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Chapter 1
INTRODUCTION

Thermoforming has become a fundamental process in polymer transformation, en-
abling the conversion of viscoelastic plastic sheets into parts with high dimensional
stability and defined mechanical properties. This technique is predominant in the food
packaging industry, where not only physical containment but also hygienic preserva-
tion and visual appeal of the product are required.

In the specific context of quail egg packaging, the technical demands are heightened
due to the need to guarantee the optical transparency of the material without com-
promising the structural integrity of the container. However, achieving these quality
standards requires mastering critical variables such as uniform heat distribution and
forming pressure, challenges that often necessitate automation solutions.
Thermoforming is a thermal forming process for plastic materials that transforms a
thermoplastic sheet (semi-finished product) by heating it to a viscoelastic or visco-
flexible state. In this phase, the material can be easily deformed by applying differential
pressure (vacuum or positive pressure) and/or mechanical stretching, generally using
a single mold (female or male mold) [6].

The process consists primarily of the following stages , as shown in Figure 1.1:

1. Heating: The plastic sheet is heated to the optimal molding temperature (gen-
erally within the tempering range). This heating can be achieved using electric
resistance heaters (radiant heating elements), contact heating, hot air convec-
tion, infrared radiation, or a combination of these methods. Achieving uniform

heat distribution is crucial to prevent unwanted deformation.

2. Molding: Once the material has reached the appropriate temperature, mold-
ing is carried out using a thermoforming tool. This process can be performed

by vacuum, positive pressure, plug-assisted forming, or combinations of these



techniques, depending on the level of detail, depth, and complexity of the final

part.

3. Cooling: After molding, the material must be cooled inside the mold until it
reaches a temperature at which the part becomes intrinsically stable. This pro-
cess can be passive (by conduction with the mold) or active (cooling by forced
air or water circulation in the mold). Controlled cooling is essential to minimize

internal stresses and subsequent deformations.

4. Demolding: Once cooled, the part is removed from the mold. Demolding can
be done manually or automatically, and can be assisted by reverse vacuum, me-
chanical systems, or compressed air, depending on the mold design and the

forming method used.

Pressure Thermoforming Process

Vacuum pulls air out

Figure 1.1. Thermoforming process using pressure method [1]

As mentioned in the PLASTIGLAS [7] thermoforming technical manual, all thermo-
plastic polymers are suitable for the thermoforming process. When heated, these
materials exhibit variations in their modulus of elasticity, hardness, and load-bearing
capacity. Therefore, one of the critical aspects of the thermoforming process is the
correct selection and control of the temperature applied to the plastic material. It is
essential that, regardless of the heat transfer method used, the plastic sheet reaches
the optimal thermal range known as the tempering range. Furthermore, it is crucial to
ensure uniform heating across the entire surface of the material to guarantee proper

shaping .



However, in practice, accurately measuring the actual temperature of the sheet can
be complex, even when using contact thermometers. For this reason, temperature
assessment is generally based on the physical behavior of the material during heat-
ing. One of the most commonly used indicators is the point at which the sheet be-
gins to gradually deform, which indicates that the ideal molding temperature has been
reached [7].For more precise control, it is essential to use the correct instrumentation
for the designated variable. In their work [8], they highlighted the TM4 temperature
controllers as an option, as they replaced the CH402 modules because they feature
RS485 communication, allowing their integration with the HMI and PLC. They also
recommend Type K thermocouples, which are useful for the established temperature
range (-200 °C to 0 °C * 0 °C to 1250 °C) in thermoforming processes.On the other
hand, in his thesis Miranda [9], he mentions that the cooling process is crucial in the
manufacturing process, as it directly influences the quality of the finished product. The
optimal temperature for demolding is approximately 10 °C below the material’s deflec-
tion temperature under load.

For heating methods and heat sources, one of the most widely used technologies is the
electric resistance oven, which uses electricity as an energy source to generate heat
in a heating chamber. This operation is based on the Joule effect, according to which
an electric current flowing through a resistive conductor causes heat generation. [10]
A typical electric oven consists of a heating chamber, heating elements (electric re-
sistance elements), thermocouples for temperature measurement, insulating material
to reduce heat loss, a timer, and an electronic controller that regulates the power and
heating time. The efficiency of this system depends directly on the quality of the heat-
ing elements and the thermal control implemented.

|. Moran and B. Laica [11] assert that the use of electric resistance ovens makes the
process efficient, durable, and environmentally friendly. In their project, they devel-
oped an electric resistance oven with a nominal power of 1200 W and a supply volt-
age of 220—240 V. This equipment integrated a power control system into the heating

elements, allowing for controlled and precise temperature variation. Furthermore, it



incorporated sensors to provide feedback to the system and a control panel that gave
the operator the ability to monitor and adjust the thermal process in real time, thus
optimizing energy efficiency and operational safety.

An essential component in these systems is the tubular metal heating element, com-

posed of three main elements:

« Tubular metal sheath: made of materials such as INCOLQY, stainless steel, cop-

per, or special alloys, it provides mechanical strength and protection

« Electrical insulating material: generally high-purity magnesium oxide, which, in
addition to electrically insulating the conductor, offers high thermal conductiv-

ity.against oxidation.

 Helical resistive wire: made of high-resistivity alloys, it is the element responsible

for heat generation [11].

In this type of heating element, the wire is the heat generator; the magnesium oxide
acts as an efficient thermal interface between the resistive wire and the metal sheath,
ensuring rapid and homogeneous heat transfer. Tubular metal heating elements are
notable for their compactness, durability, and adaptability to different configurations,
and are widely used in heating air, liquids, oils, surfaces, ovens, and drying cabinets
[12].

As mentioned previously automation and precision in thermal control are determining
factors in the quality of thermoforming. In certain industrial systems, infrared radiation
heaters combined with optical sensors are used to detect in real time the yield point
or controlled buckling of the plastic sheet. This phenomenon, which indicates the
arrival of the optimal forming temperature, is identified by photoelectric cells [7]. Once
detected, the system can automatically adjust the exposure time or the power supplied,
thus ensuring that the material remains at optimal thermal conditions.

