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1 Introduction

Faced with the global crisis, which is being experienced due to SARS-CoV-2. Health
problems are a topic to be addressed worldwide, such as infectious diseases caused
by bacteria, viruses, parasites, and fungi, practically by pathogenic microorganisms,
which are contagious and are transmitted by inhalation of particles indirectly or
directly (Bloom and Cadarette 2019). Likewise, the risks of contracting the virus
have been increasing exponentially due to new sources of contagion such as markets,
supermarkets, and crowded places, with the most frequent transmission of the virus
through microdroplets or droplets that come off the nose (May 2021). These can
be deposited on the surfaces of nearby materials, which are mostly handled and
discarded, likewise, they can survive a couple of hours or up to several days depending
on the material or residue (Quitral Q 2020).

Faced with this, all materials must have optimal handling from their production,
consumption, and final disposal, so there must be a control and hygiene treatment
for the comfort of people working in the recycling sector, to guarantee their health
and well-being (Soliz Torres et al. 2020). The spread of the virus occurs most often
in enclosed and poorly ventilated places, such as recycled waste treatment plants
where recycled materials, many of them contaminated, accumulate to be treated for
reintegration (Huayanay 2020). Considering that the main transmission mechanism
is by contact and inhalation (Li et al. 2020), category C (UVC) ultraviolet light
offers an efficient alternative in cleaning air and surfaces, which by eliminating said
microbial particles reduces the probability of human contagion by the virus that
circulates in an environment or space where there is contaminated recycled material
accumulated with viruses and bacteria (Cervino et al. 2021; Manuel et al. 2020).
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According to studies and the ideal treatment with ultraviolet rays, it reduces the
microbial load in contaminated material where UVC rays of the short wavelength of
200-280 nm are applied which generates a germicidal effect (Rattanakul and Oguma
2018; Kim et al. 2017; Hsu etal. 2021). UV rays possess a germicidal action that kills
or neutralizes the action of viruses, bacteria, and other primitive microorganisms, so it
is mainly used in the sterilization of surfaces and local medical, pharmaceutical, and
food industry environments (Hsu et al. 2021; Raeiszadeh and Adeli 2020). The germi-
cide lamp depends on the power and geometric shape considering the appropriate
time of dose of UVC light emission, eliminating up to 99.9% of microorganisms
(Nnadi et al. 2021; Dwivedi et al. 2021; Heilingloh et al. 2020).

UV irradiation has proven to be an effective physical means for the control of
microorganisms, including viruses, with the UVC wavelength being most effective
in practical application, followed by that of UVBs and finally that of UVA (Ou
and Petersen 2008). The germicidal capacity against viruses lies in their ability to
penetrate the viral structure, especially UVC and UVB (Nishisaka-Nonaka et al.
2018), which directly affect the genome preventing its replication and therefore
leading to inactivation (Bono et al. 2021).

UVC treatment does not generate organoleptic variations, nor does it generate
chemical residues and is effective in disinfecting the surfaces of products and mate-
rials (Raeiszadeh and Adeli 2020). Currently, UV light is used for the disinfection
and sterilization of surgical products, cleaning of cell phones, purification of environ-
ments (Manuel et al. 2020; Rattanakul and Oguma 2018; Casini et al. 2019) process
by which it performs to eliminate all forms of microbial life and bacteria (Kim et al.
2017; Dwivedi et al. 2021). It is also used in the disinfection of algae in ballast water
based on a new treatment system with multiple ultraviolet waves in an approximate
time interval of 20-30 s with a UV photocatalysis system (Lu et al. 2021).

Therefore, the objective of this article is to design a disinfection machine for
recycled PET-type bottles using UVC radiation emitted by an LED camera, through
an engineering development with the benefits of UV type C light, based on the
mechatronic methodology of the Association of German Engineers (VDI 2206),
composed of a mechanical, electrical-electronic and control system (Graessler and
Hentze 2020), which makes it possible to sterilize recycled PET materials that accu-
mulate in recycling plants for the process of insertion in society, since according to
studies shows that 99.99% of viruses and bacteria are removed from the surface of
materials and waste that are disposed of in urban areas and markets in general.

2 Methodology

The methodology used in the article is based on the VDI 2206 model. The method-
ology that represents the decomposition of the system is based on a V model for
mechatronic systems that represents a logical sequence of activities composed of the
left side the decomposition of the system and the right side the subsystems, which
are constantly verified and validated (Graessler and Hentze 2020).
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InFig. 1, the approach of combining activities is shown, and the guideline suggests
three main phases followed by a fourth that accompanies the other three: First, the
System design that has an idea of the result between the influence that specifies
the essential particularities logical and physical design motive, second the Domain
Specific Design which establishes the need for further illustration through more
detailed interpretations and calculations separately for each technical system, and
the third phase is the System Integration which consists of evaluating the overall
performance of the system when individual domains are integrated and the fourth
is a cross-sectional Modeling and Simulation phase that creates and examines the
qualities of the system with the support of structural models, tools, and computer-
aided simulation instruments. The cycles of this project are the design of the LED
camera and the functional simulation prototype. The prototype process includes 3D
CAD software, Ladder programming, and the Factory IO integration system.

