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Study on improvements of the five-point double-toggle

mould clamping mechanism

W Y Lin'* and K M Hsiao®
'Department of Mechanical Engineering, De Lin Institute of Technology, Tucheng, Taiwan
*Department of Mechanical Engineering, National Chiao Tung University, Hsinchu, Taiwan

Abstract:

In current designs of the conventional and Fanuc five-point double-toggle mechanisms,

the lengths of moving-platen side links are greater than the lengths of tailstock-platen side links in
order to provide enough horizontal space for the ejector unit and to avoid the unsound transmission
characteristic. In this study, another method to provide such a space is adopted. From a parametric
study, the method can be proved practicable and the individual profiles of toggle linkages for the two
types of mechanism with the characteristics of time saving or a larger opening stroke and/or thrust
saving can be found. Moreover, objective comparisons of the performances between the two types of
mechanism are also given.
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parameters defined in equation (36)
accelerations of the moving platen and the
crosshead

cross-sectional areas of link 1, link 2 and
the tie bar

vertical distance between point C and
point A

vertical distance between point C and
point E

vertical distance between the centre-line of
the machine and the upper surface of the
frame

vertical distance between the centre-line of
the machine and point C

distances defined in Fig. 8

Young’s modulus of link 1, link 2 and the
tie bar

axial forces in a single link 1, the segments
BF and CF of a single link 2
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forces and moments exerted by all
members i on a single member j

thrust applied to the crosshead

thrust applied to the crosshead at the
beginning of the mould clamping
operation

maximum value of the thrust F, during
the real mould clamping process
minimum value of F, max in each case of
L/L,

acceleration of gravity

horizontal nearest distances between point
B and the left end of the ejector unit
defined in Fig. 8

horizontal distance between point E and
point C in the initial position

length of the tie bar

distance between points C and F
distances between points A and B, B and
C, D and E and C and D

mass of the moving platen with the ejector
unit and the moving mould

mechanical advantage

number of the tie bar

number of member i

radii of pin joints B, C and D
semi-widths of links 1 and the crosshead
links
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Sk, SA displacements of the crosshead and the
moving platen

Th, T, T dimensions defined in Figs 1 and 2

Ty overall height (vertical length) of the
machine

U. elongation of the tie bars

U, parameter defined in equation (17)

VA, VE velocities of the moving platen and the
crosshead

o f,7,7c,¢ angles defined in Figs 4 and 5

a, o angular velocity and angular acceleration
of link 2

O, Pesr P angles o, f and ¢ in the position when the
moving mould is just in contact with the
stationary mould

o, Bo- P angles o, § and ¢ in the initial position

p angle defined in equation (48)

B9, angles defined in Fig. 6

0AB> OBC» ODE
axial shortened lengths of link 1, link 2
and the crosshead link

OBE, OCF shortened lengths of axial segments BF
and CF of links 2

Ah, Ah‘éE parameters defined in equations (50) and
(51)

ATy, AT, increments of the overall horizontal length

and height of the machine
Ly [s kinetic and static friction coefficients

Pp.Pc,Pp  [riction radii of pin joints B, C and D

()° quantity in the state of the initial position
of the mould clamping process

() quantity at the time of the contact
position

(™) quantity in the state of the final position
of the mould clamping process

() quantity only for the original mechanism

1 INTRODUCTION

The conventional five-point double-toggle mould clamp-
ing mechanism as shown in Fig. 1 is extensively used for
injection-moulding machines with a clamping force of
between about 490 kN (50 metric tons) and 4900 kN
(500 metric tons) [1,2]. Fanuc Japan Company Limited
developed a new five-point double-toggle mould clamp-
ing mechanism shown in Fig. 2 and took out a US
Patent in 1998 [3]. Note that no quantitative results were
reported in reference [3]. The extent of the superiority of
Fanuc’s five-point double-toggle mould clamping has
not been shown in the literature. In Figs 1 and 2, the
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Fig. 1 Conventional five-point double-toggle mould clamp-
ing mechanism

1
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Fig. 2 Fanuc five-point double-toggle mould clamping
mechanism

upper portion above the centre-line (CL) of each mould
clamping mechanism illustrates a mould closing state
with the toggle fully extended in a straight line but no
real mould clamping, while the lower portion below the
centre-line (CL) illustrates the maximum stroke of
mould opening of each mould clamping mechanism.
Constructions common to the conventional and
Fanuc five-point mould clamping mechanisms will be
described in brief [3]. Let numerals 1 to 8 shown in
Figs 1 and 2 denote moving-platen side links (links 1),
tailstock-platen side links (links 2), crosshead links
(links 3), crosshead (4), tailstock platen (5), moving
platen (6), tie bars (7), stationary platen (8) and ejector
unit (9, not shown in Figs 1 and 2) respectively in this
study. A stationary platen (8) is fixed to the injection-
moulding machine body (frame) and four tie bars (7) are
immovably fixed individually to the four corners of the
stationary platen. A tailstock platen (5), mounted on the
(precision ground) steel band fixed on the frame, is
attached to the respective end portions of the tie bars. A
moving platen (6), mounted by the support blocks (or
rollers) on the (precision ground) steel band fixed on the
frame, is fitted on the tie bars and is able to slide. As two

C16603 © IMechE 2004
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sets of toggle links, which are formed of links 1 and
links 2, are bent or stretched synchronously, the moving
platen moves towards or away from the tailstock platen,
causing the mould opening or closing operation to be
performed. A crosshead (4), which is movable straight
in the mould opening or closing direction by means
of a drive mechanism composed of a ball nut-screw
(or hydraulic ram, etc.), is on the centre-line (CL)
intermediate between the two sets of toggle links that are
vertically juxtaposed. The respective distal ends of two
sets of crosshead links (3) that are pivotally mounted on
the upper and lower sides of the crosshead, pull in or
push out joint portions of the toggle links, depending on
the moving direction of the crosshead. In the last stage
of the mould closing operation, the tailstock platen will
move away from the moving platen and the tie bars will
be stretched after contact between the moving mould
attached to the moving platen and the stationary
mould attached to the stationary platen. This part of
the mould closing operation is called real mould
clamping in this paper. Points A to E denote centres
of pin joints. The difference between the conventional
and Fanuc five-point clamping mechanisms is described
in the following. On link 2 of the conventional five-point
type shown in Fig. 1, the projection is formed at an
inside position (towards the crosshead) on the portion of
link 2 that is near joint B. On the other hand, for link 2
of the Fanuc five-point type shown in Fig. 2, the
projection is formed at an outside position (outward
from the crosshead) on the portion of link 2 that is near
joint B. The angles between the vector CD and the
vector CB in the conventional and Fanuc five-point
types are both denoted y, measured positive as shown
in Figs 1 and 2 for the former and the latter respectively.

