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Abstract
Optimization of industrial processes is a constant concern and a main task for many companies in several industry sectors. 
Based on optimized solutions, the company can decrease manufacturing costs, lead times or, more generally, increase benefit. 
However, when developing a new process, you must be sure that the new solution will add more value to the initial solution. 
This, among many others, is one of the main reasons why companies opt, in addition to experimentation, for the use of tools 
that allow for the virtual prototyping, simulation, and integration of complex and sophisticated processes. Experimentation 
requires approximation testing, searching for the ideal values of quantity, temperature, etc.; simulation provides industrial 
processes with test support ranging from flows to robotic systems such as the intelligent software. This simulation software 
allows to develop programs, add Computer Aided Design (CAD) layouts, and simulate the cycle times of the different tasks 
to be performed. In this paper, an experimental approach is presented with atomization and fan spray pressure as the study 
basis and a simulation of the robot-based handling solution used in a tyre production line. The result is an improvement of 
the painting process, optimisation of the amount of fluid deposited on the tyre, of the processed product, as well as of the 
running times of the robot.

Keywords  Industrial process · Nozzle spring · Offline programming · Optimization · Painting tyres · Programming · 
Robotics

1  Introduction

Tyre manufacturing is distributed around the world, and 
around 450 factories have the capacity to produce more 
than two billion tyres annually [1, 2]. However, although 

the construction of a tyre is a complex combination of com-
ponents made from various ingredients that starts in the rub-
ber tree and ends on the road, every year, 600,000 tons of 
used tyres are removed from the marketed, and it is replaced 
by the same number of new tyres [3]. The worldwide tyre 
market is predicted to reach 2268 million units in 2021, and 
with the expected exponential growth in the coming years, 
2665 million units will be reached in 2027, which will cor-
respond to a Compound Annual Growth Rate (CAGR) close 
to 2.8% in the period 2022–2027 [2–4]. This makes the tyre 
industry one of the largest consumers, with over 70% of the 
30 million tons produced each year, of global natural rubber 
[2–7]. Due to these numbers, tyres deposited in dumps, in 
the open air and rivers, becomes an environmental problem 
that goes beyond the unpleasant point of view, becoming 
capable of causing many other complications [2, 5, 8] like 
diseases caused by the release of rubber microparticles. So, 
based on these numbers, it is easy to understand that tyre 
recycling is essential (~ 87.5% of all forms of tyre recycling 
according to the European Tyre and Rubber Manufacturers’ 
Association (ETRMA) is done by shredding) [9] integrating 
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it into a Circular Economy (CE) cycle, reusing it in a new 
product [10, 11]; however, the use and recycling of tyres 
only make sense after their production, i.e., there is no use 
and no recycling process if tyres are not produced.

Thus, from the above, the importance is clear that this 
industry assumes on the world scene not only by the num-
ber of units produced (2665 million units reached in 2027) 
but also by the quantities of raw materials consumed. In 
this sense, any reduction or change that occurs in the con-
sumption of products used in production [12] will result in a 
reduction of costs and an improvement in industrial sustain-
ability [13]. So, these reductions will have a high impact on 
the production of modern tyres as it is a complex process 
that combines ingredients (rubber, steel, and textiles) start-
ing from the rubber tree and ending on the road [2]. Then, 
tyre production is a multi-stage process made up of five 
essential tyre manufacturing stage (see Fig. 1).

It is at the production stage 3 “Building the tyre” that the 
study of this case will focus, starting with the analysis of the 
amount of product deposited on the painting stage (study of 
the gas–liquid ratio of the nozzle spraying), preparation for 
vulcanization, ending with the robotic feeding system and 
its programming whether it is carried out online or offline.

The use of robotic handling systems in industry is noto-
rious and is becoming increasingly important and popular 
in modern industry [15], not only for its greater produc-
tion efficiency but mainly for its long working capacity 
to work alongside humans in a hybrid automation [16]. 
However, programming robotic systems has long been 
considered a challenging task as it requires specific engi-
neering knowledge [17]. To meet this challenge, two pro-
gramming modes (online and offline) were developed so 
that programming mode, in manual and automatic, can be 
implemented in the majority robotic systems today. With-
out requiring advanced knowledge, online programming 
mode is currently the easiest method of programming tech-
nicians to teach the robot [18, 19]. It is a time-consuming 
method, since the robot will be guided by an operator who 
will guide it to perform the necessary movements [19]. 
However, considering all the development of robot teach-
ing–playback technology [20], this programming mode 

does not make it the most suitable for the industry, as the 
various pieces of work can lead to critical losses of pro-
gramming efficiency. Due to these facts, offline program-
ming (OLP) has been developed in recent years with the 
aim of overcoming these shortcomings.

