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Abstract—Structural synthesis of the plastic cup stacking
machine mechanism is presented in this paper with the motive to improve an existing design. Based on the set requirements, new solution is proposed – complex mechanism,
which facilitates on-line change of kinematic parameters of
the machine working elements. It consists of quick-return
and transmission-gear mechanism which transform continuous rotation of the motor into the intermittent motion of
the machine working elements – panels. Position, velocity
and acceleration kinematic parameters of the complex
mechanism are determined. Proposed solution is reliable,
flexible and efficient, it has high positioning accuracy as well
as high repeatability of the output links motion. For different kinematic parameters of the machine working elements,
motor maintains same working regime which is highly preferable.

improve reliability, efficiency and positioning accuracy
of the input links of the machine – panels.
II. THERMOFORMING PROCESS
Thermoforming has three main operations: foil manipulation, product forming and product manipulation
[18]. Each operation is performed on one of the module
of thermoforming machine – Fig. 1.
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I. INTRODUCTION
Thermoforming is one of the oldest and the most important methods for fabrication of thermoplastic materials
[1]. It is an industrial process in which the thermoplastic
sheets or foils are processed into a new form by using
heat and pressure or vacuum [2]–[4]. Thermoplastic materials such as ABS, PE, PS, PP, HDPE, HIPS, PMMA,
PVC, PC, PET, PETG, TPO etc. [5], are easily moulded
by heating, so thermoforming has wide application. Most
important fields of application are in the food and pharmaceutical industry for food and medicine packaging –
food containers, blister packs [6], in electrical/electronic
industry for enclosures, anti-static trays [7], in medical
for radiotherapy and pressure masks [8], prosthetic parts
[9], thermoplastic aligners [10], in automotive industry
for wheel covers, door interiors, wind and rain deflectors
[11], in aircraft industry for interior trim panels, covers,
cowlings [12], in buildings and constructions for roof
lights, door panels, bathtubs, showers surrounds [13], in
furniture industry for chair backs, cutlery trays, kitchen
panels [14], in nautics for boat hulls, hatches, dashboards
[15], in graphic design [16] and arts for colouring 3D
printed surfaces [17], and in many other industries.
This paper presents structural synthesis of the plastic
cup stacking machine mechanism within which reconstruction of current design is performed with in order to

Fig. 1 Thermoforming machine: module 1 – foil manipulation, module 2
– product forming and module 3 – product manipulation

Forming of the products is done on the working module of the machine which consists of two parts respectively halves – Fig. 2. Upper half of the tool is immobile
while lower one moves in accordance the working cycle.
When lower half assumes down position foil is retracted
into the working module. Lower tool half moves up and
presses foil upon the upper tool half and period of standstill begins during which product forming is done. Prod-

Fig. 2 Thermoforming tool
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ucts are separated from the foil by toll performing punching operation. Leftovers of the foil are taken out of the
machine while products remain in the lower half of the
tool. At the end of the cycle, lower half of the tool moves
downwards, products are extracted out of it by a special
mechanism and transported to the module for product
manipulation – plastic cup stacking machine.
III. PLASTIC CUP STACKING MACHINE
Plastic cup stacking machine is last module of the
thermoforming machine – product manipulation module.
It receives products from the working module and regroup them in a manner suitable for the sorting and packaging – most often this are sets of cups.
A. Problem Description
Fig. 3 shows structural design of product manipulation module – plastic cup stacking machine, which needs
to be redesign. Machine consists of two principle assemblies. First one is a mechanical system used for power
and motion transmission to machine working elements.
Other one is a control system used for on-line change of
the kinematic parameters of machine working elements.
Motor 1 is coupled with the gear reducer 2 which is connected to the chain drive 3. Driven sprocket of the chain
drive is positioned on the electromagnet clutch 4 which is
connected to the driving shaft 5. Activation of the electromagnetic clutch engages driving shaft and driven
sprocket. Driving sprocket 6 is fixed on the driving shaft
and is connected with driven sprockets 6a and 6b via
chain 7. Panels 8 with holes for acceptance and further
transport of the cups are mounted on the outer side of the
chain. Motor control is performed on the basis of the signal given by the sensor 9 to the control box 10. In this
way, power and motion transmission from the motor to
the panels – working elements of the plastic cup stacking
machine, is performed.