The design of a toggle mould clamping mechanism
demands: (a) a large opening stroke (output stroke),
(b) a short time for mould opening and (c) a large
mechanical advantage. The time for mould opening (or
closing) operation is related to the stroke of the
crosshead (input stroke) and the velocity of the moving
platen. Note that the input and output strokes, in
practice, are defined in the mould closing operation
without real mould clamping. The demand for an
increase in mechanical advantage is equivalent to the
demand for a decrease in the necessary maximum thrust
applied to the crosshead during the real mould clamping
operation. In the current designs of the conventional
and Fanuc five-point double-toggle mechanisms, the
lengths of moving-platen side links are greater than the
lengths of tailstock-platen side links in order to provide
enough horizontal space for the ejector unit and to
avoid the unsound transmission characteristic. Another
feature of profiles of the toggle linkages in the current
design is the projection joint D at an inside or outside
position on the portion of link 2 near joint B, so that the
length of the flange of the tailstock platen is fairly wide
(see Figs 1 and 2) and the initial position of point E is as

C16603 © IMechE 2004

Fig. 3 Method for connections of links 1, links 2 and cross-
head links 3

near the tailstock platen as possible to satisfy the desired
opening stroke.

The aims of this study are to adopt another method to
provide enough horizontal space for the ejector unit and
to use a parametric study to prove the method
practicable and to find the individual profiles of the
toggle linkages of the two types of mechanism with the
characteristics of time saving or larger opening stroke
and/or thrust saving as improvements on them. More-
over, an objective comparison of the performances
between the two types of mechanism is also given. Note
that the analytical model of the conventional five-point
type is common to that of the Fanuc five-point type. If
the formulation for the conventional five-point type is
established, the formulation for the Fanuc five-point
type can be obtained by replacing the angle y.- of the
formulation of the conventional five-point type with the
angle —yc. Unless otherwise stated, only the model for
the conventional five-point type is presented in this
paper. For comparison, the method for connecting links
1 and links 2 shown in Fig. 3, which is a schematic plan
view, is used in the conventional and Fanuc five-point
clamping mechanisms.

2 INPUT STROKE AND OUTPUT STROKE

The degree of freedom for the five-point double-toggle
mechanism is one that can be obtained from Gruebler-
type formulae [4, 5]. Figure 4 depicts a skeleton drawing
for the lower half of the conventional five-point double-
toggle mould clamping mechanism. The solid lines
denote the position during the mould closing operation
without real mould clamping and the dashed lines
denote the maximum mould opening state, i.e. the initial
position. The final position for the mould closing
operation is achieved when the toggle is fully extended
in a straight line. In this study, the symbol (~) denotes
that the quantity in parentheses is in the state of the final
position of the mould closing operation.
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Fig. 4 Geometry of the conventional toggle linkage during mould closing

From Fig. 4 and the geometry of the final position of
the mould closing operation,

Lysinay — Ly sin(m — f3)

= Lysina — L;sin(n — f§) = da (1)
Lysin(og + yc) + L3 sin(n — ¢)
= Lysin(a+ y¢c) + Ly sin(nt — ¢) = dg (2)
E =047 (3)
Sg = La[cos(a + yc) — cos(og + )]
+ Ls[cos(m — ) — cos(m — )] (4)
Sa = Li[cos(m — f) — cos(m — f)]
+ Ly(cosa — cosay) (5)
vg = — Ly[sin(o + y¢) + cos(o + y¢) tan(n — ¢)]a
(6)
vA = — Ly[sino + cosatan(m — f§)]a (7)
= — Ly[sin(a + yc) + cos(o + y¢) tan(n — @)]a
— Ly [cos(a +yc) — sin(o + yc) tan(m — ¢)
Lycos™(o+7c)].
Sl )
ap = — Ly[sina + cos o tan(m — f3)]a
— L [cosoc —sinatan(t — f)
L, cos?u .
Lot ©
hgy = L cos(m — ¢y) — Lacos(ag + p¢) (10)

where L; (i = 1-4) are the distances between points A
and B, B and C, D and E and C and D respectively at
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the undeformed state of the mechanism; Sg and S are
the displacements of the crosshead and the moving
platen respectively; o and & are the angular velocity and
angular acceleration of links 2 respectively; vy and vg
are the velocities of the moving platen and the crosshead
respectively; an and ag are the accelerations of the
moving platen and the crosshead respectively; %y, is the
horizontal distance between point E and point C in
the initial position, measured positive if the former is to
the left of the latter. B

The expressions for the input stroke Sg_and the
output stroke, or the so-called opening stroke Sa, can be
obtained using equations (1) to (5). In this study, the
values of da,dg, L1, Ly, L4, Sa, Sg and ¢ are prescribed.
The values of o and f§ can be obtained from equations
(1) and (3). The values of a, f, and ¢, can be obtained
from the expression for Sx and equations (1) and (2).
The values of yc and L3 can be obtained from the
expression for Sg and equation (2).