In the research developed by Rosales-Davalos et al. [2], a closed-loop temperature
control system (CLTSS) was designed and implemented for the thermoforming of

blocks manufactured from post-consumer multilayer packaging. Process control was
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Figure 1.2. Characteristic curves of the plant for different voltage levels (electrical
resistance 200 W) [2]

based on obtaining a mathematical model of the plant from experimental data and
analysis in Matlab, considering a 120 VAC power supply. The results obtained in Figure
1.2 was a first-order transfer function, which was then tuned using the Ziegler-Nichols
method for a PID controller.

The control architecture included the reference input, the controller block, the power
stage, the heat exchanger, and a feedback loop. This design allowed the resistor
temperatures to be maintained within a narrow stability range, preventing overheating
and significant temperature fluctuations.

The results demonstrated that the PID system exhibited a more stable response than
the ON/OFF control, with smaller oscillation amplitudes and faster convergence to the
target temperature. This improvement translates into a more uniform thermoforming
process, which is especially relevant in applications where thermal accuracy is critical
to the final product quality.

In the field of thermoforming of plastic materials, the selection of the forming system is
crucial for achieving the desired quality and characteristics in the final product. Tupia et
al. [13] propose compression molding as an economical alternative for recycling ther-
moplastics mixed with wood (in a ratio of 70% plastic and 30% wood), achieving the
manufacture of simple geometry parts with a uniform surface finish. The process is
carried out by heating the material to 190°C for 55 minutes, then applying a compres-

sion force of 34 kN to the mold, ending with a controlled cooling period of 10 minutes.



The application of these parameters resulted in the production of high-quality plastic
panels with consistent mechanical properties and surface finish, a product of the alloy
of the raw material with wood. This can be beneficial for protecting and storing more
fragile items with a high probability of damage.

In another study, Gonzalez-Bernal et al. [14] emphasize that, for the design of a hy-
draulic press intended for thermoforming, it is essential to conduct a prior analysis
of the pressure and temperature conditions required to correctly deform the material.
They determined that the mold should reach 240 °C and that the necessary closing
force was 676 kN. These conditions imply the use of structural materials capable of
withstanding high loads and temperatures, as well as meeting the mechanical strength
and durability standards required in an industrial environment.

On the other hand, in the context of packaging transparent products, the specialized
literature indicates that maintaining transparency is a challenge, since thermoforming
can reduce the optical clarity of the material. To minimize visual distortions, it is cru-
cial to optimize the mold’s surface finish, the strategic placement of vent holes, and
the structural reinforcement of the cavities [15]. While vent holes are essential for re-
moving trapped air during forming, their placement should avoid visible areas of the
container. Furthermore, rougher mold surfaces promote airflow but negatively affect
transparency, necessitating a balance between visibility and the efficiency of the venti-
lation process. This aspect is particularly relevant to the present research, as quail egg
trays are intended for the food industry, where a high level of hygiene, visual quality,
and functionality is required. An optimized mold design not only ensures a more at-
tractive presentation for the consumer but also contributes to maintaining the integrity
and optimal preservation of the packaged product.

In the development of industrial machinery, compliance with technical standards and
safety codes not only guarantees design quality but also facilitates subsequent imple-
mentation and commercialization. In the context of this thermoforming machine project
for quail egg cartons, the adoption of national and international standards has ensured

that the prototype meets the mechanical, thermal, hygiene, and safety requirements



established for the food industry. The main applicable standards and their relevance in

similar projects are summarized below [10] [16]:

« NTE INEN 1373: Ecuadorian technical standard that defines the general re-
quirements that thermoforming and injection systems must meet. Its applica-
tion ensures that the design complies with national manufacturing and assembly

standards, especially regarding dimensional accuracy and safe operation.

» ISO 6259-2: Establishes methods for conducting tensile tests on thermoplastic
sheets. In the virtual design, these values can be used as a reference in simula-

tions of the sheet’s mechanical resistance during thermoforming.

« ISO 6259-2: Establishes methods for performing tensile tests on thermoplas-
tic sheets. In the virtual design, these values can be used as a reference in
simulations of the sheet’s mechanical resistance during thermoforming. < ISO
11607:2019: Specifies the requirements for thermoformable packaging materials
and processes intended to maintain sterility, which is relevant for food packaging

and products with high sanitary standards.

An interesting proposal to strengthen this code was developed in article [17],
which presents a CNN-based approach designed for quality control of the sealing
and closure of thermoformed containers. Using a practical case study in a real-
world industrial setting, the main components to consider for design are detailed;
the designed machine vision system and the image-based criteria defined to

determine when a product should be accepted or rejected are presented.

» BS EN 12409:2008: European standard that regulates the assembly of thermo-

forming machines.

« ASTM E659: Determines the auto-ignition temperature of materials exposed to
high temperatures. This information can be integrated into thermal modeling to
prevent combustion risks in the process. In the virtual validation phase, these

standards provide technical parameters that can be incorporated as constraints



and evaluation criteria in CAD models, finite element simulations (FEM), and
thermal analyses. Subsequently, in the physical construction phase, they can
serve as a reference for material selection, process configuration, and verification

and testing procedures.

In the virtual validation phase, these standards provide technical parameters that can
be incorporated as constraints and evaluation criteria in CAD models, finite element
simulations (FEM), and thermal analyses. Subsequently, in the physical construction
phase, they can serve as a reference for material selection, process configuration, and
verification and testing procedures.

According to the scope of this thesis, the use of computer-aided design (CAD) tools
and digital twin technologies represents a key strategy for optimizing thermoforming
processes before their physical implementation. A digital twin, fed with data from sen-
sors and programmable logic controllers (PLCs), allows for the accurate modeling of
machine operating parameters, anticipating problems and reducing production costs.
According to Turan et al. [18], this methodology has demonstrated significant improve-
ments in industrial key performance indicators (KPIs), decreasing the waste rate by
50% and raw material consumption by 10%, resulting in substantial cost savings.