Offline programming aims to generate programming 
automatically, without resorting to operations performed 
in real robotic systems. This programming mode reduces 
the robots’ downtime required for system programming, 
resulting in significant savings in labour costs [21]. This 
approach to robot programming has taken on such impor-
tance that, in the recent few decades, several offline pro-
gramming methods have been developed that have revolu-
tionized the manufacturing industry. This OLP software, 
classified based on the development method, allows the 
transition, directly, to the commercial software [22–24], of 
the system to be modelled and, automatically, generate the 
robotic programme to be implemented. Software such as 
Roboguide™, Robostudio™, Robocad™, Delmia Robot-
ics™, and RobotDK™, and others are proprietary and, for 
so, expensive commercial applications that, by the process 
to automating (by three-dimensional CAD packages), gen-
erate high precision robotic programs, supported by their 
own robots [25] or by a generic way like RobotDK™ and 
vision-based offline programming approach [19, 20, 26].

In this paper, the improvement of manufacturing capac-
ity and the reduction of production costs of the painting 
station and its robotic arm of the tyre painting station are 
presented. The tyre painting programme developed based 
on a virtual reality representation, in 3D CAD, is pre-
sented, which will allow to overcome the limitations of 
the real application of tyre painting. The rest of the paper 
is organized as follows. Section 2 introduces the problem 
and the proposed analysis of the efficiency of the painting 
system and offline programming methodologies. In Sect. 3, 
its effectiveness in controlling the amount of special fluid 
is demonstrated, as well as the programming method and 
its integration into a robotic tyre manipulation system in 
the vulcanization stage. The discussion of the obtained 
results and the implementation of the proposed program-
ming method are provided in Sect. 4, and the conclusions 
are presented in Sect. 5.

Fig. 1   Essential stage of tyre production process flowchart, adapted from [14]
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2 � Industrial problem

The process to be optimized is a tyre painting station, plac-
ing a lubricating film on the inner surface. As can be seen in 
Fig. 2, the station is built with a painting station (PS), two 
conveyors, a cleaning place, and a robot manipulator. The 
gripper is the most sophisticated and important element in 
the entire system. With eight fingers, each with touch sen-
sors, it allows gripping tyres with different diameters and 
heights. The process starts when the first conveyor delivers 
the tyre to the picking place. When the sensor detects the 
correct position, the programmable logical controller (PLC) 
sends the signal to the handler to pick up the tyre. After the 
picking step, the handler takes the tyre to the PS machine. 
At all stages of the process, the PLC is the decision unit, 
including the amount of fluid to be sprayed and the pres-
sure required. Therefore, when painting is finished, the PLC 
orders the handler to remove the tyre and place it on the sec-
ond conveyor belt “place conveyor.” When the sensor detects 
that the tyre is in place and no longer stuck, the belt takes the 
tyre to a new manufacturing station and vulcanization, and 
the process is complete.

The process is very efficient, since the cycle time of the 
manipulation is just 12 s, but the company [27] would like 
to evolve to a system with double grippers that allows mov-
ing two tyres at the same time and improve the efficiency 
of the painting process and the amount of fluid sprayed. 
The improvement at the manipulator means that still only 
one tyre can be painted at the same time, but the new grip-
per will pick up and place two tyres at the same moment. 
Therefore, the main objective of the project is to create the 
new programme with a new gripper for the existing solu-
tion, optimize spray flow considering different pressures, 
and simulate the entire process to see if this solution can 
reduce cycle time and be more efficient.

3 � Problem analysis

The production of a tyre is a complex combination of 
several components and several steps. In the five steps 
mentioned above (see Fig. 1), the various components are 
agglomerated along the production chain, starting with 
the manufacture of the components with the incorpora-
tion of the steel cord in one or more layers of rubber. In a 
second step, the malleable rubber, obtained in the mixer, is 
incorporated into the tread, and sent to the extruder. After 
extrusion and according to the weight per metre ratio, the 
tread is cooled and cut according to the size of the tyre. 
Textile threads are added by embedding them in a thin 
layer of rubber. The core of the tyre bead is formed from 
several ring-shaped steel wires that will be joined to the 
sidewall section cut to the specific size of the tyre.

