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ABSTRACT: The paper analyzes unfair terms found in mobile telephony
contracts in Romania, focusing on the contracts provided by Orange Romania
and Digi Communications. The study examines aspects such as contractual
duration, termination penalties, unilateral modification of contractual
conditions, and tariff transparency.

The research is based on the legislative framework regarding consumer
protection and is complemented by a questionnaire applied to telecom service
users. The results highlight issues related to insufficient information, unclear
costs, and difficulties in resolving contractual disputes. The main conclusion of
the study is that contractual transparency must be improved in order to ensure
effective consumer protection.

KEYWORDS: unfair clauses, consumer protection, telecommunications,
contractual transparency, mobile telephony.

1. Introduction

In the current context of the telecommunications services market, characterized by a high
degree of digitalization and intense competition among operators, consumer protection has
become an essential aspect of the relationship between providers and users. Mobile telephony
contracts represent the main legal instrument through which the rights and obligations of the
parties are established; however, their complexity and lack of transparency may generate
significant imbalances to the detriment of consumers. In this context, identifying and
analyzing unfair contractual terms are necessary steps to ensure a fair and equitable
contractual environment. [1][2]

The present paper aims to analyze, in a comparative manner, the contracts and commercial
practices of the main mobile telephony operators in Romania, such as Orange Romania,
Vodafone Romania and Digi Mobile. The study seeks to highlight how contractual clauses are
formulated, the degree of transparency of the offers, and the existence of practices that may be
considered unfair or misleading. [3] In addition, aspects such as the structure of subscriptions,
termination conditions, promotional strategies and the accessibility of information for
consumers are also analyzed.

2. Current State

Introductory Concepts

An unfair clause represents a contractual provision imposed by the professional, which
has not been directly negotiated with the consumer and which creates a significant imbalance
between the rights and obligations of the parties, to the detriment of the consumer. Such
clauses frequently appear in standardized contracts, where the consumer has a limited role and
is required to accept the imposed conditions. [1] In the field of mobile telephony, these may
include, for example, excessive penalties for contract termination or the operator's right
to
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unilaterally modify contractual conditions. The identification and elimination of such clauses are
essential for protecting consumers and ensuring a fair contractual relationship, under the supervision of
institutions such as the National Authority for Consumer Protection. [4]

According to Law no. 193/2000 on unfair terms, Article 4, paragraph (1): "A contractual clause that
has not been directly negotiated with the consumer shall be considered unfair if, by itself or together with
other provisions of the contract, it creates, to the detriment of the consumer and contrary to the
requirements of good faith, a significant imbalance between the rights and obligations of the parties." [1]

Paragraph (2): "In case of doubt regarding the interpretation of contractual clauses, they shall be
interpreted in favor of the consumer."

In the field of mobile telephony services, these aspects are particularly relevant, considering the
diversity of offers and the complexity of the services provided. Mobile telephony contracts frequently
include clauses regarding the minimum contractual period, termination penalties, unilateral
modification of conditions or limitations of services promoted as "unlimited". In certain situations, such
clauses may be considered unfair if they significantly affect the contractual balance. Paragraph (2) of
the same article also specifies that a clause is considered non-negotiated when it has been established in
advance by the professional, namely through the standard contract used by operators such as Orange,
Vodafone, Digi etc., and the consumer could not influence its content.

In order to correctly understand the contractual relationships analyzed, it is necessary to define the
concepts of "consumer" and "professional", according to Government Emergency Ordinance no.
34/2014. Thus, the consumer is defined as any natural person or group of natural persons acting for
purposes outside their commercial or professional activity. On the other hand, the professional represents
any natural or legal person, public or private, acting within their commercial, industrial or production
activity, in relation to contracts concluded with consumers. In the context of mobile telephony services,
telecom operators fall into the category of professionals, while service users are considered consumers,
this distinction being essential for assessing the unfair nature of contractual clauses. [2]