In this approach, finite element simulations (FEM) and data analysis play an essen-
tial role. The Neo-Hookean (NH) model, combined with the Williams-Landel-Ferry
(WLF) approximation, is particularly useful for representing the mechanical and ther-
mal behavior of temperature-dependent materials, allowing for the accurate simulation
of thermoplastic sheet performance during heating and forming [18]. This predictive
capability is fundamental for establishing temperature and time settings before physi-
cally constructing the thermoforming machine.

Cortez et al. [19] emphasize that the feasibility of a machine design depends on
prior mechanical modeling that considers real materials, shapes, and dimensions. In
their research, 3D modeling allowed for the optimization of both the structure and er-
gonomics of the equipment. Similarly, for the present project, the use of software such

as SolidWorks/Inventor will facilitate the structural analysis of the frame, the thermal



distribution in the oven, and accessibility for the operator.

Other studies demonstrate the versatility of CAD modeling in diverse industrial applica-
tions. For example, in [20], a conceptual model of a graphene flash synthesis system
was developed, capable of transforming carbon-rich waste (such as plastics, coconut
shells, or tires) into high-quality graphene, using SolidWorks to validate the structural
and functional viability of the prototype. In the "LegnAttivo” project [21], Computational
Design (CD) and Design for Fabrication (DfM) techniques were applied to the construc-
tion of prefabricated facades, achieving time and cost reductions through digital man-
ufacturing strategies. These experiences demonstrate that the integration of CAD with
manufacturability criteria can be transferred to the design of the thermoforming ma-
chine, optimizing mold construction, sheet clamping,and displzaement mechanisms.
The simulation of external conditions is also a valuable resource. In a study comparing
two types of wind turbines using SolidWorks, their performance was analyzed at differ-
ent wind speeds by visualizing streamlines. Simulations were performed on each type
at varying wind speeds (0.5—4.5 m/s). A Savonius simulation was initiated, and the
airflow over the blades was studied using streamlines. The vertical speed of a blade
was determined using the cut plot command [22]. This approach is applicable to the
present work, as factors such as air currents or forced ventilation can influence heat
dissipation and, consequently, the quality of the thermoforming process.

Furthermore, the thermal and mechanical behavior of thermoformable materials can
be evaluated using studies such as the one presented in [23], where polymeric syntac-
tic foams (PSF) were analyzed under compressive and tensile loads within a tempera-
ture range of 25 °C to 100 °C. The results showed a notable decrease in compressive
strength with increasing temperature, a phenomenon that must be considered when
defining the operating thermal profile. In our case, this type of analysis would allow us
to select materials that maintain dimensional stability and adequate mechanical prop-
erties even under prolonged operating conditions or in environments with significant
thermal variations.

In short, the implementation of CAD models with FEM simulations and digital twin prin-
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ciples will allow us to virtually validate the design of the thermoforming machine, op-
timize material consumption, anticipate structural or thermal failures, and ensure that
the prototype meets performance, safety, and quality requirements before its physical
manufacturing. This work seeks to strengthen these models by expanding them to a
more complex level, since the current state of the prototypes and designs presented by
the researchers does not include a comprehensive didactic simulation of the process
that demonstrates an automated process.

The development of an automated thermoforming system for quail egg packaging
is justified by the urgent need to modernize production processes within the agro-
industrial sector. Currently, small-scale producers rely on manual or semi-automated
methods that result in non-standardized and fragile containers, failing to meet mod-
ern consumer expectations regarding safety, hygiene, and durability. This project ad-
dresses these deficiencies by transitioning from manual control to a robust automated
system, thereby solving critical issues such as material deformation, structural insta-
bility, and high waste rates caused by inconsistent heating and lack of synchronization.
From an industrial perspective, this project is vital for the strategic expansion of MAR-
ALTO. By implementing this production line, the company will not only enhance its
competitiveness and revenue but will also provide a scalable solution for small agri-
cultural entrepreneurs. This technology transfer allows these stakeholders to access
competitive markets with high-quality products, overcoming the limitations of current
packaging that restrict their growth and marketability.

Finally, the academic contribution of this thesis lies in the practical application of indus-
trial automation to solve real-world manufacturing inefficiencies. It serves as a model
for sustainable manufacturing solutions, demonstrating how advanced control systems
can optimize resource usage and reduce production errors in niche industries. This
project not only bridges the gap between manual and automated manufacturing but
also fosters technical skill development in a key engineering area.

The main objective is to automate the thermoforming and shaping process of plas-

tic quail egg trays through the implementation of an integrated production system that
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optimizes material displacement, controlled heating, sheet forming, and vacuum mold-
ing.

To fulfill the main objective we are going to focus on:

* Develop the mechanical and control architecture required for synchronized ad-
vancement of the plastic sheet, incorporating limit switches, pneumatic actuators,

and a state-based control strategy.

* Integrate a heating subsystem equipped with temperature sensors to ensure uni-

form and stable heating of the PET sheet.

» Engineer an efficient vacuum system capable of generating the required negative
pressure for proper molding of the quail egg trays, ensuring adequate sealing,

suction timing, and mold performance.

» Conduct functional tests and performance evaluations to verify thermal stability,
vacuum quality, and final product conformity according to the design specifica-

tions.



Chapter 2
METHODOLOGY

The development methodology is based on the VDI 2206 standard, applying the "V”
lifecycle to ensure interdisciplinary integration between the mechanical, electronic, and
computer domains. The process begins with defining requirements and design param-
eters based on the rheological properties of polyethylene terephthalate (PET) and the
morphometry of the egg, which allows for establishing the system’s functional con-
straints. Subsequently, domain-specific design is performed, involving mathematical
modeling and dimensioning of thermal, mechanical, and vacuum loads, followed by
component selection according to energy efficiency . Finally, the methodology includes
system integration and virtual validation using CAD/CAE tools, fulfilling verification cy-
cles that guarantee product integrity against the initially established technical require-

ments.

2.1. REQUIEREMENTS

The initial phase of the top-down branch of the model focuses on the comprehen-
sive definition of requirements, which form the basis for the conceptual design and
subsequent validation of the mechatronic system. In this project, the list of technical
specifications was consolidated through a concurrent engineering process developed
in direct collaboration with industry stakeholders, ensuring that the design meets the
real needs of the target market. To determine the machine’s geometric and functional
constraints, a detailed analysis of quail egg morphometry and the rheological prop-
erties of polyethylene terephthalate (PET) was integrated. This approach allowed the
translation of business objectives into measurable technical parameters, guaranteeing
that the production of egg cartons meets the quality, efficiency, and technical feasibility

standards required in the production environment.