3 Materials

The mechanical system of the machine: Composed of the main motor (0.75 HP) that
drives the conveyor belt (Siegling Transilon MT black E8/2 U0/V5H with k1% =
8 N/mm) generating the transfer of recycled PET bottles toward the LED disinfection
chamber of approximately three-square meters of area, after that the exit conveyor
will be activated.

Electrical System—electronic machine: Composed of the main sensor and three
secondary sensors (Diffuse Sensors) (Gutiérrez and Iturralde 2017). The objective
of the main sensor is to detect the recycled PET-type material when it is inside the
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chamber, generating the stoppage of the conveyor belt and the start of the disinfection
process. The ideal time to sanitize recycled bottles is 26 s (s) (Woo et al. 2019;
Minamikawa 2008; Muramoto et al. 2008).

Machine control system: Employing a programmable logic controller (modular
PLC) composed of programming lines in charge of giving instructions to the machine
and storing them in its memory, represented by a control panel by pushbuttons, a
liquid crystal display (LCD) for observing the count of disinfected materials, and
light-emitting diodes (LEDs).

The prototype design of the UVC LED camera was developed in the Inventor
program, to develop the virtual simulation of the Factory IO program with the use of
PLC programming in the TIA Portal engineering system (Factory 2021; Download
Inventor 2021; Software 2019). For the design, we must consider that when working
with UV radiation with a range of 200-280 nm, the rays must be isolated, since
produces a modification in DNA and this causes cancer (Muramoto et al. 2008;
Buonanno et al. 2020). For this reason, strips of anti-ultraviolet ABS plastic sheet
have been used to block the projection wave of the irradiation of ultraviolet rays
at the beginning and the end of the disinfection chamber stroke (Rodriguez-Tob{as
et al. 2013).

Figure 2 shows the structural scheme of the prototype of the PET bottle disinfec-
tion system, whose structure is based on the process control system with the input
and output signal. The vision system captures the input signal of the bottles to the
conveyor belt with diffuse sensor inspection. The electronic system that turns on the
feeding actuators of the PET bottles, the disinfection chamber that projects category
C ultraviolet rays, and the removal of the disinfected material, generating a feedback
signal or process concluded. The electromechanical system generates the mobiliza-
tion of the conveyor belt, the illumination of the UVC LEDs, and the transport of the
decontaminated PET bottles to their storage. The energy generates the impulse, the
heat, the movement, the vibrations, and the light of the prototype.

4 Results

4.1 Disinfection Process Time

The maximum disinfection efficiency is 254 nm (nm), which depends on the time of
26 s (s) for the sterilization of the recycled PET bottles to be disinfected.

Figure 3 shows the disinfection chamber made up of four fundamental compo-
nents; the first component is the chamber liner made of AISI 304 stainless steel from
the American Iron and Steel Institute (Mundial 2021). The second component is the
protection by strips of anti-ultraviolet ABS plastic sheet that blocks the projection
wave of ultraviolet radiation (Rodriguez-Tobias et al. 2013). The third component
is the LED type lights that project category C ultraviolet rays, and finally, the fourth
component is the main stainless steel structure that ensures resistance, generates
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Fig. 2 Structural diagram of the disinfection system
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Fig. 3 LED camera that projects ultraviolet rays type C

the shape, and designs stability of the UVC LED camera, which has dimensions of
2000 cm long, 1200 cm high, and 1500 cm wide.

4.2 Conveyor Belt

It is based on the weight of the mass of 200 kg of PET bottles that will be transported
approximately by the conveyor belt, and then the resistance of the conveyor belt to be
used will be determined, consulting Egs. 1 and 2. The maximum belt traction force
(F1) is calculated, which is the result of multiplying the tangential force (Fu) of 200
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pounds equivalent to 1962 N by the smooth dry steel factor C; of 1.5 at an angle of
180° (Siegling 2016).

F, = Fu(C)) (D

With the result of 2943 N, maximum traction of the belt is divided with the width
of the belt (by) of one meter, it is compared with the maximum range factor of the
type of tractor element of 2 that must have a conveyor belt multiplied by the tolerance
k1% of 8 N millimeters (N/mm) so that it works properly with the values provided
by the technical manual (Siegling 2016).