3 ELASTOSTATIC MODEL

The necessary maximum thrust applied to the crosshead,
which reflects the performance of mechanical advantage
of a toggle mould clamping mechanism, should occur in
the course of the real mould clamping operation. Thus,
only the real mould clamping operation is considered in
this section. In the course of the real mould clamping, in
order to develop the clamping force, the toggle clamping
mechanism must overcome the friction forces in pin
joints (hinge friction) and slider connections, and the
total deformation force of the tie bars. Here, the slider

C16603 © IMechE 2004
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connections comprise the crosshead and the guide rods,
and the tailstock platen and the (precision ground) steel
bands. In practice, the design of the toggle mould
clamping mechanism tends towards rugged. However,
the effect of the toggle linkage deformation should be
considered unless the stiffness of the toggle linkage is
very much greater than that of the tie bars. Moreover,
the effect of hinge friction should not be negligible for
the mould clamping operation [5]. Hydrodynamic
lubrication between toggle pins and bushings cannot
be achieved due to the reciprocating motion of the
toggle mechanism and heavy contact forces. The
lubrication between the two members may be considered
as boundary or thin-film lubrication. A partial break-
down of a thin oil or grease film between the two
members usually occurs during real mould clamping,
because of heavy forces. Such a situation may cause
direct physical contact and rubbing between two metal
members. This type of friction may be considered as
Coulomb friction [6]. Conservatively, it may be reason-
able to assume that Coulomb friction in the pin joints is
valid for the mould clamping operation [5]. To achieve
the desired clamping force, the velocity is always
reduced to a very low value in the course of real mould
clamping. The following assumptions are made:

1. The axial deformation displacements of links and tie
bars are small, and the flexural deformations of links
and tie bars are negligible.

2. The inertia forces, the weights and the friction forces
in the slider connections can be neglected when
compared to the total deformation force of the tie
bars and the thrust of the crosshead.

3. The deformation effects of the mould and the mould
platens are negligible.

4. Coulomb friction is valid for the friction in pin joints.

5. The friction coefficients are the same for all pin
joints.

Due to assumption 1, the equilibrium equations of the
toggle clamping system are constructed at the un-
deformed configuration of the toggle clamping system
during the real mould clamping operation in this study.

Figure 5 depicts a skeleton drawing for the lower half
of the conventional five-point double-toggle mould
clamping mechanism during the real mould clamping
operation. The dashed lines denote the position when
the moving mould is just in contact with the stationary
mould. It is assumed that the toggle mechanism and the
tie bars are not yet deformed in this state. After contact,
the toggle linkage is subjected to compressive force.
Thus, besides the rigid-body motion, compressive
deformation arises for the toggle linkage. As can be
seen from the solid line shown in Fig. 5, the moving
platen is at rest and the tailstock platen moves
backwards after contact. The final position for the real
mould clamping operation is achieved when the toggle is
fully extended in a straight line.

From Fig. 5, the geometry of the final position of the
real mould clamping operation and the assumption of
small deformation give

Lysina, — Ly sin(nt — f.)
= (Lz — 53(;) sino — (Ll — 5AB) Sin(TC — [)’)
=da (11)

Fig. 5 Geometry of the conventional toggle linkage during real mould clamping

C16603 © IMechE 2004
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Lysin(oe 4 yc) + L3 sin(m — ¢)
= (Lcr — Ocr) sina + Ly sinyc cosa

+ (L3 — dpg) sin(n — ¢) = dg (12)
B=d+m (13)
Lcp = Lycosyc (14)

L4 sin
tany = Ter —dor ;)EF (15)
U, = (L — 0ag) cos(nt — ff) — Ly cos(m — f3,)
+ (L — dpc) coso — Ly cosa,
= U, — dapcos(n — f) — dpc cosa (16)
U, = Ly[cos(n — B) — cos(n — B.)]
+ Ly(coso — cos o) (17)

where Lcrp is the distance between point C and point F
at the undeformed state of the mechanism, U, is the
elongation of the tie bars, dap, dgc and dpg are the axial
shortened lengths of links 1, 2 and 3 respectively and dgp
and Ocg are the shortened lengths of axial segments BF
and CF of links 2 respectively. Due to the assumption of
small deformation, dap, dpc, Opg and dcg in equations
(11), (12) and (15) are dropped in this study. Thus, the
values of o, f and ¢ and y = yc can be obtained using
equations (11) to (15).

Let F;; shown in Fig. 6 represent the force exerted by
all members i on a single member j. The circles shown in
Fig. 6 are called friction circles [5,6]. For the sake of
clarity, the friction circles in Fig. 6 have been greatly
exaggerated in magnitude. From Figs 1 and 6, the free-
body diagrams for each member and joint can be easily
drawn (not shown) and the equations of equilibrium

required for the real mould clamping operation are
given as follows:

mFyy =nFy =mFea = Fie (18)
Fog = Figcos(m — B+ f,) (19)
naFss = n3Fy3 = n3Fry = maFyp (20)
Fo = ngFsscos(m— o —¢,) (21)
Fsyy = Fpcos(n — f+ B,) — Faacos(m— ¢ — ¢,) (22)
Fsy, = Fysin(n — ¢ — ¢,) — Fuasin(n — f+f,) (23)

Msy; = Fyp[Lysin(n+a+7p— ¢ — ¢,,,) + pp]
— Fpp[Lysin(n + o — f+f,) + ps]

= Pcy/ F5, +F5, >0 (24)

FC = n2F52X (25)

2 2
B, = sin” ! (—?) , b, = sin” ! (%)

(26)
p 7
pp = "Bs = rc
B /1 + MZ /1 + ’u2
o
=7
= e
(27)

where n; (i = 1-4) is the number of members i. In
equation (19), F is the clamping force shown in Fig. 1.
In equation (21), F, is the thrust transmitted to the
crosshead. In equation (25), F. is the total tension force

Fig. 6 Conventional toggle linkage subjected to loading during real mould clamping
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of the tie bars. In equation (27), p is the friction
coefficient in all pin joints, rg, rc and rp are the radii of
pin joints B, C and D respectively and pg, pc and pp, are
the corresponding friction radii [S, 6] respectively. Note
that the radius of joint A is equal to that of joint B and
the radius of joint E is equal to that of joint D. Ms, in
equation (24) must be non-negative, because the
rotation of links 2 is clockwise during the mould
clamping operation.