12
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2.1.1. FUNCTIONAL REQUIREMENTS

» The system shall raise the temperature of the PET sheets to the thermoforming

range, between 120°C and 140°C.
» The machine must guarantee a minimum production rate of one tray per minute.

» The system must be capable of forming trays designed to hold between 12 and

24 quail eggs.

An alarm system must be integrated to notify of critical errors, along with an
easily accessible emergency stop button for immediate process shutdown by the

operator.

2.1.2. NON-FUNCTIONAL REQUIREMENTS

» The system must process food-grade certified PET plastic sheets, ensuring the

safety of the final product.

» The mold holder design shall allow die changes to accommodate different tray

formats without requiring structural modifications to the machine.

« The mechanical design must prioritize accessibility to critical components and
clearly define lubrication points to facilitate preventive and corrective mainte-

nance.

2.1.3. CONSTRAINS

» The entire production line(machine) must be confined within a maximum plant

area of 3 m2.

» All components in direct or indirect contact with the packaging must feature
smooth, easily sanitizable surfaces. The following material specifications are

Stainless Steel (AISI 304/316) and Aluminum Alloys.
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+ The system must operate while maintaining minimal noise levels to ensure a safe

and ergonomic working environment for the operator following the 1ISO 9612.

2.2. CONCEPTUAL DESIGN

In this phase, the design alternatives for the thermoforming system were analyzed,
evaluating the material feeding efficiency and the mechanical complexity of each pro-
posal. Three main proposals were evaluated based on the automation requirements
and the control of critical variables such as temperature and time.

Proposal 1 (Roll Feed): This alternative, initially suggested by the stakeholders in
Figure 2.1, consisted of a continuous supply of plastic via a roll feeding a conveyor
belt. While it allowed for a constant flow, it presented critical difficulties in maintaining
uniform tension on the 1 mm thick PET sheet and risks of material deformation due to

thermal variations in the pre-forming stages.

Figure 2.1. Stakeholder proposal prototype

Proposal 2 (Piston-Rack System): This proposal sought to automate the movement
using precision mechanisms as shown in Figure 2.2. However, the integration of this
system increased the mechanical complexity and cost of the prototype without resolv-
ing the problem of handling thin sheets.

Proposal 3 (Compact): Figure 2.3 show an integrated vertical displacement architec-
ture system, consolidating the heating, thermoforming, and cooling stages into a small
area. While this model significantly optimized space utilization in the production plant,

it lacked an automated mechanism for supplying PET sheets.
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Figure 2.2. Own authorship Proposal #1

Figure 2.3. Own authorship Proposal #2

Despite this initial limitation, this proposal laid the groundwork for the development
of the final design. It was determined that, since removing the formed part requires
mandatory operator intervention at the end of each cycle, integrating a fully automated
sheet feeder would result in an oversized technical and economic footprint for the
prototype.

For this reason Figure 2.4 provides a graphical representation of the process and
stages that were finally decided. Highlightinh the main steps as sheet feeding by-
oprator, the movement system , heating ans vacuum forming and the exrtraction of th
emchanized sheet by user.

Under this design approach, the operator can insert the new sheet as a sequential task
immediately following the removal of the finished product. This approach allows for
maintaining the required production times and simplifying the mechanical complexity
of the system, limiting human intervention to minimal and critical stages of the process

that ensure workflow continuity.
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The operational logic of the thermoforming machine is structured into four main se-
quential stages, integrated with a centralized safety system. Figure 2.4 provides a
graphical representation of the workflow and the interaction between the mecatronic

sub-systems.

©
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Temperature System Emergency Stop

Operator Heating Time
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Figure 2.4. Flowchart of the process

Stage 1: The cycle begins with the operator manually inserting the thermoplastic sheet
into the movement system. This stage relies on human intervention to ensure proper
alignment before the pneumatic clamping and positioning take place.

Stage 2: Once the sheet is positioned, the heating system is activated. The system
monitors the Heating Time parameter to reach the polymer's molding temperature,
ensuring optimal material malleability for the forming process.

Stage 3: Upon completion of the heating cycle, the movement system driven by pneu-
matic actuators transfers the sheet to the forming station. This displacement is moni-
tored by position sensors (limit switches) to guarantee precise mechanical alignment.
Stage 4: The forming system initiates the vacuum sequence using a pump and a
pressure sensor to ensure the sheet conforms strictly to the mold geometry. After
a stabilization period in the cooling Station, the cycle concludes, and the operator

removes the finished part.
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2.3. SPECIFIC DESIGN

Once the conceptual architecture based on manual sheet feeding was defined, the
specific design focused on the detailed engineering of each subsystem. The main
objective was to integrate the stages of raw material supply, heating, vacuum forming,
and cooling. This design ensures rigorous control of critical variables such as softening
temperature and cycle times, guaranteeing that the final product meets the structural

rigidity standards for consumer goods storage.

2.4. MATERIAL SELECTION

To justify the selection of the raw material, a comparison was made between the three
most common polymers in the thermoforming industry for food packaging: Polyethy-
lene Terephthalate (PET), High Impact Polystyrene (HIPS), and Polyvinyl Chloride
(PVC).

» PET (Polyethylene Terephthalate): Selected for its high transparency, mechanical
strength, and 100% recyclability2. It maintains a stable thermal window between

120°C and 140°C.

« HIPS (High Impact Polystyrene): Although it is easier to thermoform due to low
thermal shrinkage, its lack of transparency makes it unsuitable for quail egg trays,

where product visibility is a commercial requirement.

» PVC (Polyvinyl Chloride): Despite its low cost, it was discarded due to the emis-
sion of toxic gases during heating and its lower environmental sustainability com-

pared to PET.