Fig. 3 Current solution of plastic cup stacking machine: 1 – driving
motor, 2 – gear reducer, 3 – chain drive, 4 – electromagnetic clutch, 5 –
driving shaft, 6 – driving sprocket, 6a,6b – driven sprockets, 7 – chain, 8
– panel, 9 – sensor, 10 – control box and 11 – frame

Pneumatic system is positioned in the vicinity of the
motor and it blows formed products out of the tool to the
panels which are accordingly inclined. Formed products –
cups, fall to the panels, roll and get into the holes in panels. When panel positions itself above the sensor, it is
being detected by the sensor which sends signal to the
control device to stop the motor. Panels are stopped at
that moment while pneumatic system blows cups out of
the one panel to the special guides which are, usually,
positioned above the machine – this cycle is continuously

repeating. After that, motor is activated, it moves panels
thus positioning next panel in the position for cups
extraction. Distance between two rows of products is
called working step of the machine.
Presented design has several flaws. First one is
insufficient reliability of the control system to detect each
panel and stops it in the exact position for product extraction. Because of that it is not possible to achieve satisfactory positioning accuracy and repeatability of the panel
motion. Beside this, machine has to work with products
of various shapes and dimensions meaning that panels
with different holes for product acquisition have to be
used. Panels have different width, so working step of the
machine is changed accordingly. Therefore, a need for
on-line change of the kinematic parameters of machine
working elements arises. Existing control system for motor control and on-line change of the kinematic parameters of machine working elements is not sufficiently reliable, precise and efficient, so a redesign of machine is
done and is presented further in the paper.
B. Proposed Solution
Fig. 4 shows novel design of the mechanical part of
plastic cup stacking machine which resolves problems
mentioned above without application of the electronic
control system for motor control and on-line change of
the kinematic parameters of machine working elements.
Mechanical system is complex mechanism which consists
of quick-return mechanism and transmission-gear mechanism with one-way clutch. Positions from 1–5 are same
as those from original design. Motor 1 is coupled with
gear reducer 2 and chain drive 3. Driven sprocket of the
chain drive is positioned on the electromagnet clutch 4
which is connected to the driving shaft 5. Activation of
the electromagnetic clutch engages driving shaft and
driven sprocket. At the other end of the driving shaft an
input link of the quick-return mechanism is positioned.
Quick-return mechanism 6 is connected to the screw/nut
mechanism 7 and transmission link 8. Screw/nut mechanism enables change of the position of the fixed joint of
the quick-return mechanism output link. In this way kinematic parameters of the working elements of the machine – panels, can be changed. Output link of the transmission mechanism is connected to the special gear reducer 9 with one-way clutch. Driving sprocket 10, which
is fixed on the output shaft of the clutch is connected with
driven sprockets 10a and 10b via chain 11. Panels 12
with holes – working elements of the plastic cup stacking
machine, are mounted on the outer side of the chain. It
has to be emphasized that complex mechanism
transforms continuous motor rotation into the intermittent
motion of the panels.

Fig. 4 Proposed solution of plastic cup stacking machine: 1 – driving
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motor, 2 – gear reducer, 3 – chain drive, 4 – electromagnetic clutch, 5 –
driving shaft, 6 – quick-return mechanism, 7 – screw/nut mechanism, 8
– transmission mechanism, 9 – special gear reducer with one-way
clutch, 10 – driving sprocket, 10a,10b – driven sprockets, 11 – chain, 12
– panel and 13 – frame