From equations (18) and (19) and Fig. 6, the
compressive axial force in a single link 1 may be
expressed as

B Facosf,
~ mycos(n—f+f,)

Fap (28)

From equations (18) to (21) and Fig. 6, the compressive
axial force in the segments BF and CF of a single link 2
may be expressed as

Fycos(n+o—f+p,)
mcos(n — B+ f,)

Focos(m+a—¢—¢,)
nycos(m — ¢ — qﬁu)

Fpp =

(29)

FCF = FBF — (30)

From equations (28) to (30), dap and opc, the axial
shortened length of links 1 and 2, may be expressed by

FagLy

A1 E}
. FepLycos Y Fgp (L2 — Lgcos “/)
- Ab A

(31)

0AB =

OBC (32)
where A4; and E; (i = 1,2) are the cross-sectional area
and Young’s modulus of links 1 and 2 respectively.

The elongation of the tie bars, U, given in equation
(16), may be expressed by

_ F.L
¢ neAE,

(33)

where F, is the total tension of the tie bars given in
equation (25), L. is the length of the tie bars, n. is the
number of tie bars and 4. and E, are the cross-sectional
area and Young’s modulus of the tie bars respectively.
Substituting equations (31) to (33) into equation (16)
gives

Fch FABLI COS(TE B B)
nCACEC A1E1
FcpLgcosy  Fgp(Ly — Lycosy)
cos o
A2E2 A2E2
= 70 (34)
Using equations (22) to (24) gives
aF} — 2bFy»F3 + cFly = 0 (35)

C16603 © IMechE 2004

where
a=K —ks, b = kiky — kska,
ki :L4sin(n+oc+y—¢—¢,,,>+ﬂn
ky = Lysin(n +o— B+ f,) + pp

ky =cos(p+ ¢, — B+ B,)

¢ =k — ks

k3 = péa
(36)

From equation (35) and the inequality M3, >0 given in
equation (24),
F
2 4 (37)
Fy,  b+Vb? —ac
From equations (18) to (21) and (37), the mechanical
advantage M, of the five-point double toggle mechan-
ism may be obtained as

_Fa_ a cos(n — f+p,) (38)
Fo b4+ Vb2—accos(n—¢ —¢,)
From equations (18) to (22) and (25),
F.+ Fy=Fy (39)

After substituting equations (28) to (30) into equation
(34), the relationship of the total deformational force of
the tie bars F., the clamping force F and the necessary
thrust applied to the crosshead F, can be obtained from
equations (34), (38) and (39).

For a specified final clamping force, the final total
deformational force of the tie bars and the thrust
applied to the crosshead can be obtained from equations
(38) and (39). Then, the final deformations for links 1
and 2 and the tie bars can be calculated from equations
(28) to (33). Then, using equations (11), (12), (16) and
(17), the values of a, . and ¢, required at the beginning
of the real mould clamping operation can be deter-
mined.

4 PARAMETRIC STUDIES

A conventional five-point double-toggle mechanism
used in an injection-moulding machine serves as the
object of improvement in the parametric study. The
geometric properties are as follows: L; = 231 mm, 4| =
2184 mm? and n, =6 for links 1; L, =164 mm,
Ly =133.17 mm, yc = 28.49°, 4, = 3276 mm?, np = 4,
rg=22.5mm, rc=225mm, rp=150mm, Rp=
42 mm and Rp = 29 mm for links 2; L3 = 70.04 mm
and n3; = 2 for links 3; n4 = 1 for the crosshead; L. =
1250 mm, A, = 2827 mm? and n, = 4 for the tie bars;
dx = 5 mm, dg = 135 mm,dy = 235 mm, d; = 350 mm,
Wy =10144 mm, e;=47mm and e =81 mm,
where Rg and Rp are the semi-widths of links 1 and
the crosshead links respectively (see Figs 1 and 2);
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dy is the vertical distance between the centre-line of
the machine and point C; d; is the vertical distance
between the centre-line of the machine and the upper
surface of the frame; e; and e, will be introduced in
section 6. The superscript * is used only for the original
mechanism. Young’s modulus of the toggle links made
of ductile irons is 172GPa (17593 kgf/mm?) and
Young’s modulus of the tie bars made of Cr—Mo steels
is 204 GPa (20800 kgf/mm?). The input stroke S'E is
215.23mm and the output stroke S% is 180.67mm for
this mechanism. When the final total deformational
force of the tie bars F, =539kN (55000kgf) is
considered, it is possible to obtain, using the elastostatic
model, the variations of the necessary thrust applied to
the crosshead with angle o, shown in Fig. 7 for several
friction coefficients under consideration and neglecting
the deformational effect of the toggle linkage. It can be
seen from Fig. 7 that a maximum thrust Fo max 1S
necessary to drive the crosshead and the effects of the
hinge friction and the deformational effect of the toggle
linkage should not be neglected for the real mould
clamping operation. If both factors are neglected, the
maximum thrusts are underestimated by about 45.5 and
60.5 per cent for the friction coefficients 0.05 and 0.1
respectively.

Without changing the specifications of the mould
clamping force and the ejector unit, the space between
the tie bar and the maximum allowable mould thickness
and the stationary mould platen for the object of
improvement, let Al, Az, Ac» ny, np, n3, ne, g, rc, 'p, RB:
Rp, ey, es, da, dg, dy, d;, Ty, Ts (see Figs 1 and 2) and
Ly + L, be invariable in the parametric study. For
comparison, the final orientation of the crosshead link,
¢ = 92°, will be kept invariable. Moreover, the friction
coefficient in the pin joints during the real mould
clamping process is assumed to be 0.1 and the final total
deformational force of the tie bars F, = 539kN
(55000kgf) is considered. Let Sy = Si and Sg = Sj;
for case (a), Sy = S; and Sg = O.7S‘E for case (b) (time

30 F ——— Rigid links

z
<
< 15t
0.20
| 0.10
0.05
0 Il |
4 2 0

« (deg)

Fig. 7 Thrust applied to the crosshead versus angle o showing
the two effects
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saving) and Sp = 1.45’; and Sg = S’E for case (c) (larger
opening stroke). Also let L;/L, be 1.6-0.6 with a
decrement 0.1 and then let the value of Ls/L, vary from
1.2 to 0.3 with a decrement 0.01 to find the profiles of
the toggle linkages of two types with a minimum value
of Fy max, denoted by F3 axo in each case of L,/L,.
Therefore, the profiles of the toggle linkages can be
obtained for the two types with characteristics of time
saving or larger opening stroke and/or thrust saving.