The material selected after the initial analysis was PET plastic, widely used in the
food industry and valued for its excellent surface finish and post-processing structural
rigidity. A roll 1 mm thick and 350 mm wide was chosen; these dimensions served as

the basis for the structural sizing and design of the rest of the machine’s components.
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Among its most outstanding technical properties are high stability and rigidity, good
abrasion and tear resistance, and favorable sliding characteristics. The material also
offers chemical resistance to dilute acids, aliphatic and aromatic hydrocarbons, oils,
greases, and alcohols. It is weather-resistant and has good electrical insulation prop-
erties.

It was proposed that the roll be segmented into sheets 350mm x 270mm long, with
the aim of placing a die that can mold two egg trays on a single sheet (placed parallel
to each other), each tray would have a maximum storage capacity of 15 quail eggs,

which would fall within the required product range in one tray.

2.5. PRODUCT AND MOLD DESIGN

The design of the mold constitutes a critical stage that bridges the product’s physical
requirements with the mechanical capabilities of the vacuum thermoforming process.
The mold design utilized the average dimensions of the product as a primary reference,
based on studies reporting an average longitudinal diameter of 22.3540.06 mm.Priority
was given to a geometry that optimizes the vacuum thermoforming process, ensuring
a balance between production speed and structural integrity. In accordance with es-
tablished industrial standards for thermoplastic processing, the following fundamental

geometric characteristics were incorporated:

- Draft Angle: A draft angle between 3° and 5° was implemented on all vertical

walls to facilitate efficient part release.

» Transition Radii: Generous radii were applied at transitions and corners to en-

sure uniform material distribution and prevent localized thinning.

« Edge Optimization: Sharp edges and pronounced right angles were avoided to

mitigate the risk of material tearing during the high-speed demolding phase.

The resulting convex profile of the mold aligns with the natural morphology of the qualil

egg, which inherently facilitates the release of the PET sheet after the cooling stage.
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2.5.1. Comparative Analysis and Mold Material Selection

The thermodynamic performance of the mold is essential for maintaining a high pro-
duction rate. While stainless steel was initially considered for its hygienic properties,
6061-T6 Aluminum Alloy was selected for the manufacturing of the mold block. This

decision is justified by the critical difference in thermal conductivity,

Table 2.1. Comparison of thermal properties for mold materials

Material Thermal Cond. (IW/m - K) | Impact on Production Cycle
AISI 304 Stainless Steel ~ 16 Slow heat dissipation; extended cycle times.
6061-T6 Aluminum ~ 167 Rapid solidification; high efficiency.

The high thermal conductivity of aluminum allows the PET sheet to dissipate heat
rapidly, enabling the polymer to solidify in significantly reduced times. This property
ensures an efficient production cycle without requiring complex active cooling systems.
To satisfy food safety (FDA) requirements and ensure wear resistance, the aluminum
mold undergoes a hard anodizing surface treatment. This coating provides a non-
porous ceramic surface that is easy to clean and possesses high surface hardness,
eliminating risks of contamination and corrosion.

For the clamping frame and perimeter support, AlSI 304 Stainless Steel is utilized.Its
austenitic structure provides excellent corrosion resistance to ambient humidity and
cleaning agents (CIP processes). This material is ideal for structural components that

require indirect food contact, ensuring a hygienic and durable production environment.

2.6. MECHANICAL AND PNEUMATIC DESIGN

The pneumatic actuation mechanism is designed to raise and lower the mounting
frame and the PET sheet during the forming cycle. The design incorporates two
cylinders operating in parallel to ensure balanced movement and prevent structural

stick-slip phenomena.
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Load Estimation (Static Analysis)

The masses of the moving components were calculated using the physical proper-
ties from the Autodesk Inventor software. The density of AISI 304 Stainless Steel
(p ~ 8 g/lcm®) was used for all structural elements, prioritizing hygiene and corrosion

resistance throughout the assembly.

* Moving Base Frame Mass (My,..): 0.972 kg
« Clamping Frame Mass (M 4my): 1.024 kg

» PET Sheet Mass (Mpgr): 0.146 kg

The total mass to be displaced (M) and the total weight (W) are defined as follows:

My = "m; =0.972 + 1.024 + 0.146 = 2.142 kg (2.1)

Wr = My -g=2142kg - 9.81 m/s* ~ 21.01 N (2.2)

Design Force and Safety Factor

To compensate for dynamic seal friction, pressure losses in pneumatic lines, and to

ensure adequate acceleration (n ~ 80%), a Safety Factor (S;) of 1.4 was applied.

Freq =Wz -S;=21.01N-1.4~2941 N (2.3)

Given that the load is symmetrically distributed between two actuators, the required

force per cylinder is:

F’re
Fop = 7‘1 — 1471 N (2.4)

Piston Diameter Selection

Considering a standard industrial line pressure of P = 4 bar (0.4 MPa), the required

effective area (A,.,) is calculated as:
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F., 14.71 N _
Aoy = =2 = =3.68 x 107°> m? 25
*= 7P 100,000 Pa 8 (2.5)
The theoretical diameter (D,.,) required is:
4-A
Dieo = ™ ~ 6.84 mm (2.6)
T

Although the theoretical calculation suggests a minimum diameter of ~ 7 mm, the final
selection is constrained by the required operating stroke of 200 mm.Under the ISO
6432 standard for micro-cylinders, smaller diameters (8 mm or 10 mm) are generally
not manufactured with such long strokes due to the critical risk of rod buckling under
load. The smallest standard commercial diameter that guarantees structural stability

for a 200 mm stroke is 12 mm.