It is in step 3 of the process (see Fig. 1) that the tyre 
begins to be formed. In this phase, the various semi-fin-
ished products obtained in the previous steps are assem-
bled in the manufacturing machine, originating the so-
called “green tyre,” which is subsequently sprayed with 
a special fluid to prepare the vulcanization process and 
move on to the next steps. Although the subsequent stages 
are equally important in the production process, it is in the 
“Building tyre” that study focused, concentrating essen-
tially on the painting process and its feeding.

3.1 � Atomization process

The painting process, also called tyre lubrication, is an 
atomization process that consists of the discharge of a liq-
uid at high speed in a slow stream of fluid [28]. In other 
words, atomisation can be regarded as the transformation 
of a continuous volume of liquid into a large number of 
small droplets, i.e., the formation of clouds of liquid drop-
lets, as described in Fig. 3.

A variety of spray nozzles can be found on the market. 
Developed according to the application and flow, they can 
generate the desired droplet size and velocity distribution. 
These can be categorized based on mass flow rate, angle 
(typically between 20 and 60°), impact, droplet size, and 
area (flat fan, full cone, and hollow cone) [30]. Thus, for 
the same nozzle, the variation in the flow rate leads to the 
variation in the size of the drops, so the application will 
determine the adequate flow rate for the nozzle depending 
on the amount of fluid required and operational objectives. 
On the other hand, it is known that this process is closely 
dependent on the disintegration of the fluid into droplets. 
This disintegration results from the action of internal 
and external forces, exerted on the drops, which separate 
them in greater numbers and in significantly smaller drops. 

Pain�ng sta�on

Robot manipulator

Pick up conveyer
Place conveyer

Fig. 2   Current layout of the process
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Thus, and based on this distinction, we will be dealing 
with cohesive and destructive forces that cause distur-
bances and oscillations in a liquid film, causing its disin-
tegration into small drops, primary atomization. In turn, 
the larger diameter droplets will again be disintegrated 
into smaller droplets in the designed secondary atomiza-
tion. These two stages promote the development of the 
spray which, through the injection pressure of the liquid, 
increased from zero, passes to the following five rupture 
regimes [31]: (i) liquid dribbles from the orifice (Rayleigh 
regime); (ii) liquid leaves as a thin distorted pencil; (iii) a 
cone forms at the orifice, but is contracted by surface ten-
sion forces into a closed bubble; (iv) the bubble opens into 
a hollow tulip shape terminating in a ragged edge, where 
the liquid disintegrates into fairly large droplets; and (v) 
the curved surface straightens to form a conical sheet. As 
the sheet of fluid expands, its thickness decreases, and it 
soon becomes unstable and disintegrates into ligaments 
and then falls in the form of a cone spray. These five stages 
of spray development are shown in Fig. 4.

On the other hand, in addition to the influence of pressure 
on the formation of the lubricant film, viscosity also plays an 
important role in the rupture of the film, leading to the for-
mation of droplets with a larger average size. This increase 

in viscosity results in a closed sheet without any atomiza-
tion caused by the damping of surface waves which reduce 
the lateral spread of the fluid [32]. However, not only the 
previously mentioned factors that influence the geometry of 
the film and the amount deposited also the nozzle becomes 
relevant [30]. Summarizing the above, it can be said that 
droplet size depends on the type of nozzle used, the flow 
rate, the feed pressure, and the spray pattern.

3.2 � Selection of nozzles

According to the market research, it was decided to carry 
out two painting tests with the AVX Airmix 15AG 2468 
and with the Airpray A25 LP atomizing nozzles [33], and 
respective pumps. These nozzles combine the atomizing air 
pressure, the fan pressure, and the lubricating liquid flow 
according to the diagram shown in Fig. 5 (left).

The aqueous emulsion used, with a dynamic viscosity 
between 830 and 1550 mPa.s, was applied on the inner 
surface of the tyre ensuring that it was completely, but not 
excessively, covered. It should be noted, however, that the 
robotic feeding system, namely, the gripper, like the one 
Fig. 6, when developing its rotation movement around the 

Fig. 3   Influence of atomization 
on the jet [29]

Fig. 4   Stages in spray develop-
ment with increase in liquid 
injection pressure [31]
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spraying nozzle, accumulates lubricant which will have to 
be removed from time to time.

In this case, perfect control of the parameters associated 
with each tyre is essential, which are a function of tyre size, 
fan pressure, and atomization pressure. So, the operator 
assumes a preponderant role in the correct parameteriza-
tion of the equipment (definition of setpoints) and, as such, 
becomes an agent of process optimization. In this sense, the 
correct selection of the optimized pressures and the fan are 
fundamental for the correct coating of the inner surface of 
the tyre and to avoid the wasting of the lubricating fluid that 
will partially accumulate in the gripper jaws. Then, these 
residues will have to be removed from the gripper, so both in 
the simulation and in the physical action, a routine cleaning 
of the robot must be considered. An action has been inte-
grated into a maintenance situation to be carried out by the 
machine operator or pre-programmed, in a cyclical manner.

