionless limiting radius
v pressure angle
Vimax maximum pressure angle

[v] allowable pressure angle
Pmin dimensionless minimum curvature radius of the cam profile
[p] dimensionless allowable curvature radius of the cam profile
®1 crank rotation angle
@2 wheel rotation angle
P1x total crank rotation angle
P23 total wheel rotation angle
w1 crank angular velocity
[ay) wheel angular velocity
Ag additional dwell angle
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1. Introduction

Increasing speeds and productivity of automatic machines require employment of highly
functional and efficient cyclic mechanisms. Geneva mechanisms belong to the cyclic mechanisms
commonly used in automatic machines [1-3]. Their application range is extensive and has evolved
from mechanical watches and motion-picture projectors to discrete motion drives in robotic
manipulators and CNC machines [4-10].

The Geneva mechanisms are simple, technological and undemanding in maintenance.
However, like all lever mechanisms, they possess certain disadvantages. First of all, the laws of
motion of the wheel are characterised by impact phenomena in its extreme positions, which imposes
speed and energy limitations. Moreover, in the Geneva mechanism with a constant crank radius and
a fixed number z of slots on the wheel, the operating time coefficient k,, = tt/t equal to the ratio of
the motion period t; of the wheel to its dwell period t, is governed by the number z as per the
equality k,, = (z—2)/ (z + 2). Adjusting the coefficient k., by changing the number z is not
feasible in many practical cases [11].

There is a class of automatic machines and automated lines employing the Geneva
mechanism where most technological operations are performed when the wheel is stationary. This
class includes but is not limited to engine lathe machines, carousel lathe machines, cutting
machines, milling machines, drilling machines, packaging machines, conveyor machines, lining
machines. For example, if the Geneva mechanism is used in a bottle filling machine, rotation of the
wheel provides placing the consecutive empty bottle under the valve, whilst filling of the bottle with
liquid takes place during the dwell period ts. The productivity of such automatic machines can be
thus improved by reducing the motion period t; or, in other words, increasing the dwell period t.
However, if large inertial masses are attached to the wheel, the motion period t; cannot be reduced
without a significant increase in the wheel angular acceleration and, accordingly, inertial loads.

Further, the disadvantages of the Geneva mechanisms include the fact that the wheel is
locked solely by a locking ring [12]. As the driving pin of the crank enters the slot, the edge of the
locking ring, which is rigidly connected to the crank, comes out of contact with the wheel. High
accuracy should be, therefore, guaranteed for the mutual location between the crank and locking
ring. Errors in the manufacture and installation of the mechanism and its wear lead to the
occurrence of unwanted gaps. This, in its turn, results in non-simultaneous entry of the driving pin
into the slot and exit of the locking ring from contact, which is accompanied by increased impact
loads. A similar situation is observed when the driving pin leaves the slot.

Several approaches have been proposed to improve the dynamic performance of the Geneva
mechanisms. The first approach implies application of compound mechanisms to eliminate soft
impacts (discontinuous accelerations) in the extreme positions [13—22]. Two or more mechanisms
are connected in series so that the angular acceleration of the wheel changes continuously during its
motion. This approach inevitably introduces extra components to the system. The second approach
is using damping elements in the Geneva mechanism in order to reduce the impact loads [23, 24],
which also leads to extra components in the system. The third approach is to modify the geometry
of the slots [25-29]. Curvilinear slots are designed to provide the desired law of motion, similarly
as in cam mechanisms. Although processing of the curvilinear slots is resource consuming, the
approach enables adjusting the dwell period ts even for a fixed number z of slots.

The study [30] investigates the applicability of the wheel with barrel-shaped slots, called
‘Quickermittent’, for motion picture film projectors. Such a mechanism allows to reduce the
indexing time whilst maintaining control over the loads on the film and mechanism itself. However,
due to the fact that the slot is wider in its middle part, the driving pin can hit the walls of the slot,
which affects adversely on the motion stability, especially at low rotational speeds. In addition,
Quickermittent mechanisms tend to be noisier than the Geneva mechanisms.

A double-pins without locking arc Geneva mechanism is developed in the study [31]. The
proposed mechanism has two driving pins in contrast to the conventional Geneva mechanism with
one driving pin, resulting in two times higher angular velocity of the wheel. Smaller impact loads in
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the mechanism are achieved by optimising the transitional part of the slot, which implies, however,
higher manufacturing costs.