According to Article 6, "Information requirements for distance contracts and off-premises contracts",
paragraph (1) of Government Emergency Ordinance no. 34/2014, the professional has the obligation to
provide the consumer with clear and intelligible information before the conclusion of the contract. Thus,
the main characteristics of the services are provided under letter a), the total price under letter e), the
duration of the contract and termination conditions under letter o), and the right of withdrawal under
letter h). [2]

The consumer has the right to withdraw from a distance or off-premises contract within 14 calendar
days, without having to justify the decision and without bearing any costs other than those provided by
law. (Article 9 of Government Emergency Ordinance no. 34/2014) [2]

Law no. 363/2007 on combating unfair commercial practices establishes the legal framework for
protecting consumers against misleading and aggressive behavior by professionals. According to this
law, practices that mislead the consumer or may affect their economic decision are considered unfair,
either by providing false information or by omitting essential information. In the field of mobile
telephony, commercial offers may include statements such as "unlimited" or "free", which, in reality, are
subject to restrictive conditions that are insufficiently highlighted. Also, the unclear presentation of costs
or contractual conditions may constitute a misleading omission, affecting the consumer's ability to make
an informed decision. [3]

Identification of contractual clauses

The present paper analyzes the contracts offered by Digi Communications for internet services
and Orange Romania for telephony services, aiming to identify the main clauses regarding service
provision, tariffs, contract duration and the responsibilities of the parties.
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Consumer orientation in the field of mobile telephony services involves ensuring transparency
and contractual balance between the provider and the user. Telecommunications operators must
demonstrate responsibility by formulating contractual clauses clearly and accessibly, so that consumers
can fully understand the rights and obligations they assume.

a) Contractual conditions are clearly presented, including tariffs, contract
duration and termination conditions;

b) The risks that may affect the consumer are identified and managed, such as
penalties or unilateral modifications of the contract;

¢) a high level of transparency is maintained, contributing to increased customer
trust and satisfaction. [5][6][7]

The table below summarizes the main characteristics of the contracts offered by the analyzed
operators, highlighting how they structure their contractual clauses.

Table 1. General elements of the analyzed

contracts.
. Main contractual | Possible risks for the
Operator Type of service
elements consumer
Various  subscriptions, Unilateral chanees
Orange Romania [Mobile telephony contractual duration, o £°5,
. additional costs
included benefits
.. . . Service limitations
Digi Low tariffs, integrated L
. Internet . clauses regarding
Communications services e
availability

Among the analyzed operators, the contracts offered by Orange and Digi were selected for
further examination due to their widespread use and their impact on consumers m Romania.
The main types of clauses identified in the contracts will be analyzed, namely:

1. Clauses regarding contractual duration;

2. Termination clauses and penalties;
3. Clauses regarding unilateral modification;
4. Clauses referring to tariffs and included services.

Orange Romania
The mobile telephony contracts offered by Orange include a wide range of subscriptions and
benefits; however, they may contain clauses referring to the m1mmum contractual period and penalties
in the event of early termination. Moreover, there are provisions regarding the possibility of modifying
certain contractual conditions, which may affect transparency for consumers. [5]

Digi Communications
The contracts for internet services offered by Digi are characterized by competitive tariffs and
simplicity; however, they may include clauses regarding service availability and the technical conditions

for service provision. In some cases, information regarding service limitations may be insufficiently
detailed. [6]

The analysis of these contracts shows that, although operators attempt to meet consumer
requirements, certain clauses may generate contractual imbalances, making a careful evaluation
necessary in order to identify potential unfair terms.