Table 2.2. Technical specifications for DSNU cylinders (Diameters 8-20 mm) [3]

Piston [mm] |8 10 |12 16 | 20

Conforms to standard | ISO 6432

Pneumatic connection | M5 | G1/8

Piston rod thread | M4 | M6 | M8

Stroke [mm] [1..100 | 1...200 | 1...320
|

Design structure Piston / piston rod / cylinder barrel

Cushioning
DSNU-...-P Elastic cushioning rings/plates at both ends
DSNU-...-PPV - | Adjustable cushioning at both ends
DSNU-...-PPS - | Self-adjusting cushioning
Cushioning length [mm]
DSNU-...-PPV - 9 12 15
DSNU-...-PPS - 12
Position detection | For proximity sensor
Type of mounting \ Direct mounting (only MH variant) / With accessories
Mounting position | Any

This actuator generates an advance force of 45.2 N at 4 bar, significantly exceeding

the required force (14.71 N), thus validating its functional and mechanical suitability.
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2.7. HEATING SYSTEM DESIGN

The thermal conditioning stage is critical to ensure the plasticity of the PET sheet with-
out degrading its optical properties or mechanical strength. The system is designed
to raise the polymer temperature from room temperature (25°C) to the glass transition
and forming range (115°C - 140°C) within a controlled cycle. Based on the thermo-
physical properties of polyethylene terephthalate (PET) [24], and the dimensions of

the sheet to be processed, the energy required for the phase change was determined.
« Specific Heat Capacity of PET (C,): ~ 1300 J/(kg -° C)
» Sheet Mass (m): 0.146 kg

» Target Temperature Rise (AT): 95°C (considering a thermal jump from 25°C to

120°C)

The required heat energy (Qpgrr) is calculated using the fundamental calorimetry

equation:

QPET:m-Cp-AT

Qper = 0.146 kg - 1300 -95°C = 18,047 J

J
kg-°C
Power Sizing

To meet the functional requirement of producing one tray per minute, a maximum
heating time (¢) of 30 seconds was established, leaving the remainder of the cycle

for forming, cooling, and ejection stages. The theoretical power (P,;.,) required is:

Qprer 18,047 J
Ptheo = =
t 30s

~ 60157 W (2.8)

Since infrared radiation heating involves significant losses due to convection to the

surrounding air and dispersion of radiation not absorbed by the material, a Safety
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Factor (Sy) of 2.0 was applied. This safety margin also provides operational flexibility

to process thicker gauge sheets in future applications.

Piotat = Piheo - Sy = 601.57 W - 2.0 =~ 1203 W (2.9)

Heater Selection

To ensure uniform heat distribution over the effective working area (350 mm x 270 mm)
and avoid the formation of "cold spots” that result in uneven thickness in the final
product, a modular configuration of medium-wave ceramic infrared elements (FQE -

Full Quartz Elements) was selected.

» Configuration: 4 quartz/ceramic heating elements of 400 W each, arranged

equidistantly over the molding area.

» Total Installed Power: 4 x 400 W = 1600 W.

The installed power (1600 W) exceeds the design requirement (1203 W), ensuring that
the system reaches the set-point temperature within the stipulated time without need-
ing to operate the elements at 100% capacity, which significantly extends the lifespan

of the resistors.

2.8. VACUUM SYSTEM DESIGN

The final forming stage uses negative pressure to mold the heated PET sheet against
the die. The goal is to achieve a "low vacuum” level, as the packaging application does
not require the microscopic level of detail demanded in other high-precision industries.
It should be noted that any pressure below standard atmospheric pressure (101.325
kPa or 760 Torr) is considered a vacuum. For this design, the reference parameters are
established using inches of mercury (inHQ), a traditional unit representing the pressure
exerted by a one-inch column of mercury at 0°C. Commonly used in North America

and in the HVAC(Heating, Ventilation, and Air Conditioning) sector, inHg measures
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Table 2.3. Applications and vacuum levels [4]

Vacuum level Pressure (Torr) Pressure (Pa) Molecules / m3 Applications

Atmospheric pressure 760 101.3 kPa 2.5 x 10% Standard environment

Low vacuum (rough) 25-760 3kPa—-100kPa | 8.1 x 102 —2.5 x 10% | Material handling, packaging
Medium vacuum 10-3-25 100 mPa—-3kPa | 3.2 x 101 — 8.1 x 10% | Scientific experiments

Semiconductor manufacturing,
electron microscopes

Particle accelerators,

surface science

Space simulation,

advanced research

High vacuum 107° - 1073 100 nPa— 100 mPa | 3.2 x 10 — 3.2 x 101°

Ultra-high vacuum (UHV) 10712 —107° 100 pPa— 100 nPa | 3.2 x 10! — 3.2 x 10"

Extremely high vacuum < 10712 < 100 pPa < 3.2 x 1010

vacuum as a differential pressure relative to the atmosphere, where an absolute vac-
uum corresponds to 29.92 inHg at sea level [4]. It is crucial to consider the theoretical
limit of the process: the maximum force that compresses the plastic against the mold
is the weight of the atmosphere itself (14.7 psi or 1 bar). Regardless of the power of
the selected pump, it is physically impossible to exert a forming force greater than this
value; therefore, pump sizing focuses on the evacuation speed (flow rate) and not on

exceeding this limiting force.

Design Parameters

To size the pump flow rate, the total volume to be evacuated and the maximum allow-

able time within the production cycle were considered.

» Volume to Evacuate (17): 0.1984 L (Sum of mold cavity and hose internal vol-

ume).

Initial Pressure (P;,;;): 1000 mbar abs (Standard atmospheric).

Target Pressure (Py;,q): 31.15 mbar abs (Equivalent to ~ 29 inHg, considered

optimal for PET thermoforming).

Evacuation Time (¢): 1.5 seconds.

Suction Flow Rate Calculation

The required volumetric flow rate (.S) is determined using the pump-down equation:
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S — Z n F)im't
t Pfinal

_ 0-195‘; =N (@) ~ 0.450 L/s (2.10)

31.15

S =~ 1.65 m?/h

Based on the calculated minimum flow rate, a rotary vane vacuum pump was selected.

« Selected Equipment: Vacuum Pump with 1.2 CFM capacity (2.04 m3/h).

» Oversizing Margin:

Margin = % ~ 23.6% (2.11)

This 23% capacity margin ensures the mold reaches the target negative pressure

in 1.5 seconds or less, compensating for potential minor seal leaks.

To optimize performance and automate the cycle, two auxiliary components are inte-

grated:

1. Vacuum Reservoir (Surge Tank): Essential for absorbing instantaneous air de-
mand during valve opening.The volume of the storage tank should be 2.5 times

greater than the volume between the mold, the vacuum box, and the tubing [7].