The studies [2, 8, 32, 33] suggest that the functionality of the Geneva mechanism can be
substantially extended by introducing a groove cam element. The groove cam Geneva mechanism
comprises input crank 1, output wheel 2, groove cam 3, driving pin 4 and roller follower 5, as
shown in Fig.1. The crank 1 rotates at constant angular velocity w; and simultaneously moves
radially due to the path of the roller follower 5 along the groove of the cam 3. The driving pin 4 on
the crank 1 brings the wheel 2 in motion. Thus, the mechanism makes use of the cam 3 to control
the radius of action of the driving pin 4, which provides the necessary kinematic characteristics of
the wheel 2.

[insert Figure 1.]

The analysis of the above-mentioned studies indicates a lack of research devoted to solving
the problem of synthesising the groove cam Geneva mechanism and analysing the influence of
different parameters on its performance. The purpose of the present study is to develop a method to
synthesise the groove cam Geneva mechanism with increased dwell period that satisfies the desired
law of motion of the wheel (main condition), allowable pressure angle and allowable curvature
radius of the cam profile (additional conditions). The following tasks are solved to achieve this
purpose: development of the general approach to determining the path of the driving pin due to the
specified operating time coefficient k., (Section 2); formulation of the additional conditions of
synthesis (Section 3); development of the method to synthesise the driving pin path (Section 4);
development of the synthesis algorithm (Section 5); illustration of the method application (Section
6).

2. General approach to determining the driving pin path

A detailed schematic of the groove cam Geneva mechanism is shown in Fig.2. The
numbering of the elements in the schematic corresponds to Fig.1. In addition to the input crank 1,
output wheel 2, groove cam 3, driving pin 4 and roller follower 5, Fig.2 presents the locking ring 6.
To reduce the number of parameters in the present study and simplify analysis, the roller follower 5
is assumed to have a common axis with the driving pin 4, i.e. the centre C of the roller follower 5
coincides with the centre A of the driving pin 4. Under this assumption, the profile of the cam 3
coincides with the path of the centre A of the driving pin 4.

[insert Figure 2.]

Imagine that the driving pin 4 enters the slot of the wheel 2 at the moment when the crank 1
and slot are mutually perpendicular. The driving pin 4 passes then along the slot from the position A
to the position A1, which corresponds to a certain rotation angle A of the crank 1. In this interval,
the wheel 2 is stationary due to its locking by the ring 6 and motion of the driving pin 4 along the
line AA;. As the crank 1 rotates by the angle A, the wheel 2 is brought in motion. Apparently, the
described situation corresponds to an increase in the dwell period t, of the wheel 2. The angle A is
referred to as ‘additional dwell angle’.

There is thus a principal difference between the operation of the conventional Geneva
mechanism and that of the groove cam Geneva mechanism. In the former, the locking of the wheel
at its dwell-to-motion and motion-to-dwell transitions is performed solely by the locking ring,
whereas in the latter it is performed by both locking ring 6 and driving pin 4.

Derive an analytical expression for the operating time coefficient k.. Introduce the total
crank rotation angle ¢y and total wheel rotation angle ¢,y as
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1
2 2
3 — _Z)
. P13z ﬂ(l z)'
2 2m
7 P2z =",
8 Further, express the motion period t; and dwell period t; in the form
?0 @1z — 249