1. Clauses regarding contractual duration

Following the analysis of the contract provided by Orange Romania, it was found that there is a
minimum contractual commitment period, which may require the consumer to remain bound by the
contract even if the quality of the service decreases and the price increases. "Orange reserves the right to
increase tariffs annually, automatically, according to the inflation index (HICP), by up to 8%, without

3
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requiring the customer's consent." As a result, the consumer cannot predict the final long-term price of
the service. [5]
In the case of Digi Communications, the contractual duration is not clearly specified. [6]

2. Termination clauses and penalties

According to the analyzed contract for Orange Romania mobile telephony services, Article 4.3
states that the customer shall pay "compensation" calculated based on the benefits granted if the contract
is terminated before the agreed term. The article suggests that there is no clear mathematical calculation
method, meaning that the consumer cannot anticipate the cost of termination, which may restrict their
legal right to terminate the contract. [5]

Termination clauses and related penalties represent essential elements in the Digi Communications
internet contract, as they regulate the conditions under which a consumer may end the contractual
relationship. These provisions establish both the user's rights and the possible additional costs that may
be borne in the event of early termination. Annex 3, Clause
7.b states that: "Failure to return the modem within 10 days]...] constitutes breach of trust[...] and entails
the payment of compensation.”" Classifying a civil matter as a criminal offence, namely breach of trust,
may be considered an intimidation technique. The penalty is often disproportionate to the market value
of used equipment, thus violating the principle of protection against excessive penalty clauses. [6]

3. Clauses regarding unilateral modification

In the case of the Orange Romania mobile telephony contract, Article 3.4 provides the right to
automatically increase tariffs in line with inflation, by up to 8%, "without any further formality or consent
from the Customer being required." This represents an unfair clause concerning the unilateral
modification of the price. Law no. 193/2000 stipulates that any price modification must allow the
consumer to terminate the contract immediately, without penalties. By "automating" this process, the
provider attempts to eliminate the customer's right to refuse the new condition. [1][5]

In the case of Digi Communications, Annex 12, Point 7.b states that: "The operators may unilaterally
modify/add/remove facilities [...] without prior notification to the User," which grants the provider
discretionary power over the subject matter of the contract. [6]

4. Clauses referring to tariffs and included services

The mobile telephony contract offered by Orange Romania includes specific provisions regarding
termination and applicable penalties, as shown in the following contractual excerpt: Annex 3, Clause 7.b:
"Failure to return the modem within 10 days [...] constitutes breach of trust [...] and entails the payment
of compensation." The clause redefines the meaning of the term "unlimited". Although the subscription
is marketed as unlimited, the provider introduces a threshold of 300 GB/month and a prohibition on
"continuous traffic", under the sanction of severe technical limitations. [5]

In the case of the services provided by Digi Communications, the clauses regarding contract
termination and possible penalties are formulated as follows, according to the following excerpt from
the contract: DIGITAL CABLE SYSTEMS ensures service availability 24 hours a day. [6] The customer
accepts a minimum service availability of 90% for the billing period. The provider limits its liability for
service interruptions. The customer pays 100% of the tariff, while accepting through the contract
that the service may be
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unavailable for approximately three days per month without any compensation. In the Digi contract,
Annex 12 - Information regarding the processing of personal data / My Account Service, point g) states
that the User understands and agrees that the information displayed through the Service, including but
not limited to information regarding invoices, payments, consumption etc., is presented for informational
and provisional purposes and cannot be the subject of any complaints or legal actions, the only
information that may be used for such actions being that confirmed in writing by the Operators. [6] This
is a clause that limits the consumer's fundamental right to defense and access to justice by prohibiting
the use of evidence provided by the operator.

The analysis of the contracts offered by Orange Romania and Digi Communications highlights the
existence of clauses that may create significant imbalances between the rights and obligations of the
parties, to the detriment of the consumer. Aspects such as the imposed contractual duration, penalties
that are difficult to anticipate, the possibility of unilateral modification of conditions or the limitation of
the provider's liability raise concerns regarding compliance with the principles of transparency and
contractual fairness.

Furthermore, certain analyzed provisions may be considered restrictive or even unfair, especially in
situations where they limit the consumer's fundamental rights, such as the right to terminate the contract
or access to means of defense. The lack of clarity in the wording of certain clauses and the use of
ambiguous terms contribute to the difficulty consumers face in making informed decisions.