5 INTERFERENCES

For the conventional five-point double-toggle type, in
order to prevent the interference between the toggle
linkages of two sets, the profiles of the two sets obtained
by the parametric study may satisfy the following
conditions with the minimum clearance 6 mm between
the two sets. If o + yc <m/2, then check

Lysinoy + Rg<dy—3 and
Lysin(og 4+ y¢) + Ro<dy — 3
(40)
If op<m/2 and ag + yc =n/2, then check
Lrsinogy + Rp<dy—3 and Ls+ Rp<dy—3 (41)
If o9 >m/2, then check
Lo+ Rg<dy—3 and Ls+ Rp<dy—3 (42)

For the Fanuc five-point double-toggle type, in order
to prevent the interference between the toggle linkages
of two sets, the profiles of the toggle linkages obtained
by the parametric study may satisfy the following
conditions. If oy <m/2, then check

Lrsinoy + Rg<dy — 3 and
Ly Sin(OC() - VC) + Rp<dy—3

(43)
If g >m/2 and oy — yc <m/2, then check
L+ Rg <dy—3 and
Ly SiH(O(() - VC) + Rp<dy—3
(44)

If 0 — o =m/2, then check
Lr+Rg<dy—3 and Ls+Rp<dy—3 (45)

If the crosshead links shown in Fig. 2 interfere with
links 1 situated in the middle position (see Fig. 3), when
the crosshead retreats to the position for the maximum
mould opening stroke, the links 1 situated in the
middle position will be removed, so that the number
of links 1 is equal to four. Then, the cross-sectional area
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(i.e. the thickness) of each link 1 will be increased 1.5
times for comparison. Besides, the additional condition
given below for the Fanuc five-point type may be
satisfied to prevent the interference between the cross-
head link and the frame of the machine:

L3COS(($-§)+RD<df+dE—d0—5 (46)

where the minimum clearance between them is taken to
be 5mm. To raise the mechanical advantage of the
Fanuc five-point type, the ratio of L4 to L, may be
increased, as a result of which it is probable that the
interference between the crosshead link and the frame
will occur. In this study, by increasing the height of the
support block underlying the platen rather than the size
of the platen, the interference will be prevented and the
quality of the moulding will not be influenced. If the size
of the platen is increased, reduction of the mould
clamping mechanism in size and weight is hindered.
Moreover, during the real mould clamping operation
only the upper and lower end portions of the moving
platen are pressed strongly. In the case where a mould to
be attached is small sized, the moving platen may be
curved; furthermore, this curvature may prevent a
satisfactory mould clamping force from being trans-
mitted to the central portion of the mould, thus possibly
causing defective moulding [3]. In this study, to bring
the performance of the Fanuc five-point type into full
play, the condition of equation (46) will be loosened for
some cases, but the necessary increment of the overall
height of the machine AT, will be shown. Thus, the
increment of the height of the support block underlying
the platen is JAT.

6 OVERALL LENGTH OF THE MECHANISM

The pin joint A is pivotally mounted on the flange
(projection) of the moving platen. An ejector unit is
fixed to the moving platen. Let /A denote the nearest
horizontal distance (see Fig. 8) between point B and the
left end of the ejector unit having a horizontal distance
e; with the point A during the mould closing (or
opening) process. From Fig. 8, it can be seen that

hej = L] sinB — €] (47)
bo— r if o< T
— 2 2
ﬁ = COS_] L2 _ dA lf " > E (48)
L 72

where e; is measured positive, as shown in Fig. 8. Let /
denote the horizontal nearest distance between point B
and the left end of the ejector unit with the perpendi-
cular clearance 5mm between the right side of the links
1 and the left bottom end of the ejector unit, as shown in
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hej
- - - - -— CL
ejector unit
h
- - - - - CL
e . .
B @ 2 ejector unit
v | @2
= ™~
N %
A

Fig. 8 Geometries with the horizontal nearest distances
between point B and the ejector unit for the two
conditions

Fig. 8. Then

h=LysinB+ (Rg+5)secf — (dy — dn — ez) tan 8
(49)

where e, is the vertical distance between the centre-line
of the machine and the bottom end of the ejector unit
and f is given in equation (48).

The value of /& is adopted as a standard to avoid
interference between the links and the ejector unit. In
some cases of this study (e.g. L < L), if the space is not
enough for the ejector unit, the horizontal length of the
flange of the moving platen will be lengthened. The
following should be checked:

Ah=hg—h (50)

If the value of A/ is positive, this indicates that the space
is enough for the ejector unit, so the horizontal length of
the flange of the moving platen can be decreased by A#h,
but without exceeding an allowable value, say 30 mm for
the object of improvement. If the value of A/ is negative,
the method of increasing the horizontal length of the
flange of the moving platen by — Ah is adopted.

The pin joint C is pivotally mounted on the flange of
the tailstock platen. Thus, the horizontal length of the
flange of the tailstock platen is the summation of Ay
given in equation (10) and a given value of clearance.
Let Ah denote the difference between hly and 72, i.e.

Aligy = heg — he (1)
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If the value of Ah; is negative in some cases of this
study (e.g. L <L), this indicates that the horizontal
length of the flange of the tailstock platen can be
decreased by Ahl, but without exceeding an allowable
value, say 180mm for the object of improvement.
Because the values of dj, dy and L;+ L, remain
invariable, the distance between point A and point C
in the final position is also invariable. Therefore,
variations of the overall horizontal lengths of the
mechanisms AT}, obtained in the study can be expressed
as

ATy, = Ahly — Ah (52)