h=—""""3
11 [OF]
12
13 _27'[—g012+2Ag0
14 ts = w1
12 Based on the equations above, the operating time coefficient k,, can be expressed as follows:
17 k te T[(Z - 2)/Z - ZAQD
e Yt gz +2)/z 4200
20 (1
21 After defining the additional dwell coefficient as the ratio
22 . 209
2 s
g;’ Eq.(1) can be rewritten in the following manner:
26 . (z—2)(1 —ka)
27 Y 22— (z2—2)(1 — kyo)
28 2
29 _ 2)
30 Apparently, the operating time coefficient k., is reduced at Ap > 0 and, accordingly, k. > 0
31 . As the coefficient k, tends to 1, the additional dwell angle A¢ increases significantly along with
32 the geometric dimensions of the mechanism (see Fig.2). It is reasonable, therefore, to limit k,, and
:i the present study accepts that k, < 0.7. Due to the fact that the number z of slots cannot be less
35 than 3, whilst the Geneva mechanisms with z > 15 are rarely met in practice, the number z is
36 accepted to be in range from 3 to 15.
37 Fig.3 illustrates the dependence of the operating time coefficient k., on the additional dwell
gg coefficient k,; and number z due to Eq.(2). The analysis shows that for the conventional Geneva
20 mechanism (k,; = 0), the coefficient k,, changes from 0.2 to 0.765. By contrast, the groove cam
41 Geneva mechanism has a significantly wider range of the coefficient k,, from 0.053 to 0.765 at 0 <
42 k. < 0.7. Note that the coefficient k., is more sensitive to the variation of k. at smaller values of
43
44 Keat:
45
46 [insert Figure 3.]
47
48 Considering Fig.2, introduce the dimensionless crank radius A,, dimensionless distance A,
gg between the driving pin axis A and wheel axis B, dimensionless distance 4, between the crank
51 rotation axis O and wheel axis B as
52 A= L
53 T — l ]
54 oA
55 lag
56 Ay =1
57 0A
58 los 1
59 Aa=—=——"=
60 * loa sin (T/z)
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where r is the crank radius, i.e. the distance between the crank rotation axis O and driving pin axis
A; g 1s the distance between the driving pin axis A and wheel axis B; [yp is the distance between
the crank rotation axis O and wheel axis B; [g4 is the initial crank radius for the perpendicular

position between the crank and slot.
Writing the equation of closed vector circuit in the form

Ir + 22 = Aa
and projecting it on the horizontal and vertical axes yield that
sin (/2 — ¢3)
“cos (@1 + ¢2)’
cos (/z + @)

M cos (g1 + 92)
3)
where ¢4 and ¢, are the rotation angles of the respective crank and wheel.
Further, represent the rotation angles of the respective crank and wheel in the form
¢1= keis;
P2 = axPox
where k = ?1/¢;5 is the dimensionless time; ay is the wheel rotation invariant. Then the derivatives

of the radius A, with respect to ¢, read
dAr Aa
A=

( T T
= sin (@1 + @,)sin (— — ) — (HCOS (— + )),
dpr  cos? (pq + ¢2)\ Q1T P2 L, P2)— P2 L, P

%
d*Ar Aa

_FA (
dp?  cos® (@1 + )\

Vs
@3cos (@1 + @2)cos (; + <p1) + 2¢5

+ <P1) — (2 + g3)sin (g - <P2))

S

(1 + @5)cos (p1 + @2)sin

N

i
+ (1 + sin? (@1 + @))sin P (pz))
4)
with

,_dp2 ¢

P2= do, B k<P1z'

B d*p; P23

Y2="7T">=Ck

d(P% <P%2
®)

where by, = ax/dk and ¢, = Abx/dk are the wheel angular velocity and acceleration invariants.
Thus, as the crank radius A, changes due to Eq.(3), the wheel moves according to the
prescribed law with rotation invariant a,. Remember that the expressions for A,, A;, A, given by

Eqgs.(3)—(5) are valid if the wheel motion starts from the perpendicular position between the crank
and slot.

3. Additional conditions of synthesis

Since the studied mechanism (see Fig.2) includes a cam mechanism in the form of the roller
follower in contact with the groove cam, the additional conditions of synthesis arise, as considered
next.
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3.1. Limitation condition for the maximum pressure angle
In order to prevent jamming in the cam mechanism, the maximum value vy, of the pressure

angle

A
Vv = arctan A_r
(6)
should not exceed the allowable pressure angle [v]. The corresponding condition limiting the
maximum pressure angle vy, is formulated as
Vmax < [V]
(7)

The allowable pressure angle [v] is chosen depending on the angular velocity and load in the
cam mechanism. In most engineering applications, the value of [v] is in range from 30° to 45°. In
the present study, [v] is accepted to be between 32.5° and 41.6°, which corresponds to the case of
rotary tables like Vertex Precision Tilting Rotary Table VUT used in carousel lathe machines,
cutting machines, milling machines, drilling machines and conveyor machines [33].