3.2.1 � Experimental study of the nozzles

In studies of two-phase gas–liquid jet flows of atomiza-
tion and spray processes, computational fluid dynamics 
(CFD) based on Reynolds-averaged Navier–Stokes (RANS) 
approach is essential for the calculation of the two-phase 
flow [35]. These computational models of the cavity flow 
of the fan nozzle make it possible to effectively simulate the 
atomization characteristics with regard to, for example, the 

analysis of the impact of the Weber critical number on the 
diameter of the atomized particles and the speed of move-
ment [36] as well, as the perception of coalescence phenom-
ena and the problem of droplet formation using the numeri-
cal method smoothed particle hydrodynamics (SPH) or the 
Van der Waals equation of state [37]. Experimentation and 
modelling are tools that complement each other, acting as 
validation agents for simulation models. In this approach, 
the study was limited to carrying out experimental tests with 
the two nozzles based on an atomization pressure between 
0 and 6 bar, on a tyre with a diameter of 596 mm, varying 
the atomization and fan pressure. Thus, and to compare the 
results obtained with the two nozzles and the atomization 
pressures, three test of pressures (0, 3, and 6 bar), four fan 
pressures (0, 2, 4, and 6 bar), and a pump operating pres-
sure of 2.5 bar were defined. The results were obtained on 
a flat surface to measure the dispersion of the jet and the 
amplitude of the fan, keeping the nozzle at an average dis-
tance equivalent to half the diameter of the tyre. Although 
this is a simple approach, it allows a quick knowledge of the 
results obtained and the definition of empirical parameteri-
sation tables, which nevertheless follow a rational method-
ology and are easily implemented by maintenance, which 
are important for the set-points to be defined in the com-
missioning phase. A scientific approach can always be car-
ried out at a later stage by refining the parameters obtained. 
So, the influence of atomization pressure on fan amplitude 
obtained in tests with the Airmix nozzle is shown in Table 1. 
As expected, it appears that the largest amplitude occurs 

Fig. 5   Pneumatic atomizing nozzle (left). Nozzles Airmix and Airspray (right) [33]

Fig. 6   Robotic rotary gripper and internal tyre spraying [34]

Table 1   Airmix average fan amplitude

Atomization 
pressure

Average amplitude of the fan [mm]

Fan pressure

0 bar 2 bar 4 bar 6 bar

0 bar 193.3 123.3 75.0 61.7
3 bar 226.7 171.7 125.0 106.7
6 bar 245.0 208.3 151.7 148.3
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for an atomization pressure of 6 bar and for a fan pressure 
of 0 bar. Likewise, the smallest amplitude is verified for an 
atomization pressure of 0 bar and a fan pressure of 6 bar.

Similar to the test carried out for the Airmix nozzle, the 
amplitude of the lubricant jet fan, for the Airspray nozzle, 
was studied, with the variation of atomization and fan pres-
sure. The results obtained were very interesting and clearly 
different from those obtained in the first test.

Taking into consideration the values obtained in the pre-
vious test (increase of the amplitude with the decrease of 
the fan pressure and increase of the atomization pressure, 
see Table 1), the atomization pressure was established in 
2.5 bar, recommendation of the nozzle manufacturer. The 
experiment focused on the variation of the fan pressure (0 
to 6 bar) obtaining the amplitude-diameter ratios according 
to Table 2.

From the analysis of Table 2, it is possible to conclude 
that with the increase tyre diameter, the fan pressure range 
must be reduced. The lubrication cone has grown with 

reduced fan pressures and larger tyre diameters creating a 
greater atomizing effect with a better finish. Otherwise, for a 
fan pressure of 6 bar, there was a concentration in the central 
zone of the jet and a dispersion of the fluid droplets in the 
external parts of the cone, i.e., their vaporization.

As you can see in Table 3, in this test, there is a wide 
range of values, varying between 75 and 480 mm, which 
allowed some conclusions to be draw regarding this technol-
ogy and the use of this nozzle. Airspray technology gives 
a better finish and created a greater atomization effect than 
Airmix, so the results shown are within expectations. How-
ever, in the process of painting a tyre, Airspray may not be 
the most suitable technology due to the amount of lubricant 
that is wasted.