7 TRANSMISSION AND BUFFER
CHARACTERISTICS

Most of the injection-moulding machines have three-
step to five-step adjustment of the mould closing speed.
To prevent mould damage, the velocity of the crosshead
at the stage of contact between the moving mould and
the stationary mould is always reduced to a very low
value. Upon contacting, the velocity and acceleration of
the moving platen suddenly drop to zero, thereby
resulting in the impact and shock. The condition of a
high contact velocity and acceleration represents an
unsound buffer characteristic of the mechanism. They
should be checked. In this study, the velocity of the
crosshead for the mould closing operation is given
below. The times for the first stage with a constant
acceleration of 120 mm/s?, the second stage with a
constant velocity of 60 mm/s and the third stage with a
constant deceleration of 120 mm/s*> are 0.5, 1.5 and
0.25's respectively. The time for the fourth stage with a
constant velocity of 30 mm/s until the occurrence of the
contact is determined by the initial position and the
contact position. The symbols of a%,7%, and a denote
the initial acceleration, the contact velocity and the
contact acceleration of the moving platen respectively.
The condition of a high and maximum initial
acceleration of the moving platen during the mould
closing operation will appear in some cases, e.g. L} < Lo,
where the mechanical advantage of the toggle linkage at
the initial position is a very small minimum value
smaller than 1.0. Thus, such a condition might result in
the necessary thrust F0 at the beginning of the mould
clamping operation exceeding the maximum thrust
Fy, max during the real mould clamping operation, and
may be considered as an unsound transmission char-
acteristic of the mechanism; such a condition should be
avoided. In some cases where a small and maximum
acceleration might appear at the early stage of the
mould closing process very near the initial position, the
mechanical advantage may not be a minimum value and
then the difference of the thrust between the position
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with the maximum acceleration and the initial position
may be slight compared to the value of F, max. Thus, the
toggle linkage obtained by the parametric study should
satisfy the following condition:

0

PO = mG(“ATEgW < Fo. max (53)
where mg is the mass of the moving platen with the
ejector unit and the moving mould, M? is the mechan-
ical advantage of the toggle linkage at the initial
position, g is the acceleration of gravity and p is the
static friction coefficient at the slider connection for the
moving platen. In this study, the values of mg and pug are
220kg and 0.125 respectively. The static friction
coefficient in pin joints is 0.125 for M?.

8 RESULTS AND DISCUSSION

The variations of FZ . /F: . .a%.v%,d%,AT, and
AT, with L;/L, for case (a) are shown in Table 1. It
can be seen from Table 1 that the value of F . for the
Fanuc five-point type is up to about 31 per cent smaller
than the one for the conventional five-point type. The
differences of FY . between the two types can reach
about 35, 37 and 39 per cent if the overall height of the
Fanuc five-point type increases by 51.0, 120.0 and
178.4mm respectively. It seems that the effect of
reducing the thrust is not remarkable when the overall
height of the Fanuc type is increased. Moreover, the
values of F/ .. become lower with a decrease in L;/L,
for either the conventional or the Fanuc five-point type.
The reductions of the thrust F7 . for the conventional
and Fanuc five-point types reach only about 4 and 10
per cent respectively; on the other hand, the overall
horizontal lengths of the mechanisms of the two types
can be decreased by about 30 mm.

The variations of F? | /Fs . a%, F§/Fb . 0%, d%
and ATy, with L, /L, for case (b) are shown in Table 2. It
can be seen from Table 2 that the value of FI . for the
Fanuc five-point type is about 5-19 per cent smaller
than the one for the conventional five-point type. Once
again, the values of FJ . . become lower with a
reduction in L;/L, for either the conventional or the
Fanuc five-point type. Note that the effect of thrust
saving for the Fanuc type does not become manifested
in the case of L;/L, > 1.1 for time saving. The
differences of F/ .. between the two cases of L;/L, =
1.6 and 0.7 for the conventional and the Fanuc five-
point types can reach about 22 and 30 per cent
respectively. However, in the case of L;/L, =0.6 in
Table 2, the initial acceleration of the moving platen and
the initial thrust F0 applied to the crosshead become
very large, so toggle linkages of this kind should not be
adopted. On the other hand, the increments of the

overall horizontal lengths between the two cases of
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Table 1 Geometric and kinematic parameters corresponding to F?

in each L; /L, for case (a)

, max

Conventional five-point type with Sk = §E and Sx = §,§

Li/Ly  Ly/Ly  yc(deg) Ly (mm) FL . /F; . (%) d) (mm/s®) o (mmfs) af ATy (mm)  FQ/F (%)
1.6 0.77 28.24 78.40 98.41 208.9 1.3 -34 158 3.5
1.5 0.78 27.62 76.53 97.99 195.7 1.3 -34 =220 3.3
1.4 0.80 26.35 75.12 96.64 186.3 1.3 -33 308 3.2
1.3 0.85 24.96 71.77 94.66 177.5 1.3 —32 453 3.1
Fanuc five-point type with Sg = EE and Sy = §/§
Li/Ly LafLy  yc(deg) L3 (mm) FP . /F: . (%) a5 (mm/s?) vy, (mm/s)  af AT, (mm) AT,
1.6 0.87 37.50 214.26 73.68 177.3 1.1 —-24 —14.6 0
1.5 0.88 36.18 215.78 71.35 189.8 1.1 -23 =219 0
1.4 0.88 33.80 214.16 69.37 204.4 1.0 —-2.2  -=30.1 0
1.3 0.89 32.05 214.59 67.24 221.7 1.0 2.1 =393 0
1.2 0.90 29.92 213.95 65.36 242.6 1.0 —2.0 —43.6 0
1.1 0.92 28.38 215.46 63.41 269.7 1.0 -1.9 —-429 0
1.0 1.00 33.36 241.65 60.81 313.6 0.9 —-1.7 —44.1 51.0
1.0 1.10 41.19 276.15 58.70 32222 0.9 -1.7 —419 120.0
1.0 1.20 46.63 305.40 57.14 328.5 0.9 —-1.6  —40.5 178.4
Ly + L, =395 mm, F} .. =16kN, a} =120 mm/s?, v§ =30 mm/s, p=0.1.