3.2. Limitation condition for the minimum curvature radius of the cam profile
In order to prevent sharpening and interference of the cam profile, it is necessary to limit
from below its minimum curvature radius py,;,. The allowable curvature radius [p] of the cam
profile is determined by the dimensionless expression [34]
Ar
tan [v]

[p] = max — A+ min A,

®)

The minimum curvature radius pp;, of the cam profile is derived from the known formula
for the radius of curvature given in polar coordinates as

(22 +@)?) "

A2+ 2(2) — )

Pmin = Min

€))
The condition limiting the minimum curvature radius p,;, takes then the following form:
Pmin = [,0]
(10)
Thus, the additional conditions of synthesis include Eq.(7) limiting the maximum pressure
angle V. and Eq.(10) limiting the minimum curvature radius pp;, of the cam profile.

4. Method to synthesise the driving pin path

Fig.4 shows the characteristic zones of the crank motion: I — linear path of the driving pin,
stationary wheel; Il — path of the driving pin for the wheel motion period; III — linear path of the
driving pin, stationary wheel; [V — path of the driving pin which provides a smooth conjugation of
the end of the zone III and the start of the zone I. The crank radius A, is determined next for each

zone.
[insert Figure 4.]

Zone [ starts in the position A when the driving pin enters the slot, and it ends in the position
A1 when the crank rotates by the additional dwell angle A¢. The rotation angle ¢, of the crank
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changes, thereby, from 0 to Agp. Considering the fact that the wheel is stationary, i.e. ¢, =0, a

simplified expression for the crank radius A, is derived in the form
1

COS @1

A=
(11)
Zone 1 starts in the position A; and ends in the position Aj. The wheel moves according to
the prescribed law. The crank rotation angle ¢4 changes from Ag to (@5 — A@). The crank radius
A2 1s found from Egs.(3)—(5).
Zone I1I starts in the position A} and ends in the position A". The motion of the driving pin
occurs similarly to that in the zone 1. The crank rotation angle ¢, changes from (@1z — Ap) to @13.

Since @y = @45 = 2T/z, the expression for the crank radius A3 reads
1

cos (27/z + ¢,)

Zone IV starts in the position A" and ends in the position A. Accordingly, the crank rotation

angle ¢ changes from ¢y to 2m. The crank radius 4,4 can be defined in the form of polynomial
n

Ay = Z ai(pil_ !

i=1

Az =—

(12)
where n is the number of the conditions imposed on the crank radius A,4.
The boundary conditions are formulated to prevent soft impacts at the start of the zone I in
the position A and at the end of the zone III in the position A". This can be achieved by smooth
conjugation of the crank radius and its first three derivatives, i.e.

Arg = lr3|(p1 =gy

Ar4 - Ar3|¢’1 =1y’

AM - Ar?’ @1= @15’
Ara = Ar ®1=¢13
(13)
and
Arél-l(pl:zn:/lrll(pl:o;
Ar4|(p1=2n:/1r1|(p1=0;
Ara p1=2m Ar1 01=0
Araly, = 20 = Arily, — o
(14)

Since there is infinite number of functions satisfying Eq.(13) and Eq.(14), additional
conditions should be formulated. In the bisector of the zone IV, which corresponds to the crank
rotation angle @ = @, = 13/2 +m, the crank radius 4,4 is set equal to the dimensionless limiting
radius A, 1.e.

/1r4|(pl =@, Arc
(15)
and the rate of change of 1,4 is set equal to zero, i.e.
A’r‘*|<p1 —p. =0

(16)
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1
§ Thereby, the total number of the conditions given by Eqs.(13)—(16) equals n = 10. These
4 conditions lead to the following system of equations with respect to the coefficients a; in Eq.(12):
A

2 1 oz ofx iz ofx @iz @Sz @iz oix @iz “ A’FSI%Z
] 0 1 2¢15 3ptx 4¢ls  Sels  60%  Tofy  8pls 9k |y [Ulen
5 0 0 2 6@y 12¢% 20(ng 30<p1‘§ 42@f 56<p§55Z 72<pZ§ as | [M3lgy
9 0 0 02 63 24(/‘)}12 60(/;12 1202012 210(;)12 336({,}012 504((5)12 a, A;.'é o1
10 1 e e Pe Pe Pe Pe Pe Pe Pe as | _ Arllo
1 0 1 2p. 3¢7 492 Sec 69 79l 8ol 99 |G| | 5|
12 0 0 2 6@, 1202 2093 300% 4205 5605 729 || @ e