2. Data collection - the questionnaire

The questionnaire was distributed to 100 people selected from among active users of mobile
telephony services in Romania. The collection of responses took place over a one-week period,
between 04.05.2026 and 11.05.2026, at the end of which 55 complete responses were recorded. The
questionnaire included 17 questions, structured into four distinct thematic categories according to the
area of interest investigated.

The application of the questionnaire was based on several research hypotheses, formulated in
order to assess consumers' perception of mobile telephony contracts and the level of contractual
transparency in the telecommunications sector. The main objectives pursued were to verify the extent to
which consumers read and understand contractual clauses in the online environment, to evaluate the level
of information regarding consumers' rights when concluding a contract, and to identify the existence of
possible unfair clauses in telecom operators' contracts.

The research also aimed to identify the frequency of these clauses and to classify the main
problems encountered by users in their contractual relationship with mobile telephony operators. At the
same time, the questionnaire sought to analyze consumer behavior in conflict situations and to assess
their willingness to file complaints when they consider that their rights have been affected.

For a clear and structured analysis of the results obtained, the interpretation of the questionnaire was
carried out across three main areas of interest: demographic data, data regarding the operator used, and
aspects related to the contract, costs, termination and problems encountered by consumers in their
contractual relationship with mobile telephony operators.

1. Demographic data

The first category aims to outline the general profile of the respondents by analyzing their distribution
according to age and gender, aspects that are relevant for identifying the consumer segments
participating in the study.
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Analyzing the data obtained regarding the distribution of respondents by age and gender, it can be
observed that the largest category is represented by people aged between 18 and 25, accounting for 30.9%
of the total respondents. This indicates an increased interest among young people in mobile telephony
services and in the issue of contractual transparency, considering their frequent use of digital
technologies and their high level of interaction with telecom operators. The other age categories are
relatively evenly distributed, which contributes to obtaining a varied perspective on consumers'
experiences.

From the gender perspective, most respondents were female, representing 63.6%, while male
respondents accounted for 36.4% of the total participants. This difference may be influenced by a greater
willingness among women to participate in surveys or by the way in which the questionnaire was
distributed in online environments.

2. Gender

55 responses

17 (309 %) "
Female 35(63.6%)
e _ o

0(0%)
Prefer not to answer

1. Age

55 responses

18-25

26-35 12(21.8%)

36-50 12(21.8 %)

14(255 %)

Over 50

Fig. 1. Demographic data of the respondents.

2. Data regarding the operator

The second category aims to analyze the relationship between consumers and the mobile telephony
operators they use, by evaluating the type of service chosen, the operator used, and the period of use of
the services.

4. Operator used

i ?
3. What type of service do you use? 55 responses

55 responses

+ Subscription ! (S Orange

*+ Prepaid card € Vodafone
Digi

« Telekom

5. How long have you been using this operator's services?
55 responses
— € Under 1 year
€ 13 years

Over 3 years

Fig. 2. Distribution of respondents according to the service and operator used.
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Observation: Telekom Romania Mobile no longer operates as an independent operator, having
been taken over by Orange Romania.

Analyzing the responses in the "Data Regarding the Operator" category, it can be observed that
most respondents use subscription-based services, representing 87.3% of the total, while only 12.7% use
prepaid cards. This result indicates a strong preference for longer-term contractual relationships with
mobile telephony operators, which increases the relevance of analyzing contractual clauses and
termination conditions.

Regarding the operator used, most respondents are customers of Digi Communications (43.6%),
followed by Orange Romania (29.1%) and Vodafone Romania (25.5%). The relatively balanced
distribution among the main operators contributes to obtaining a comparative perspective on consumers'
experiences in their contractual relationship with telecom service providers.

With regard to the period of service use, most respondents (61.8%) have been using the services
of the same operator for more than three years, which highlights a high level of customer loyalty. At the
same time, this situation may indicate the existence of long-term contractual relationships, within which
consumers may be more exposed to disadvantageous clauses or successive contractual changes.