Fi/by < 2(k1%) 2

Therefore, with the result obtained of 2943 N/mm less than and equal to 16 N/mm,
it is stated that the conveyor belt will perfectly resist the force exerted by the motor
since the value is within the adequate working range as shown in Fig. 4.

Fig. 4 Automated machine conveyor belt
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4.3 Electronic Circuit and Programmable Logic Control
Diagram

Figure 5 shows the electronic circuit that regulates the voltage from alternating current
(VAC) of 220 V to a direct current voltage (VDC) of 24 V for the correct operation
of the programmable logic controller.

Figure 6a shows the circuit diagram of the operation of the input and output PLC
devices, and the outputs are seen as contactors KM1, KM2, and KM3, as well as the
start and stop LEDs of the electronic receivers.

Figure 6b shows the power circuit, a part that generates the highest current
consumption of the controller, this circuit oversees exciting the relays to activate
the output devices, these work through semiconductor devices to control or modify
the voltage or current of the machine.

Figure 6¢ shows the connection diagram of the input devices of the PLC that
consists of a start, stop safety, emergency stop buttons, also inductive sensors, and
control elements of the electronic diagram.

4.4 Ladder Programming Blocks

Figure 7a shows the segment with Ladder programming for the connection of Factory
IO engineering programs with the TIA portal software.

Figure 7b shows the segment of the safety system and control drive of the
automated machine.

Figure 8a shows the enumerator segment of the system, revealing the total amount
of materials disinfected in a full working day.

Figure 8b shows the segment of the drive of the first conveyor belt that feeds the
disinfection system, starting the count of material entering the C category UV LED
chamber.

Figure 9a shows the segment of the drive of the ultraviolet led camera category
C, with the estimated waiting time, while the material of the recycled PET bottles is
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disinfected for 26 s, after which it generates the drive of the output conveyor belt for
the warehouse of the recycling plant.

Figure 9b shows the segment of the outputs of the programmable logic controller
that activates each drive component of the machine.
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Fig. 10 Automated disinfection in factory 10 of polyethylene terephthalate bottles for bacteria,
fungi, and viruses; by UVC LED camera

4.5 Automated PET Bottle Machine

Figure 10 shows the final prototype of the automatic polyethylene terephthalate bottle
disinfection machine that uses a 254 nm short-wave category C UV LED camera for
the disinfection of bacteria, fungi, and viruses.

5 Discussion

SARS-CoV-2 is a highly variant and contagious virus due to its rapid transmission
through droplets that settle on the surfaces of surrounding materials or by materials
handled and discarded. Therefore, the disinfection system focuses on PET bottle
recycling treatment plants with poor ventilation and closed environments for waste
storage processes. These droplets remain impregnated on the surface of any material
and at the same time in the process of transferring or displacing the contaminated
material to reinsert the recycled polyethylene terephthalate material into society, the
risk of contagion increases since the virus can survive for hours or days depending
on the material where it resides.

That is why automated disinfection is important and necessary, with an LED
camera that projects type C ultraviolet rays, sterilizes PET bottles against the threat
of SARS-CoV-2 and highly contagious variant particles, thus efficiently eliminating
impregnated viruses, generating security for the population of the recycling sector
that plays a very important role in the collection and transformation of recycled
material.

In this process, the recycled PET bottles enter through the conveyor belt to the
UVC LED camera which has a memory program that applies 26 s to sterilize 99.99%
of fungi, batteries, and viruses. With a short wavelength of 254 nm and an irradiation
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dose of 220 (J/m?) Joule per square meter, the disinfected bottles are removed by the
conveyor belt for their reinsertion process. This proposal is considered an emerging
technology that agrees with the following studies (Rattanakul and Oguma 2018;
Kim et al. 2017; Hsu et al. 2021; Raeiszadeh and Adeli 2020; Nnadi et al. 2021;
Dwivedi et al. 2021) and (Heilingloh et al. 2020) which consists of control surfaces.
The recycled PET bottles, at the illumination of the wave range of 200-280 nm, it is
confirmed that there is greater sterilization with the emissions of 254 nm.

6 Conclusion

In conclusion, it is highlighted that the machine works with ideal automated treat-
ment, with category C short-wave UV radiation, and this reduces the microbial
load found on the surface of polyethylene terephthalate materials in the recycling
plant. This UVC disinfection strategy is highly effective in eradicating up to 99.99%
of microorganisms and viruses; this method being an alternative to help disinfect
surfaces in the current pandemic, so this research shows how to safely disinfect the
surface to be treated.

Implement the proposal both in different recycling and disinfection sectors, which
will allow its effectiveness to be verified, and also to adapt and improve both the model
and the proposed methodology and tools.

Finally, this research will serve for the development and improvement of similar
machines; since its purpose is that viruses, fungi, and bacteria do not remain on the
surfaces of the materials that are processed for their reintegration into our society.
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