2 3 4 5 6 [| s Arily
13 0 0 0 6 24p. 6097 12007 210p% 33697 504¢¢ |7 o
h 1 o @2 @2 et e ¢l ¢l % o Nagl |70
e 0 1 20 3¢ 497 5S¢t 692  Te¢ 8l  9p¢ o
17
. (17)
20 where ¢, stands for 27 for shorter notation.
21 Now it is turn to determine the maximum pressure angle vy,,x and minimum curvature radius
22 Pmin 0f the cam profile for each zone and compare them to the allowable values [v] and [p],
23 ;

respectively.
24 P y
25 C . .. .
2% 4.1. Limitation condition for the maximum pressure angle
27 Zone 1. Substitution of Eq.(11) into Eq.(6) results in the pressure angle v = ¢;. Since the
28 crank rotation angle ¢ changes from 0 to Ag, it is true that the maximum pressure angle equals
gg Vmax = A¢. The condition of Eq.(7) is thus fulfilled if Ap < [v] or, taking account of Eq.(1) and
31 Eq.(2), if
32 < 2z
<——[v

33 T n(z— 2)[ |
34 (18)
:Z Fig.5a shows the range of the additional dwell coefficient k,; that satisfies Eq.(18). The
37 coefficient k, can take any value between 0 and 0.7 for z € {3,4}. As the number z of slots
38 increases, the upper limit of the range decreases. For z = 15, it equals 0.417 at [v] = 32.5° and
39 0.532 at [v] = 41.6°
40
41 . .
42 [insert Figure 5.]
43 . . . . . .
44 Zone II. Substitution of Eq.(3) and Eq.(4) into Eq.(6) allows deriving the expression of the
45 pressure angle v in the form
46 sin (@1 + @3)sin (T/z — @,) — @hcos (T/z + ¢1)
47 tanv =
48 cos (1 + @3)sin (T/z — @)
o (19)
51 Assume that the wheel moves according to the cycloidal law
52 sin (2rk)

ag=k——F""
53 k 2
54 (20)
; 2 which is widespread in the cyclic mechanisms, providing zero angular acceleration of the wheel in
57 its extreme positions, i.e. at the start and end of its motion period.
58 The maximum pressure angle v, is determined based on Eq.(19) and Eq.(20). Fig.5b
59 shows the corresponding range of the coefficient k, satisfying Eq.(7). As in the case of zone I, the
60 coefficient k¢ can be arbitrary from 0 to 0.7 for z € {3,4}. As the number z increases, the upper
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limit of the range decreases. For z = 15, it equals 0.375 at [v] = 32.5° and 0.506 at [v] = 41.6°.
Comparison of Fig.5a and Fig.5b shows that the coefficient k,; is smaller in the zone II for any z.

Zone II1. Since the zones I and I1I are symmetrical about the vertical axis (see Fig.4), similar
conclusions can be drawn here as for the zone .

Zone IV. The crank radius A4 represents the polynomial of Eq.(12) with the coefficients a;
satisfying Eq.(17). The dependence of the maximum pressure angle v, on the number z and
limiting radius A, is obtained based on Eq.(6). Fig.6 shows the relevant data for the limiting radius
Arc that changes from 1 to 2.2 with step 0.2. It is seen that for [v] = 32.5°, the condition of Eq.(7) is
fulfilled at 1 < A, < 2 and any z, as well as at A,. = 2.2 and z < 7. For [v] = 41.6°, the entire range
of A, satisfies the condition of Eq.(7). Note that the maximum pressure angle v, increases with
increasing A.

[insert Figure 6.]

Summarising the results for all zones leads to the conclusion that the condition of Eq.(7)
limiting the maximum pressure angle v ,,,, can be fulfilled for any z. As the number z increases, the

upper limit of the coefficient k, decreases. For [v] = 32.5°, it equals 0.7 at z = 3 and 0.375 at

z =15, whilst for [v] = 41.6°, it is about 1.3 times larger. The coefficient k,; should be chosen
according to the results obtained for the zone II (see Fig.5b). Additionally, the limiting radius A,
should be specified as small as possible to reduce the maximum pressure angle v,,y.

4.2. Limitation condition of the minimum curvature radius of the cam profile
Zone 1. Since the path AA; of the driving pin is linear (see Fig.4), the curvature radius of the

cam profile is infinitely large.