3. Contract, cost, termination and problems encountered

The third category represents the central part of the research and focuses on the level of
consumer awareness regarding contractual conditions, costs and penalties, as well as the experiences
encountered in the relationship with mobile telephony operators. This category is structured into two
subcategories: the first concerns the knowledge and transparency of contractual conditions (questions
6, 7, 8 and 9), while the second captures consumers' negative experiences and reactions in problematic
situations encountered (questions 11, 13, 14, 15, 16 and 17).

a) Contract, cost and termination (questions 6, 7, 8 and 9)

7.Were youinformed about the terminationpenalties?

6. Are you informed about the total costs of the subscription?
55 responses

55 responses

37 (67.3%)

ves Yes 38(69.1%)

No 17(30.9%)

1(1.8%)
No

Partially
17 (30.9%)

10 20 30 40
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L 9.D ider that tract cl disadvant f 2
8. Have you encountered situations in which the contractual terms © youconsider that some coniract clauses are disadvantageous for consumers

i 55 responses
were changed without your consent?

55 responses |
22 (40%)
Yes
€ Yes

*+ No
10 (18.2%)
| don't know No
23 (41.8%)
I don't know

10 15 20 25

Fig. 3. Transparency of contractual conditions and perception of contractual clauses.

Analyzing the responses regarding the transparency of contractual conditions, it can be observed that
most respondents consider that they were informed about the total costs of the subscription (67.3%) and
about the termination penalties (69.1%). However, a significant percentage state that the information was
presented only partially or insufficiently clearly.

Regarding the modification of contractual conditions, 25.5% of respondents stated that they had
encountered situations in which the clauses were changed without their consent, while 21.8% were not
sure whether this had happened. This may indicate a lack of clarity in the communication between the
operator and the consumer.

Furthermore, 40% of participants consider that certain contractual clauses are disadvantageous for
consumers, while a similar percentage (41.8%) cannot clearly assess this aspect. This highlights the
difficulty consumers face in interpreting and understanding mobile telephony contracts.

b) Problems encountered during the performance of the contract (questions 11, 13, 14,
15,16 and 17)

11. Did you discover costs or conditions that were not clearly presented initially? 13. Have you encountered situations in which the operator did not comply with

the contractual clauses?
55 responses
55 responses

Yes 21(38.2%)
Yes 23 (41.8%)
No 23 (41.8%)
No 32 (58.2%) I'm not sure 13 (23.6%)
10 15 20 25



14.If yes, what type of problem was it?

34 responses

16. Was the problem resolved satisfactorily?

37 responses

Yes

Partially

Case study on the analvsis of unfair terms in mobile telephony contracts in Romania

15. How did you react in that situation?
33 responses

e Unjustified additional costs
11.8% *  Modification of conditions without consent

Poor service quality

/ € Problems with termination

«  With this subscription | cannot make »—
calls to short numbers such as
0219346"8
€ There was none
€ loss of signal 48.5%

No

37 responses

10 15 10

Fig. 4. Problematic situations encountered by respondents and their response methods.

The responses in this category highlight the existence of problems encountered by
consumers in their contractual relationship with mobile telephony operators. A percentage of
41.8% of respondents stated that they discovered costs or conditions that had not been clearly
presented initially, which indicates a lack of complete transparency in the communication of
contractual information.

Moreover, 38.2% of participants stated that they had encountered situations in which
the operator did not comply with the contractual clauses, while 23.6% were not sure whether
this had happened. This aspect may reflect the difficulty consumers face in interpreting
contractual provisions.

Among the most frequent problems encountered were poor service quality, unjustified
additional costs and the modification of conditions without the user's consent. In most cases,
consumers chose to contact the operator in order to resolve the situation; however, the results
show that the problems were solved only partially or unsatisfactorily for a significant number
of respondents.

These results confirm the existence of real difficulties in the relationship between
operators and consumers and support the conclusions regarding the need for greater contractual
transparency.