2. Absolute Pressure Transducer: This sensor measures the actual pressure in-
side the cavity relative to a perfect vacuum. It provides a standard analog signal
(4-20 mA) to the PLC, allowing precise automation of the vacuum cycle and fault

detection.



Chapter 3
RESULTS

To verify the analytical design parameters and ensure the functionality of the ther-
moforming machine’s operating cycle, a computational validation strategy was imple-
mented, divided into three domains: thermal analysis of the heating chamber, rhe-
ological simulation of the forming process, and kinematic validation of the operating
sequence. The Solidworks platform (thermal study), ANSYS Workbench (Polyflow
Classic module), and the Unity 3D development environment were used for system

integration.

3.1. THERMAL VALIDATION OF HEATING SYSTEM (SOLIDWORKS)

The objective of this study was to verify the temperature uniformity on the PET sheet
and the energy efficiency of the oven. A control volume was defined that included
the quartz heaters, the reflective walls, and the target polymer.Due to the absence of
predefined libraries for specific components, custom materials were configured in the
preprocessor.

Reflectors (Oven Body): A polished 6061 aluminum alloy was modeled. A high
thermal reflectivity (~ 95%) and a reduced emissivity of ¢ = 0.1 were assigned in
order to maximize the radiation incident on the material and minimize losses to the
outside.A thermal conductivity & in the range of 160 — 200 W/m - K was considered to
avoid localized hot spots.

Heating Elements: The resistors were defined with quartz properties, assigning an
internal heat generation power of 400 W per element as prevosuly domentioned.

PET Sheet: An emissivity of ¢ = 0.9 was assigned on the face exposed to radiation, a
characteristic value for the thermal absorption of thermoplastic polymers.

The analysis was configured as a steady-state surface-to-surface radiation problem.

Environmental conditions were established by simulating a standard industrial building:

26
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Table 3.1. Mean surface temperature and power density for Standard FQE range [5]

Power Mean Surface Temperature Max Power Density

(W) (°C) (kW/m?)
250 W 438 15
400 W 542 24
500 W 593 30
650 W 664 39
750 W 690 45
1000 W 772 60

* Ambient temperature: Ty, = 20 °C.

- Convection coefficient: A conservative coefficient of 4 = 5 W/m? - K was ap-
plied, assuming natural convection in a closed environment, which validates that

radiation is the predominant energy transfer mechanism.

Initially, the system was evaluated under steady-state conditions to verify the heating
capacity of the resistors. As shown in Figure 3.1, the heat on the sheet is distributed
uniformly. The simulation corroborated the manufacturer’s data, where the sized 400

W heaters reach an average surface temperature of 542 °C.

WTIpSSTIEMDS OF SULILWLIRRS | SULILIMVLIKAS LA | SSmEation

483

Figure 3.1. Steady state analysis

However, the simulation indicated that, under prolonged exposure (steady state), the
sheet would reach temperatures between 350-370 °C. These values are atypical and

excessive for the thermoforming process, as they would degrade the material, leading
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it to a viscous/liquid state. Therefore, it is concluded that process control should be

strictly governed by transient exposure times and not by thermal equilibrium.

3.1.1. Transient State Analysis and Heating Curves

To determine the actual heating time, a transient simulation was configured with a
total time of 600 s and sampling intervals of 60 s. The objective was to identify the
moment when the sheet reaches the thermoforming temperature (115-140 °C). Three
scenarios were evaluated by varying the distance between the emitter and the receiver,

and the initial conditions

3.1.2. TEST 1 (Distance 65 mm - Cold Start)

Test 1 (Distance 65 mm - Cold Start): With a separation of 65 mm, the central nodes
of the sheet took between 340 and 360 s to reach the target temperature. The edges
of the sheet did not reach the glass transition temperature within this timeframe, indi-
cating in Figure 3.2 the inefficiency in heat transfer under these conditions .

300,00

200,00

100,00

0.00- - - - - - . H i —
60,00 120,00 180,00 240,00 300,00 360,00

Tiempo (segundos)

Hodo 33114 - Nodo 34070 - Nodo 33417 - Nodo 26764

326,599, 120,696

Figure 3.2. PET Sheet and Heater temperatures at a distance of 65mm

3.1.3. TEST 2 (Distance 40 mm - Cold Start)

By reducing the distance to 40 mm (less than the 5 cm recommended by the man-

ufacturer, but adjusted for optimization), the time was reduced. The central nodes
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reached the forming temperature between 280 and 300 s.However,as shown in Figure
3.3, the quartz resistor had not yet reached its nominal temperature during this period,

remaining close to 300 °C.

300,007

200,007

Temg (Golsius)

100.00] B e

0,00
60.00 108,00 156,00 204,00 252,00 300,00
Tiempo (sequndos)

Nodo 33037 - Nodo 34046 = Nooo 33111 - Moo 23611

Figure 3.3. PET Sheet and Heater temperatures at a distance of 40mm

3.1.4. TEST 3 (PREHEATING)

The process shown in Figure 3.4 was simulated assuming that the quartz resistors
were already at their nominal operating temperature (542°C) when the sheet was in-
troduced. Under this condition, the PET sheet reached the forming temperature in less

than 30 seconds.

600,00+
500,00} —— T T S |

400,007

Temp (Celsis)

300,001

200,00} :

10000 : i ; i . i : : ’ ;
30,00 72.00 114,00 156,00 198,00 240,00

Nodo 33000 — Modo 34052 - Nodo 33418 ——  Nodo H3I70

Figure 3.4. PET Sheet and Heater temperatures with initial working temperature of
Quartz elements



30

This final test illustrated in Figure 3.5 validates that, in order to meet the estimated
production cycles, the machine must operate with a preheating system or keep the
heating elements on between cycles, allowing for fast forming times in accordance

with the design.

Complementos de SOLIDWORKS | SOLIDWORES CAM  Simulation
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Figure 3.5. Transient State Analysis

3.2. THERMOFORMING PROCESS SIMULATION(ANSYS)

To evaluate the material’s behavior during molding, the ANSYS Polyflow solver, spe-
cialized in polymer flows and large deformations, was used.