The values shown in Table 4 are obtained according to 
the procedure described above (pressure 2.5 bar) and the 
fan pressure variation (0 to 6 bar) using the Airspray nozzle 
with different geometries. The results were also obtained 
on the same flat surface by measuring the fan amplitude, 

Table 2   Variation of fan 
Airmix range amplitude by tyre 
diameter

Tyre diameter 
[mm]

Average amplitude of the fan [mm]

Fan pressure

0 bar 1 bar 2 bar 3 bar 4 bar 5 bar 6 bar

531 180.0 145.0 108.3 88.3 70.0 66.7 65.0
636 201.7 183.3 141.7 113.3 75.0 70.0 68.3
674 223.3 193.3 145.0 115.0 76.7 73.3 71.7
778 255.0 223.3 166.7 126.7 96.7 81.7 75.0
848 263.3 241.7 168.3 126.7 98.3 86.7 81.7

Table 3   Airspray average fan 
amplitude

Atomization 
pressure

Average amplitude of the fan [mm]

Fan pressure

0 bar 1 bar 2 bar 3 bar 4 bar 5 bar 6 bar

0 bar ––– 240.0 330.0 350.0 ––– ––– –––
3 bar ––– 300.0 370.0 380.0 390.0 420.0 450.0
6 bar 75.0 310.0 390.0 400.0 420.0 460.0 480.0

Table 4   Variation of fan 
Airspray range amplitude by 
tyre diameter

Tyre diameter 
[mm]

Average amplitude of the fan [mm]

Fan pressure

0 bar 1 bar 2 bar 3 bar 4 bar 5 bar 6 bar

531 70.0 230.0 320.0 360.0 390.0 410.0 –––
636 80.0 300.0 390.0 420.0 ––– ––– –––
674 90.0 390.0 450.0 480.0 ––– ––– –––
778 100.0 400.0 460.0 ––– ––– ––– –––
848 100.0 280.0 ––– ––– ––– ––– –––
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keeping the nozzle at an average distance equal to half the 
tyre diameter.

From the analysis of Table 4, it was also possible to con-
clude that with increasing tyre diameter, the pressure range 
of the fan should be reduced. This happened due to the high 
atomization generated by the nozzle, which tends to over-
nebulize the jet and with increasing distance, the jet was 
completely dissipated, and the drop diameter decreases with 
increasing gas-to-liquid proportionality [38], i.e., the com-
plete vaporization of the fluid drops. This situation can be 
explained by the fact that the air supply pressure increases, 
the gas-fluid flow rate also increases, and consequently, the 
collision intensity of the gas phase with the liquid phase 
increases the jet atomization at the nozzle exit [30, 39]. On 
the other hand, when the air supply pressure was exceeded, it 
leads to disruption of the gas-fluid mass flow balance, trans-
forming the spray mainly into air, a complete dissipation of 
the jet [29]. This is the main reason why the cells in Table 3 
and Table 4 are empty, no fluid deposition has occurred due 
to total vaporization of the droplets.

From the amplitude measurement data recorded in 
Table 2, with a constant atomization pressure equal to 2.5 
bar, as the fan pressure increases, the fan amplitude gradu-
ally decreases (Fig. 7).

Table 2 also shows that as tyre diameters increase, the 
spray fan angle decreases, maintaining the spray range. 
The experimental data presented above fit perfectly into 
a second-degree polynomial equation that establishes the 
relationship between tyre diameters and fan pressures in the 
Airmix nozzle, as shown in Fig. 7.

From the amplitude measurement data recorded in 
Table 4, maintaining the atomization pressure, as the fan 
pressure increases, the fan amplitude gradually increases. 
Table 4 also shows that as tyre diameters increase, the spray 
fan angle increases to the point where it becomes a single 
jet of air. The experimental data presented above fit neatly 

into a third-degree polynomial equation that establishes the 
relationship between tyre diameters and fan pressures at the 
Airspray nozzle, as shown in Fig. 8.

Therefore, it becomes unequivocal that the formation of 
the spray fan, its amplitude, and length are intimately linked 
to the constructive type of the nozzle. This influence is per-
ceptible in the case of the Airspray nozzle, which, with the 
increase in fan pressure, leads to total disaggregation of the 
jet. On the other hand, and considering the manufacturer’s 
recommendations, atomization pressures between 0 and 
3 bar, it can be established that the fan pressures, both for 
the Airmix and Airspray nozzles, should vary between 0 
and 2 bar. This range presents very interesting results in the 
range of tests carried out and a very significant reduction in 
the waste of lubricating fluid as well as in the reduction of 
the number of robot stops to clean the gripper. However, the 
Arispray nozzle already has complete jet dissipation at 2 bar 
fan pressure, which further limits its use.