Zone II. Substitution of Eq.(20) into Egs.(3)—(5) allows determining the allowable curvature
radius [p] of the cam profile due to Eq.(8) and the minimum curvature radius p,;, of the cam
profile due to Eq.(9). Fig.7 shows the range of the coefficient k,; satisfying the condition of Eq.(10)
in dependence on the number z. The analysis reveals that for [v] = 32.5°, the synthesis of the
driving pin path is possible at z > 4. The coefficient k,, is in range from 0 to 0.29 at 4 < z < 13 and
in range from 0 to 0.28 at z € {14,15}. As for [v] = 41.6°, the condition of Eq.(10) is fulfilled for
any z. The upper limit of the coefficient k,, equals 0.34 at z = 3, 0.37 at z € {4,5,6,13,14,15} and
038at7<z<12.

[insert Figure 7.]
Zone III. Similar conclusions are valid as for the zone I due to the symmetry of the zones I

and III about the vertical axis (see Fig.4).
Zone IV. The crank radius A4 is described by the polynomial Eq.(12) with the coefficients a;

satisfying Eq.(17). Fig.8 shows the allowable curvature radius [p] of the cam profile determined
based on Eq.(8). Fig.9 shows the minimum curvature radius py,;, of the cam profile determined by

Eq.(9).
[insert Figure 8.]
[insert Figure 9.]

Fig.8 and Fig.9 suggest that the condition of Eq.(10) is fulfilled almost in the entire ranges
of the number z and limiting radius A,.. For [v] = 32.5° and A, = 2.2, this condition is fulfilled at z
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1
g < 10. The limiting radius A, should take the smallest possible value to reduce the geometric
4 dimensions of the mechanism whilst providing a single-sign curvature path of the driving pin.
5 Thereby, Figs.5-9 outline the set of the groove cam Geneva mechanisms that provide the
6 double locking of the wheel at its dwell-to-motion and motion-to-dwell transitions, absence of soft
7 impacts in the extreme positions and significantly wider range of the operating time coefficient k,,
2 compared to the conventional Geneva mechanisms. It should be noted that the developed method is
10 not limited by the type of function given by Eq.(20) and can be applied for arbitrary law of motion
11 of the wheel.
12
13 5. Synthesis algorithm
14 The theoretical results obtained in Sections 2—4 can be combined into one algorithm
12 presented in Fig.10. At the first stage, the number z of slots and the operating time coefficient k,,
17 are determined by Eq.(2). At the second stage, the cam profile is checked for the maximum pressure
18 angle v, due to Eq.(7). As mentioned in Section 4.1, the symmetry of the cam profile in the zones
19 I and III should be taken into consideration. At the third stage, the cam profile is checked for the
20 minimum curvature radius p,i, due to Eq.(10). Remind that the check is not performed for the
g; zones I and III where the driving pin path is linear. If at least one of the conditions Eq.(7) and
23 Eq.(10) is not fulfilled, the algorithm returns to the first stage.
24 Repetition of the first three stages leads to the fourth stage which consists in forming the set
25 of pairs z and k,, that satisfy the main and additional conditions of synthesis. The fifth stage is
26 selection of the optimum solution. In general, a smaller value of k., corresponds to a higher
g; productivity of the machine employing the groove cam Geneva mechanism but also to higher
29 inertial loads on the mechanism. Therefore, a dynamic analysis of the mechanism considering
30 inertial masses attached to the wheel is necessary to evaluate the margin of strength that can be
31 sacrificed in favour of productivity. At the sixth stage, the cam profile is drawn based on the
32 synthesised path of the driving pin.
:i Since in the present study the centre C of the roller follower 5 is assumed to coincide with
35 the centre A of the driving pin 4 (see Fig.2), i.e. the cam profile is identical to the path of the centre
36 A, the final stage of the algorithm does not require calculations. In the general case, this assumption
37 is not true, and the cam profile is to be drawn based on the path of the driving pin centre A.
38 Obviously, the expressions derived in Sections 3 and 4 become more cumbersome in this case.
39 Nonetheless, the general approach presented in Section 2 and summarised by the algorithm in
j? Fig.10 remains valid.
g [insert Figure 10.]
44
45 6. Method application
46 For example, consider a problem of synthesising the Geneva mechanism with operating time
47 coefficient k,, = 0.3. Fig.3 shows that none of the number z of slots satisfies k,, = 0.3 and k,; = 0,
22 i.e. the conventional Geneva mechanism cannot provide the required value of k,,. Find the solution
50 using the algorithm proposed in Fig.10, accepting the allowable pressure angle equal to [v] = 41.6°.
51 Table 1 presents the pairs z and k, that provide k,, = 0.3 due to Eq.(2). The set of solutions
52 is thus 4 < z < 15. Fig.5 and Fig.6 show that the condition of Eq.(7) is fulfilled in the zones I-IV
gi for any values of z in the entire range of the limiting radius A, i.e. this condition does not narrow
55 down the set of solutions. On the other hand, due to Fig.7, the condition of Eq.(10) is fulfilled in the
56 zone Il at z < 7. Comparison of Fig.8 and Fig.9 suggests no additional limitations in the zone IV.
57 Thereby, the set of solutions is narrowed down by Eq.(10) to 4 < z < 7. Fig.11a presents the
58 synthesised paths of the driving pin for the limit values of z at A, = 1. The solution z = 4 provides
Zg minimum inertia load on the mechanism, whereas the solution z = 7 maximises the machine