General analysis of the responses obtained

Overall, the results of the questionnaire show that most respondents use subscription-
based mobile telephony services and have a long-term contractual relationship with telecom
operators. Although a large number of participants consider that they were informed about the
costs and contractual conditions, the responses indicate the existence of problems related to
transparency, contractual changes made without the consumer's consent and difficulties m

9

€ | contacted the operator
€ | filed a complaint (e.g.. ANPC)
| gave up the service

€ 1 took no action

17.Do you consider that the operator handled the situation correctly?

4(37.8%

( )

Yes 1
15 (40.5%)
No 9 (24.3%)
9(24.3%)
Partially
15 (40.5%)

15 (40.
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understanding certain clauses.
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At the same time, many respondents encountered situations such as additional costs,
poor service quality or unsatisfactory resolution of complaints. These aspects confirm that
certain clauses and contractual practices may affect the balance between the operator and the
consumer, supporting the need for clearer information and stronger protection of the rights of
telecom service users.

4. Conclusions

Following the analysis carried out, it can be concluded that mobile telephony services in
Romania are characterized by complex contracts, which may contain clauses likely to create
imbalances between the operator and the consumer. The study conducted on the contracts
offered by Orange Romania and Digi Communications highlighted the existence of provisions
regarding the unilateral modification of contractual conditions, penalties that are difficult to
anticipate, service limitations and clauses that are insufficiently explained to consumers.

The results of the questionnaire applied to telecom service users confirm the existence of
problems related to contractual transparency and the way operators communicate with
consumers. A significant number of respondents stated that they had encountered unexpected
costs, contractual changes made without their consent or difficulties in resolving problems
arising from the contractual relationship.

The paper highlights the importance of complying with consumer protection legislation
and the need for clearer and more accessible information regarding contractual conditions. At
the same time, it emphasizes the essential role of transparency and contractual balance in
building a fair relationship between telecom operators and consumers.

In conclusion, protecting consumer rights in the telecommunications sector requires both
effective regulation and the active involvement of users in analyzing and understanding
contracts before accepting them.
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6. Notations
The following abbreviations are used in this paper:
* ANPC - National Authority for Consumer Protection
*  GEO- Government Emergency Ordinance
* HICP - Harmonised Index of Consumer Prices
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Finite Element Analysis (FEA) is a critical computational tool in the development and
mechanical testing of biocompatible implant materials, allowing for pre-clinical
evaluation of stress distribution, fatigue life, and bone-implant interface behavior. It serves
as a cost-effective alternative to animal testing and bench testing by simulating
physiological loads, enabling the optimization of material properties and design to mitigate
risks such as stress shielding.

1. Introducere

1.1 Background

Medical device development relies heavily on the principles of materials science.
Whether designing a short-term device such as a catheter or a long-lasting implant used in
orthopedic surgery, engineers must select materials capable of functioning safely within the
human body. The progress achieved in modern diagnostics, surgical procedures, and patient
treatment has been made possible largely through the development of materials that can
withstand biological environments while maintaining their intended performance.

Examples: Orthopedic implants (hip, knee), Dental implants, Bone fixation devices,
Spinal implants.

Medical devices are manufactured from a wide range of materials, primarily including
metals, polymers, and ceramics. Each material category offers distinct physical, chemical, and
biological characteristics that determine its suitability for specific clinical applications.
Selecting the most appropriate material is a fundamental step in device design, requiring careful
consideration of factors such as mechanical performance.

Metallic Biomaterials

Metals remain among the most used materials in medical devices because of their superior
mechanical strength, durability, and resistance to repeated loading. Common metallic
biomaterials include:

e Titanium and titanium alloys: These materials are frequently used in orthopedic
implants, dental implants, and cardiac devices. Their excellent biocompatibility,
corrosion resistance, and ability to bond effectively with bone tissue make them highly
suitable for long-term implant applications.

e 316L Stainless Steel: Owing to its favorable balance of corrosion resistance,
mechanical properties, and cost-effectiveness, 316L stainless steel is widely utilized in
surgical instruments, fixation devices such as plates and screws, and certain types of
vascular stents.

e Cobalt—Chromium Alloys: These alloys are selected for applications that demand
exceptional strength and wear resistance, including components of hip and knee
replacement systems. Their durability makes them particularly suitable for load-bearing

12
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implants subjected to continuous mechanical stress.
1.2 Importance of Mechanical Testing

The mechanical testing of medical implants and prosthetics involves various methods
to assess the implants strength, durability, and performance. Common tests include tension,
compression, bend, fatigue, torsion and wear. These tests are crucial to ensuring the implants’
safety and efficacy.