3.3 � Changes robot implementation

As can be seen from the layout shown in Fig. 2 the improve-
ment of the painting process would involve increasing the 
robot-assisted working speed, with all the inconveniences 
that could arise from this, or increasing the load on the grip-
per. Another possibility to optimize the painting would be 
to expand it by doubling the robot-assistance, individually, 
an additional robot for spraying and handling the tyres. This 
solution, one of those proposed by [34], would imply dupli-
cating the entire painting unit, PS, and the robot, or simply 
placing a second robot operating in parallel and in an oppo-
site cycle to the first one. Each of the previous solutions 
would involve spending large sums of money and a high 
time for implementation, programming development and, 
mainly, robot coordination and conflict management (Fig. 9).

On the other hand, as the final objective is optimization, 
duplicating the painting station would optimize the line, 

Fig. 7   Relationship between tyre diameter and fan amplitude of Air-
mix nozzle

Fig. 8   Relationship between tyre diameter and fan amplitude of Air-
spray nozzle
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increasing production capacity, without effectively increas-
ing the productivity of the equipment. In this sense and 
considering the maximum reduction in the investment to 
be made, it was decided, as already mentioned, to evolve to 
a handling system with double clamps that allows handling 
two tyres simultaneously. This is the significant change from 
the conventional painting processes used. This change to 
the gripper is based on the duplication of the gripping sys-
tem; this results in an innovative approach and a smaller 
and more efficient investment from a production and energy 

point of view. The creation of this new gripper will lead to 
the restructuring of the robot’s code, which will initially go 
through a simulation process that will be explained in the 
following chapters.

4 � Description of the solution

4.1 � Choice of the lubrification nozzle

Regarding the use of the spray nozzle, the equipment that 
presented the most stable results and within the expected 
values was adopted. The Airmix nozzle was therefore cho-
sen. According to the evolution of the amplitudes presented 
for the fan pressures (Fig. 10), the amplitudes of the lubrica-
tion fans evolve in the opposite direction; for the Airmix, the 
fan decreases with pressure increase, while for Airspray, it 
increases. In Fig. 10, the comparison is made between the 
average fan width of the two nozzles according to a fan pres-
sure variation between 0 and 3 bar. Then, and considering 
the values shown in Table 2 and Table 4, we can verify, in 
Fig. 10a, the centrality of the averages for each of the val-
ues obtained for the two nozzles under study. Thus, starting 
from a fan pressure of 0 bar, it is verified that the centrality 

Fig. 9   Robot-assisted systems with spray booth, adapted from [34]

Fig. 10   Evolution of the average amplitude of the fan press by tyre diameter by nozzle
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of the amplitude averages for both nozzles. However, the 
Airmix nozzle (1) (Table 2) has a considerably high ampli-
tude, leading to high fluid losses, contrary to the Airspray 
nozzle (2) (Table 4), which in this case leads to insufficient 
deposition. In turn, Fig. 10b shows the inversion of the cen-
tralization of the averages of the amplitude of the two noz-
zles. For this pressure, there is a balance between the two, 
pressure of 1 bar, with very close values. It should be noted 
that spraying tyres with the highest diameter is already close 
to the fluid deposition limit. This situation can be seen in the 
amplitude graph associated with nozzle 2, fan amplitude at 
400 mm and tyre diameter 778 mm.

It should be noted, however, that the performance of the 
nozzle 2 completely dissipates the jet at 2 bar of fan pres-
sure and with the greatest distance (848 mm tyre diameter), 
Fig. 10c. In this situation, the lubricant film is completely 
broken, and the droplets of fluid disintegrate and complete 
vaporization, without any particles being deposited on the 
tyre surface. Finally, in Fig. 10d, and for the 3 bar pres-
sure, nozzle 1 keeps and practically unchanged the amplifier 
range; however, nozzle 2 shows a complete breakdown of the 
fan range for diameters greater than 647 mm.

On the other hand, and knowing that the operation of 
the Airspray, nozzle 2, completely dissipates the jet at 2 bar 
of fan pressure, greater lubrication distance (tyre diameter 
equal to or greater than 848 mm), the operation, in addition 
to the use of the Airmix, nozzle 1, must be carried out at a 
pressure of ± 1 bar. The adoption of these assumptions leads 
to less fluid waste and a more uniform deposition, as well 
as a reduction in the number of robots stops to clean the 
gripper. However, the best result will always be obtained 
with nozzle 1 at a fan pressure of 2 bar, more uniform dis-
tribution. This is an important step towards commissioning 
the machine and reducing fluid losses for more sustainable 
production.