Table 2 Geometric and kinematic parameters corresponding to FZ . in each L;/L; for case (b)
Conventional five-point type with Sg = 0.7§§ and Sy = §/§ (time saving)
Li/Ly Ly/Ly yc(deg) Ly (mm) FZ . /F: (%) d (mm/s?) FS/FL . (%) 5 (mmfs) d AT}, (mm)
1.6 0.49 35.65 90.90 121.66 826.7 14.9 1.6 —49 =375
1.5 0.47 34.33 92.41 122.48 569.6 9.4 1.6 -50 384
1.4 0.45 31.99 95.03 122.49 462.9 7.3 1.6 =51 =398
1.3 0.43 28.03 99.53 121.30 410.6 6.5 1.6 =51 —42.0
1.2 0.41 2091 107.92 118.38 387.1 6.3 1.6 -50 =392
1.1 0.40 10.47 120.46 113.72 388.2 6.6 1.6 —-48 =313
1.0 0.42 13.79 114.28 113.56 412.4 7.2 1.6 —4.7 =245
0.9 0.44 11.86 115.13 110.77 452.3 8.4 1.5 —45 -=19.0
0.8 0.47 8.89 117.83 106.58 530.9 11.0 1.5 —42 154
0.7 0.51 1.76 129.95 99.36 724.5 18.8 1.4 -38 —13.1
0.6 0.59 1.89 128.44 93.81 1466.0 68.8 1.3 -34 -173
Fanuc five-point type with Sg = 0‘7§1*5 and Sy = §[§ (time saving)
Li/L, Lis/Ly  yc (deg) I FP oo/ Fomax (%) d} (mm/s®)  FO/FP (%) 5 (mmfs) dS AT}, (mm)
1.6 0.63 57.99 215.65 116.57 240.2 3.6 1.7 -5.6 =250
1.5 0.62 5591 215.55 111.95 258.8 4.1 1.6 -52 =292
1.4 0.61 53.72 215.30 107.77 280.0 4.7 1.5 —4.9 =337
1.3 0.60 51.39 214.83 103.96 304.5 5.4 1.5 —4.6 —38.6
1.2 0.59 48.85 214.01 100.67 333.5 6.3 1.5 —44 =378
1.1 0.59 46.91 215.21 97.59 369.0 7.4 1.4 —4.1 =310
1.0 0.59 44.71 216.05 94.69 415.7 8.9 1.4 -39 =245
0.9 0.58 41.02 213.11 92.34 481.2 11.1 1.4 -3.7 —183
0.8 0.59 38.71 214.80 89.45 587.4 15.1 1.3 -34 -124
0.7 0.60 35.22 214.08 86.73 803.7 25.1 1.3 —-3.2 —6.7
0.6 0.62 30.54 211.22 83.82 1628.0 90.9 2.4 -3.0 —-1.7

Ly + L, =395 mm, F*

0, max

Ly/L, =1.6 and 0.7 for the two types do not exceed
about 25 mm.

The variations of F? . /Fs . aX, FO/FL 0%, d%
and ATy, with L, /L, for case (c) are shown in Table 3. It
can be seen from Table 3 that the value of F . for the
Fanuc five-point type is up to about 25 per cent smaller
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= 16kN, & = 120 mm/s?, +§, = 30 mm/s, p = 0.1.

than the one for the conventional five-point type. Again

and again, the values of F} become lower with a

decrease in L;/L, for either the conventional or the
Fanuc five-point type. The reductions of the thrust

FP . for the conventional and the Fanuc five-point

types reach about 8 and 33 per cent respectively; on the
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Table 3 Geometric and kinematic parameters corresponding to F?

, max
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in each L;/L; for case (c)

Conventional five-point type with Sg = §E and Sy = 1445/*; (larger opening stroke)

Li/Ly  Ls/Ly yc(deg) Ls FD o/ Fo (%) dfy (mm/s)  FY/FD (%) of (mmfs)  ag ATy (mm)
1.6 0.51 7.80 123.59  101.46 303.2 5.0 1.4 -38 11.5

1.5 0.50 3.21 129.66  100.31 231.4 3.8 1.4 -3.8 9.5

1.4 0.51 2.79 129.67 98.58 223.2 3.8 1.4 -3.7 4.5

1.3 0.53 5.48 125.24 97.22 230.4 4.0 1.4 -3.6 4.9

1.2 0.56 9.19 117.77 96.58 2444 4.4 1.4 =35 151

1.1 0.60 10.05 113.97 94.36 265.0 5.0 1.4 -34 220

1.0 0.68 14.40 100.01 93.44 302.7 6.1 1.3 -33 222
Fanuc five-point type with S = §E and Sy = 1.4§/§ (larger opening stroke)

Li/Ly  Ls/Ly yc (deg) Ls FP s a} (mm/s®)  FO/FP (%) oS (mmfs) ATy, (mm)
1.6 0.49 23.49 16391 102.23 159.9 2.5 1.5 —4.1 209

1.5 0.68 49.61 216.07 97.35 137.1 22 1.4 —-4.0 20.7

1.4 0.69 46.16 216.04 91.16 157.7 2.8 1.3 -3.6 11.6

1.3 0.70 42.48 215.19 85.98 183.0 3.6 1.3 -3.2 8.9

1.2 0.72 39.31 215.75 81.44 215.8 4.6 1.2 -29 16.6

1.1 0.74 35.47 214.46 77.32 263.5 6.2 1.2 -2.7 220

1.0 0.77 31.48 212.90 73.27 343.2 9.1 1.1 -24 251

0.9 0.82 27.76 212.61 68.92 521.2 17.3 1.0 -2.1 250

Ly + Ly =395 mm, F'

0, max

other hand, the increments of the overall horizontal
lengths of the mechanisms of the two types do not
exceed about 12 mm. Since the values of L; + L,, da and
dg remain invariable, the final position of the mould
clamping process is the same for all cases. In addition,
since the final deformational forces F,. are the same, the
values of U, may also be the same. The smaller the value
of L;/L,, the greater is the angle of swing from f. to f
and the smaller is «.. The smaller the value of o, the
smaller are U, and F; for a given o. The above result can
be seen in Fig. 9, which shows the curves of F_ versus
angle o for the Fanuc five-point type. That is the major
reason why the values of F .= become lower with a
decrease in L;/L, for either the conventional or the
Fanuc five-point type. Figure 10 shows the curves of the

Fanuc's type for case (c)
500 -

F(kN)
T

o (deg)

Fig. 9 Total deformational force of the tie bars versus angle o
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= 16kN, &% = 120 mm/s?, +§ = 30 mm/s, p = 0.1.

mechanical advantage M, versus angle o for several
values of L;/L,. Figure 11 shows the variations of the
thrust F, with the angle o for several values of L;/L,. Tt
can be seen from Fig. 11 that the smaller the value of o,
the smaller is the value of angle o corresponding to the
maximum thrust.