A. Discretization and Meshing: An adaptive mesh was generated on the surface
of the PET sheet and the mold geometry. Due to computational node restrictions in
the academic license used, a simplification of the mold topology was applied, priori-
tizing mesh refinement in the areas of greatest curvature where the greatest material
stretching is expected.

B. Process Parameters: The model was configured as a vacuum forming process,

defining the following interaction parameters:

« Vacuum Pressure: A differential pressure of 91400 Pa (approx. 90% abso-
lute vacuum) was applied, corresponding to the capacity of the selected vacuum

pump (27 inHg).
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» Constraints: Zero displacement boundary conditions were applied to the edges

of the sheet, simulating the mechanical action of the clamping frame.

» Cycle Time: The deformation interaction was evaluated in a time window of 1.5

s, coinciding with the vacuum application phase.

The results, presented in Figure 3.6, show the thickness distribution after forming.
Maximum stretching is observed on the vertical walls of the mold (areas of greater
tension), represented in yellow/orange.The faces opposite the base of the mold and
the settling areas maintain an optimal thickness of between 0.9 and 1.0 mm.

This distribution is favorable for the application of egg cartons by it structural integrity,
as it maintains rigidity at the vertices and the base, critical areas to avoid fractures due
to impact or handling. It is important to note that the design considered the Plastiglas
guidelines, assuming a shrinkage of 2% in both directions and a thermal contraction of
0.6% to 1% upon cooling. It should be mentioned that the simulation did not consider
thermal variations of the material during deformation (simplified isothermal process),

which could slightly influence the definition of minor details such as the closing ribs.

3.3. KINEMATIC AND SEQUENTIAL VALIDATION (UNITY 3D)

A preliminary prototype was developed in the Unity environment to validate the control
logic, collision detection, and machine cycle times. The geometry was imported in
OBJ format from Autodesk Inventor. The flowchart shown in Figure 2.4 was used as a
guide for the cycle.

Each component (pistons, frame, plate) was assigned physical properties (Rigid Body,
Mesh Collider) and hierarchical relationships. The kinematics of the pneumatic actua-
tors were programmed using C# scripts, employing analytically calculated velocities to

ensure physical realism.
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Figure 3.6. PET Sheet thickness in vacuum forming

3.3.1. Pneumatic Actuation Calculation

To ensure the simulation reflected realistic dynamics, the velocity of the pneumatic
cylinders was calculated analytically rather than arbitrarily assigned. Considering a
system pressure (P) of 4 bar and a required force (F') of 45.2 N, the effective piston

area (A) was verified as:

F 452 N

A:—:—
P 4x10°Pa

~1.13x107* m? (3.1)

This confirms a piston diameter of approximately 12 mm. Assuming a standard valve
flow rate (Q) of 60 NI/min (0.001 m3/s), the theoretical maximum velocity (vy,) is:
Q 0.001 m3/s

=X = ~ 8.85m 2
ST T 10 me S s (3:2)

However, for operational safety and process control, flow regulation valves are em-
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ployed. Consequently, the simulation velocity was set to a practical value of 0.3 m/s.
The resulting cycle time (t) for a 200 mm stroke is:
d 0.2m

t= = ~0.67s 3.3
Vprac 0.3 m/s (3:3)

This calculation validated the programmable logic controller (PLC) sequence, ensuring
the machine achieves the target production rate of one tray per minute (including 30 s
heating, forming, and ejection).

The simulation allows visualization of the process stages (loading, heating, forming,
cooling, and ejection) in real time, as can be observed in Figure 3.7. The coordination
of the pneumatic cylinders movement and the stable clamping of the sheet metal by

the frame were validated.

(a) STAGE 1 - Material Loading (b) STAGE 2 - PET Sheet Heating

h\-l

-/mn mu.

\o

(c) STAGE 3 - Vacuum Forming (d) Stage 4- Formed PET Sheet

Figure 3.7. Thermoforming machine sequence

The sequence in Unity corresponds to the logic programmed in a Ladder diagram (see
Appendix ), validating the PLC’s inputs (limit switches, emergency stop button, start)
and outputs.The virtual environment confirms that the spatial arrangement of the struc-

tural elements is correct and that the kinematics of the mechanism meet the design
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constraints, demonstrating that the prototype is functional, compact and scalable for

different forming matrices.



Chapter 4
CONCLUSIONS AND RECOMMENDATIONS

4.1. CONCLUSIONS

Heat transfer analysis confirmed that the 400 W resistor configuration ensures uniform
heat distribution. Transient studies determined a preheating time of 30 s, achieving a
balance between the thermal inertia of PET and energy savings.

The designed vacuum system reached the necessary pressure levels to ensure the
geometric replicability of the mold. The suction flow was verified to maintain the struc-
tural integrity of the egg tray, resulting in consistent wall thicknesses between 0.7 and
1.0 mm.

The mechanical architecture were validated in a virtual environment to achieve precise
synchronization of the pneumatic and thermal stages.

Functional tests on the virtual prototype demonstrated the technical feasibility of the
integrated system, satisfactorily meeting design standards and enabling parallel pro-
duction of two units per cycle without spatial collisions.

In conclusion an automated manufacturing system was successfully consolidated, in-
tegrating mechanical design, pneumatics, and thermal system, ensuring a continuous

and efficient production flow for the manufacture of plastic buckets.

4.2. RECOMMENDATIONS

For the subsequent physical implementation phase, it is proposed to integrate a closed-
loop PID control system . This hardware integration is essential to stabilize the quartz
emitter temperature at its nominal operating setpoint of 542°C for cycle start.

To facilitate operation and diagnostics, it is recommended to develop a graphical in-
terface (HMI). This would allow for real-time visualization of temperatures, pressures,

actuator status, and cycle counters, as well as enabling safe parameter adjustments.

35
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It is essential to establish a preventive maintenance plan for pneumatic actuators and
solenoid valves. In addition to using filtered and lubricated air,to detect wear or syn-
chronization failures early.

To increase robustness, the integration of a vision camera could be explored. This
would allow for verification, before molding, of the correct position,temperature and

presence of the PET sheet, preventing empty cycles or potential damage to the mold.
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