4.2 � Increase robotic efficiency

The first step to improve the robotics system efficiency was 
to modulate all the equipment’s used in this production unit. 
Using a CAD tool, all the equipment’s that make up the 
system were reproduced, respecting the positioning of each 
one. With the integration of the model in the simulation 
tool, it was possible to test (offline) all the trajectories, verify 
collisions and safety conditions, and create all the different 
equipment frames. The code resulting from the simulation 
was refined online considering the real operating conditions 
and the operators’ indications. So, the proposed solution to 
increase the efficiency of the robotic operation involves the 
use of five different user frames that can be related to each 
of the machines. In this case, if there is a need to change the 
implementation of a machine, devices will be in different 
position referred to manipulator, it will only be necessary 

to change the origin of the frames, which are found at the 
beginning of the conveyors and in the centre of the cleaning 
and PS machine. Another possibility that was considered is 
the definition of all points in a single coordinate table. How-
ever, this possibility did not present itself as a good solution 
in terms of efficiency, because after any small change in the 
system, we will have to define new coordinates for all points.

The programming was implemented, as well as the simu-
lation, based on the five frames used to define the initial 
position, execution of the return routine, the initialization 
phase of the program, as well as the positioning of the robot 
at the beginning of the process. This initial state was consid-
ered a very important procedure since the robot is returned to 
the initial position, even if the previous programme has been 
interrupted, or is stopped in any position. This relocation 
guarantees compliance with the robot’s route, eliminating 
possible collisions or inappropriate operations, that is, the 
correct functioning of the system. Other essential issue for 
the correct functioning of the painting station must also be 
considered in these tables. These points concern the mainte-
nance and cleaning processes since they are in space, there-
fore not interconnected to any of the devices. The mainte-
nance position is the point where people can enter to the cell 
and check the paint or the gripper condition. At the cleaning 
station, the gripper cleans the fingers that can sometimes 
be dirty with the lubricant used in the paint machine. Both 
processes are carried out very rarely compared to the receiv-
ing, painting, and placing processes. Due to this fact, each of 
these main tasks has a separate point as well as a reference 
frame whose numbers correspond to each other and can be 
used in register-based loops. In Fig. 11, the proposed layout 
for increase the painting process is presented. The first user 
frame (reference frames in Roboguide) is the world coordi-
nate frame and originates from the base of the robot.

Each point in the system has its own safety point which 
is always above the corresponding one and defined as an 

Fig. 11   Proposed gripper layout for process optimization
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offset function. From the starting position, the robot goes to 
the safety of the collection point. After pick the tyre, move 
again, and the tyres go to the painting process that can only 
be done for one of them at the same time. Each of the points 
has an offset that is covered first. Therefore, after painting 
the first tyre, the gripper rises and rotates 180° around the 
centre of the tool. Therefore, since this case study involves 
optimizing the painting process, another coordinate frame 
has been added with the second painting point, in the same 
position as the first, but with the opposite orientation. This 
simple approach aims to save the time corresponding to the 
positioning and collection trajectories of a new tyre. Using 
a gripper with a double load makes it possible to eliminate 
these two movements and save around 6 s, even with a paint-
ing time that is twice as long. After painting the second tyre, 
the manipulator brings the tyres to the second conveyor belt, 
finishing the process. At this point, the programme should 
ask the user, or at least check the PLC information, if it is 
necessary to clean the gripper fingers or go to the mainte-
nance position. Otherwise, the process continues, and the 
manipulator shifts to the pickup position and repeats the 
procedure.

The approach to the problem defined for this case study 
involves the use of a control programme using a single Tool 
Centre Point (TCP), calibrated at the centre of the tool’s 
symmetry and the rectangular coordinate system [40]. 
Therefore, the choice point and location must be set exactly 
in the centre between two tyres. After the simulation starts, 
the robot performs the procedure, and from its automation 
mode, the system will repeat it until the user forces it to 
stop. A problem that arises here is the orientation of the 
choice point is opposite to that of the place point. Therefore, 
using the MOD function that calculates the modulus of 2 and 
every second cycle, the orientation is changed to the oppo-
site approach that must also be applied to the painting points. 
In addition, the programme operates with the digital inputs 
of signals 1 and 2 that are sent from the PLC, requesting the 
robot to move to the maintenance position or to the cleaning 
process. The disadvantage of this solution is that we cannot 
continuously control the position of the grippers. The fingers 
only have a sensor that detects whether the object is stuck 
or not, but we would not be able to say anything about its 
position during movements between stations. The path of the 
centralized TCP during one of the pick-and-place process 
simulations with the cleaning procedure is shown in Fig. 12.