Proposed solution is reliable and efficient. Besides, is
enables high positioning accuracy and repeatability of the
motion of the plastic cup stacking machine working elements – there are no sensors and electronics which can
fail to function for any reason. Proposed solution is flexible as it facilitates management of the products of various
shape and dimensions due to the possibility of changing
working step of the machine, different panel have to be
used though. Significant advantage of this solution is that
motor works in the same nominal regime for all possible
variations of the kinematic parameters of machine working elements.
Fig. 5 shows kinematic scheme of the complex mechanism that consists of quick-return mechanism – links
1,2,3,4, transmission mechanism – links 6,7 and special
gear reducer with one-way clutch – links (8a)8b,9. Gear
8b has small amplitude of rotation, small number of teeth
is in mesh so it is designed as toothed segment. Element 9
is one-way clutch which outer race is toothed. Rotation
point O2 of the link 3 can change its vertical position
through activation of the screw/nut mechanism 5. Screw
spindle is positioned vertically and is fixed to the
machine chassis. During adjustment, screw spindle only
rotates around its axis. Nut translates along the screw
spindle thus defining vertical position of the joint O2 –
rotation point of the link 3.

in point B with lever 6 of the transmission mechanism.
Lever 6 slides through the immobile horizontal guide – it
performs translational motion. Other end of the lever 6 is
shaped as the vertical guide for slider 7. Oscillatory
translational motion of the lever 6 is transformed to
toothed segment 8b via lever 8a. This lever is rigidly
connected to the toothed segment 8b, while, on its other
side, it is connected to the slider 7 in the point C by the
rotational joint.
IV. STRUCTURAL SYNTHESIS
Position, velocity and acceleration kinematic parameters
of the complex mechanism are determined. Quick-return
mechanism will be analysed first. Analysis of the transmission-gear mechanism follows.
A. Quick-return mechanism
Fig. 6 shows a quick-return mechanism which has one
degree of freedom – DOF. Position of the mechanism is
determined with one independent parameter angle of rotation α of the crank O1A. When one draws tangents from
point O2 to the trajectory of the point A, inner dead point
AU and outer dead point AS are obtained. For one full
rotation of the crank, point A covers two arc distances:
and:
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where: α1 – angle of crank rotation from AS to AU. Lever
6 covers same distance H in both working stroke – crank
is rotated from AS to AU, and return stroke – crank is
rotated from AU to AS:
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tr 

r
 

  arccos  
L
21

(3a)

and:

r
arccos  
L
tp 
21

(3b)

where: ω1 – angular velocity of crank O1A. Having in
mind that durations of working and return stroke are
different and if tr>tp, then velocities of working and return
stroke are different as well vr<vp; angular velocity ω1 of
crank O1A is considered to be constant. That is why this
mechanism is called quick-return mechanism.

Fig. 5 Kinematic scheme of the complex mechanism: 1 – input link,
crank, 2 – slider, 3 – output link of the quick-return mechanism, coulisse, 4 – slider, 5 – screw/nut mechanism, 6 – lever of the transmission
mechanism, 7 – slider, 8a – lever, 8b – toothed segment and 9 – oneway clutch

Continuous rotation of the crank 1 is transformed into
the oscillatory rotation of the coulisse 3. Slider 4 slides
along the coulisse 3. It is connected by a rotational joint
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Velocity of point B is given after differentiation of eq. (9):
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Fig. 6 Kinematic of the quick-return mechanism: 1 – crank, 2 – slider, 3
– coulisse, 4 – slider and 6 – transmission lever

Position, velocity and acceleration of point B of quickreturn mechanism are determined. Angle between link 3
and vertical axis – angle β is:
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By differentiating eq. (4) one obtains:
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By substituting eqs. (6a) and (6b) in (5), angular velocity
of link 3 is obtained:
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By differentiating eq. (7) angular acceleration of link 3 is
calculated as:
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Position of point B is:



B. Transmission-gear mechanism
Fig. 7 shows transmission-gear mechanism that consists of the transmission mechanism – links 6,7 and
toothed segment (8a)8b which is meshed with the ring
gear of the one-way clutch 9. Kinematical parameters of
link 8b are determined – position angle γ, angular
velocity ω8b and angular acceleration ε8b. Position angle γ
is defined as:
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After substitution of eq. (17) into (16), length DC is obtained:
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Finally, based on eqs. (14) and (15), having in mind eq.
(18), expression for angle γ can be written as:
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step, its change ∆Ψ = Ψ'–Ψ'' determines possible interval
of the working step change.