The variations of Fo max /F(’)k max With Ls/L, for the
case of L;/L, = 1.1 of case (c) are shown in Table 4. It
can be seen from Table 4 that the values of Fy nax for
the conventional five-point type become lower with a
reduction in L4/L; of about 22 per cent. In contrast to
the conventional five-point type, the values of F, max for
the Fanuc type increase with a reduction in L4/L; of
about 9 per cent. For a given L;/L,, the mechanical
advantage may be considered as the combination of two

300 | N

/
Fanuc's type for case (c) /
N

« (deg)
Fig. 10 Mechanical advantage versus angle o
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20
Fanuc's type for case (c)
- L/L,=1.6
B 1.5
é: 10 -
Ry
0 L I

a (deg)

Fig. 11 Thrust applied to the crosshead versus angle o

major factors. One is k; /k», the other is 1/cos(n — ¢).
The latter is dominant for both types of mechanisms.
From all of the numerical results for a given L;/L,, the
values of y decrease for the two types with a reduction
in L4/Ly, and then the values of Lj increase for the
conventional type and decrease for the Fanuc type.
Since the final orientation of the crosshead link is the
same, the greater the value of L3, the smaller is the angle
of swing from ¢, to ¢ and then the greater is the value of
1/cos(nm — ¢). Thus, the values of F, max for the
conventional five-point type is lower with a reduction
in Ls/L>. However, the values of F, max for the Fanuc
five-point type increase with a reduction in Ls/L,. Only
one exception occurs in the case of the conventional and

Fanuc types with L,/L, = 1.6 in case (c) individually.
However, the differences among the values of F, max in
the cases are very small, only up to about 0.1 and 2 per
cent respectively.

It can be seen from Tables 1 to 3 that the impact
velocity and acceleration are relatively small. Thus, the
five-point double-toggle mechanism inherently has the
buffer characteristic.

9 CONCLUSIONS

The elastostatic model using Coulomb friction for the
five-point double-toggle clamping mechanism is pre-
sented in order to find the maximum thrust applied to
the crosshead during the real mould clamping operation.
The effects of the hinge friction and the deformational
effect of the toggle linkage should not be neglected for
the real mould clamping operation. If both factors are
neglected, the maximum thrusts are underestimated by
about 45.5 and 60.5 per cent for friction coefficients of
0.05 and 0.1 respectively, based on the present model.

The present study adopts lengthening the flange
(projection) of the moving platen rather than the length
of links 1 to provide enough horizontal space for the
ejector unit, if necessary. In such a case, the length of the
flange of the tailstock platen can be decreased. The
variations of the overall horizontal lengths of the toggle
mechanisms, whether for time saving or for a larger
opening stroke as obtained in the present study, are
acceptable.

Table 4 Geometric parameters and F, max versus Ls/L, in the case of L;/L, = 1.1 for case (c)

Two types of mechanisms with §E = 1.0§E, §A = 1.4§/§ and L;/L, = 1.1

Conventional five-point type

Fanuc five-point type

Ly/Ls V¢ (deg) Ls F,, maX/Fg, max (%) Ly/Ls V¢ (deg) Ls F,, maX/Fg, max (%)
0.70 33.37 61.23 116.63 0.74 35.47 214.46 77.32
0.69 32.02 64.84 114.31 0.73 34.41 211.28 77.67
0.68 30.58 68.59 112.09 0.72 33.28 208.01 78.03
0.67 29.01 72.53 109.94 0.71 32.09 204.64 78.41
0.66 27.32 76.69 107.84 0.70 30.83 201.16 78.82
0.65 25.45 81.12 105.78 0.69 29.48 197.56 79.25
0.64 23.37 85.90 103.74 0.68 28.03 193.80 79.72
0.63 21.01 91.17 101.66 0.67 26.47 189.86 80.22
0.62 18.25 97.14 99.51 0.66 24.77 185.70 80.76
0.61 14.84 104.27 97.18 0.65 2291 181.27 81.37
0.60 10.05 113.97 94.36 0.64 20.83 176.49 82.04
0.63 18.47 171.22 82.81
0.62 15.71 165.25 83.74
0.61 12.30 158.12 84.90
0.60 7.51 148.42 86.62

Ly+ Ly =395 mm, F!

0, max

= 16kN, p=0.1.
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The present design for the conventional five-point
type resulting from the parameter study enables the
input stroke to be reduced by 30 per cent or the opening
stroke to be increased by 40 per cent of the object of
improvement, while decreasing the thrust by about
1 and 7 per cent respectively. On the other hand, the
present design for the conventional five-point type
enables the thrust of the object of improvement to be
reduced by about 5 per cent, without changing the input
and opening strokes. Adoption of the Fanuc five-point
type according to the parameter study enables the input
stroke to be reduced by 30 per cent or the opening stroke
to be increased by 40 per cent of the object of
improvement, while decreasing the thrust by about 13
and 31 per cent respectively. On the other hand, the
adoption of the Fanuc five-point type enables the thrust
of the improved mechanism to be reduced by about 37
per cent, without changing the input stroke and output
strokes.

The Fanuc five-point type is much superior to the
conventional five-point type in the thrust saving and/or
larger opening stroke. The present study brings the
performances of the Fanuc five-point type into full play.
Note that the difference in the thrust between the two
types minimizes to be 12 per cent in the time saving case.

The ratio of L; to L,, whether for the conventional or
for the Fanuc five-point type, should be as small as

possible for thrust saving on condition that the
geometry can be satisfied and the transmission char-
acteristic can be accepted. Furthermore, the ratio of L4
to L, should be as small as possible for the conventional
five-point type but as great as possible for the Fanuc
five-point type on condition that the geometry can be
satisfied and the interference can be prevented. The
present study can be directly applied to the five-point
double-toggle clamping mechanism of a die-cast
machine.
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