4.3 � Manual control for the robot‑assistant

The purpose of the manual control project version is to cre-
ate a programme that allows you to know in detail the project 
content, as well as the movement between points previously 
saved in the robot’s memory. This module allowed us to 
check or change the coordinates that are already registered 

in the robot, because in automation mode, everything is done 
very quickly by the manipulator, and therefore, its location is 
not so obvious. Thus, after the homing procedure, the soft-
ware asks the user which point he would like to go. In this 
case, the operator can choose predefined points from 1 to 9 
or from 22, 33,…, 99 which are the displacement points, pre-
viously defined. In addition to the group of inputs that allow 
converting the numbers received from the PLC into digital 
inputs and requesting the robot to move to the requested 
point, the programme also allows changing the TCP. If the 
change is applied, which can only be done at the “highest 
points,” the system asks us again about the destination.

On the other hand, security regulations and restrictions 
are important in all versions and operational steps; however, 
when it comes to the automatic version, they are usually 
programmed and simulated offline. In case of manual mode, 
it will be mainly used in real and real-time robot; therefore, 
the safety conditions must be applied very carefully. Due to 
this fact, if the robot is in one of the positions 2 to 9, the only 
movement it can make is to go to the displacement point, 
respectively, e.g., 3 to 33. All other points are blocked, and 
the user will be asked again to provide the correct choice, 
as any other movement can cause massive damage to the 
hardware. Although the robot is in the home position or 
any other offset point, this can move between them freely. 
To know what position the robot is in, and what position it 
reaches, the additional register with conditions was added. If 
the point is not achievable another register saves the choice, 
but the position register is still the same and the user is asked 
again to provide the correct point.

The main version consists of the possibility to control by 
the user the mode he wants to activate. Based on two digital 
inputs, automatic or manual versions can be called up. Both 
options can be considered since they consist of an entry that 
can be activated whenever the user wants to go back to the 
main menu.

Fig. 12   Path of the centred TCP in the double gripper during process
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5 � Conclusions and future work

The main objective of this study focused on optimizing 
the tyre painting process, the amount of deposited fluid, 
and the spray fan opening, as well as the robotic feeding 
system of the painting system. For this purpose, several 
fluid atomization pressure tests and the fan pressure nec-
essary for the correct coating of the inner surface of the 
tyre were carried out. It has been found that the working 
pressure for the atomisation and the fan should be between 
2.5 and 2 bar, so that the adoption of the Airmix nozzle is 
the best option even with large tyres. The fan pressure to 
diameter ratio presents a good compromise and therefore 
a comprehensive deposition of the whole internal surface 
of the tyre. From the point of view of the robot-assistant 
feeding system, the control software capable of controlling 
the Fanuc industrial robot has been developed, which can, 
from the point of view of feeding, contribute to the opti-
mization process of tyre painting. The gripper’s experi-
mentation confirmed the gains obtained by the simulation 
made in Roboguide which showed that it will save some 
cycle time, about 6 s.

The objective of the study was reached, but there are 
some considerations that can be used in future works. 
First, the pressure control of the atomization system 
must be controlled using several proportional pressure 
valves responding to predefined analogue signals, adjust-
able according to the size of the tyres. The process will 
respond according to the specific characteristics of each 
tyre and the manual action of the operator, identification 
of the tyre model to be sprayed. Second, code segmenta-
tion can be very useful in case additional functionality is 
created. Also, changes that can simplify the code can be 
made within the user framework organization. On the other 
hand, many of the user frames connected to the devices 
will play a key role in case the station's design and layout 
change. The gripper control programme should run in the 
background while continuously sending the TCP coordi-
nates, verifying that they are consistent with the given 
coordinates. In short, the software is created in such a way 
that it is controlled by the PLC to control and synchronize 
the process with the conveyors belt. In the future, vision 
or another system to control positioning may be added. As 
so, this study certainly is one of the many steps to develop 
the tyre painting process.

As an additional improvement to the work carried 
out, the authors propose the integration of a PROFINET 
or ETHERNET-IP industrial communication network 
between the Robot and the PLC, which will allow signifi-
cant improvements in work cycles, more efficient main-
tenance, and the integration of the concept of industry 
4.0. For this, there would be a Cloud platform with data 

collection and the real-time monitoring of the process 
with the creation of Dashboards. Also, a system of remote 
access to the robot would be useful in processes related to 
the maintenance of the same.
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