productivity.
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Table 1. Pairs of the number z of slots and additional dwell coefficient k,; providing k,, = 0.3
z 4 5 6 7 8 9 10 11 12 13 14 15
ki | 0.0769] 0.231| 0.308| 0.354| 0.385| 0.407 | 0.423| 0.436| 0.446| 0.456| 0.462 | 0.468

Now consider another problem that consists in synthesising the Geneva mechanism with
specified number of slots z = 8. For the sake of variety, the allowable pressure angle is set equal to
[v] = 32.5° in this example.

Fig.3 outlines the infinite set of solutions for z = 8 in the form of k, ranging between 0 to
0.7. The check of Eq.(7) shows that k,; is limited from above by 0.48 in the zones I and I1I, as
shown in Fig.5a, and by 0.46 in the zone II, as shown in Fig.5b. Due to Fig.6 for the zone IV, the
limiting radius A, may vary between 1 and 2. Further, the check of Eq.(10) shows that k,; is limited
from above by 0.29 in the zone II, as shown in Fig.7, whilst there are no additional limitations in the
zone IV, as shown in Fig.8 and Fig.9. The set of solutions is thereby limited by Eq.(7) and Eq.(10)
to the range 0 < k. < 0.29. Fig.11b shows the synthesised paths of the driving pin for the limit
values of k,; at A, = 1. The solution k,; = 0 has the same operating time coefficient k,, = 0.6 as the
conventional Geneva mechanism. In contrast, the solution k,; = 0.29 corresponds to k,, = 0.37, i.e.
the groove cam Geneva mechanism synthesised by the algorithm in Fig.10 allows improving the
machine productivity by (1 +0.6)/(1 + 0.37) ~ 1.17 times.

[insert Figure 11.]

7. Conclusions
A synthesis method for the groove cam external Geneva mechanisms with increased dwell
period is developed which provides the required law of motion of the wheel with account of the
conditions limiting the maximum pressure angle v, and minimum curvature radius pp,;, of the
cam profile.
It is shown that unlike the conventional Geneva mechanisms, the synthesised groove cam
Geneva mechanisms enable:
e arbitrary law of motion of the wheel;
double locking of the wheel at its dwell-to-motion and motion-to-dwell transitions;
absence of soft impacts in the extreme positions;
significantly wider range of the operating time coefficient k..
The dimensionless analysis performed for the cycloidal law of motion, number z of slots in

range from 3 to 15, additional dwell coefficient k,; in range from 0 to 0.7 shows that the operating
time coefficient k., is provided in range from 0.053 to 0.765. The advantages of the synthesised

groove cam Geneva mechanisms over the conventional Geneva mechanisms are clearly illustrated
by the numerical examples.
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3§ Figure 1. General schematic of the groove cam Geneva mechanism: input crank 1, output wheel 2, groove
48 cam 3, driving pin 4 and roller follower 5
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Figure 2. Detailed schematic of the groove cam Geneva mechanism: input crank 1, output wheel 2, groove
cam 3, driving pin 4 and roller follower 5, locking ring 6
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3§ Figure 3. Dependence of the operating time coefficient ky on the additional dwell coefficient kat and number
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