Fig. 7 Kinematic scheme of the transmission-gear mechanism with oneway clutch: 6 – lever, 7 – slider, 8a – lever, 8b – toothed segment and 9
– one-way clutch

By differentiating eq. (19) one can obtain angular
velocity of link 8b:
d
(20)
 8b
dt
as well as its angular acceleration:
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Transmission ratio of gear pair 8b-9 is:
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Quick mechanism is observed in its dead positions so:
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while its angular velocity 9 is:

8b

Stroke H is determined first:

Angle of rotation of links 8a,8b, which corresponds to the
translation of link 6 for stroke H is:

Change of the angle of rotation of link 9 is:
 

Fig. 8 Change of the interval of motion of the output link 9 with respect
to the change of the position of point O2

(24)

C. Mechanism for Adjustment of the Machine Working Step
Change of the amplitude of motion of the complex
mechanism output link 9 with respect to the position of
the point O2 is shown in Fig. 8. During working stroke
which correspond to crank rotation from AS to AU, lever 6
moves translationally from point BS to point BU –
distance H. Lever 8a and segment 8b rotate from CS to CU.
One-way clutch is configured in such a way that motion
is transferred from the toothed segment 8b to the clutch
outer race and then via its inter race to the output shaft
which rotates for angle Ψ – panel movement step is
directly proportional to the angle Ψ. When crank moves
form from AU to AS, transmission lever, lever, toothed
segment and outer race of one-way clutch are move in the
opposite direction. In this case, motion can not be
transferred from outer to inner race of the clutch, output
shaft is in the standstill and so are the panels. By
adjusting the position of the nut on the screw – change of
O1O2, stroke magnitude H, angle  and angle Ψ – angle
of rotation of the inner race of the one-way clutch are
changed. Angle Ψ directly determines machine working

tan
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Corresponding angle of rotation of output shaft of link 9
is:
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or, in expanded form:


During adjustment distance Ο1,Ο2 is changed by value
∆L:
 L  L ' L ''

(30)

At the same time, distance between point O2 and
horizontal guide changes also:

l ''  l ' L

(31)

Based on the previous eqs. one can determine change of
the output motion interval – angle ∆Ψ:
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or, in expanded form:
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Based on the eq. (33) regulation characteristics which
presents dependence of ∆Ψ with respect to ∆L is formed
– Fig 9. Input parameters are: r=1 unit, L’=2 unit, l’=1
unit, d=1 unit and i=1. Interval of change of distance L is
∆L and its value varies from 0 to 20% of initial distance
L’:
L  L ' L  L '  0  0.2  L '

(34)

For given change of distance L, interval of output link
rotation – angle Ψ changes from 60° to 48°, which is approximately 20%. Change is nearly linear which is highly
preferable.

Transmission-gear mechanism with one-way clutch
consists of transmission links and special gear reduces
with one-way clutch. Gear reducer has driving element –
toothed segment and driving one – ring gear, which is
also an outer race of the one-way clutch. Inner race of the
clutch is coupled with the output shaft which is, also, the
output link of the complex mechanism. It drives, through
chain drive, working elements of the machine – panels.
Position, velocity and acceleration parameters of the
complex mechanism are determined. Regulation curve
which represents dependence of the working step on the
distance between supports of the quick-return mechanism,
is close to linear which is very advantageous. Proposed
solution is reliable and efficient. It has high positioning
accuracy which leads to high repeatability of working
elements motion which is of great importance. Besides
that, it has significant flexibility because machine can
work with products of various shapes and dimensions by
changing working step and panels set. For different
kinematic parameters of the machine working elements,
motor maintains same working regime which is highly
preferable.
In the future work, influence of mechanism geometric
parameters will be investigated in order to improve machine kinematic and dynamic behaviour, which require
optimal synthesis.
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Fig. 9 Regulation characteristics – dependence ∆Ψ (∆L)

V. CONCLUSIONS
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continuous rotation of the motor to the intermittent
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