Testing standards for medical devices are often developed for the specific medical
device to be tested, as desired biomechanical properties per material and per application vary.

Axial torsion testing assesses the performance of orthopedic implants under combined
axial (linear) and torsional (rotational) loads. Essential for devices like bone screws or hip
implants, this testing ensures that they can withstand both twisting and compressive forces in
the body. It plays a crucial role in determining the device’s functionality, reliability, and safety.

Orthopedic implants such as bone screws and dental implants require bend testing to
evaluate their structural strength. Bend tests can be performed as static tests or dynamic
(fatigue) tests. Bend test results include important mechanical properties such as bending
(flexural) strength, flexural strain, bending moment, and bending stiffness.

Fatigue testing simulates the repetitive loads or motions that medical devices
experience in the body to evaluate their longevity and reliability. This is vital for devices like
orthopedic implants and vascular stents that endure millions of cycles throughout their
lifespans. The process involves applying controlled loads, stresses, or strains, mimicking
physiological conditions.

1.3 Role of Finite Element Analysis

Finite Element Analysis (FEA) has become an essential tool in engineering due to its
ability to provide detailed insight into the performance of structures and components under
different operating conditions. By accurately predicting stress distribution, deformation, and
failure mechanisms, FEA enables engineers to evaluate design performance before
manufacturing begins.

A major benefit of FEA is its contribution to design optimization. Through virtual
testing and simulation, engineers can assess multiple design alternatives without relying solely
on physical prototypes. As a result, development costs can be reduced, product development
cycles can be shortened, and potential design flaws can be identified early in the process,
minimizing expensive modifications during production.

FEA also supports technological innovation by providing a platform for investigating
new concepts, materials, and design strategies. Different loading conditions and operational
scenarios can be modeled efficiently, allowing engineers to study the effects of design changes
without the time and expense associated with experimental testing. This capability promotes a
more exploratory and research-driven approach to engineering development.

1.4 Research Objectives

The main objective of this research is to develop and analyze a finite element model of
a biocompatible orthopedic implant used for tibial fracture fixation. The study aims to
investigate the mechanical behavior of the implant under physiological loading conditions and
evaluate its structural performance.

The specific objectives of this work are:

e Todevelop a three-dimensional finite element model of the implant and bone structure.

e To simulate different mechanical loading conditions, including compressive, bending,
and torsional forces.

o To evaluate stress distribution and deformation within the implant and surrounding
bone.

o To assess the mechanical stability of the implant under physiological loads.

o To identify critical regions subjected to high stress concentrations that may influence
implant performance and durability.

13
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1.5 Paper Organization

This paper is organized into several chapters. Chapter 1 introduces the research topic,
objectives, and motivation of the study.

Chapter 2 describes the methodology used for geometry creation, material definition,
meshing, boundary conditions, and simulation setup in SOLIDWORKS Simulation.

Chapter 3 presents the simulation results, including stress distribution, deformation, and
implant stability analysis.

Finally, Chapter 4 summarizes the conclusions of the study and provides
recommendations for future research.

3. Materials and Methods

3.1 Implant Model Design

Implant Geometry

The implant model shown in the figure represents an orthopedic bone fixation plate
designed for fracture stabilization. The geometry consists of a long, narrow metallic plate with
multiple circular fixation holes distributed along the shaft and proximal region. These holes are
intended for surgical screws that secure the implant to the bone.

The implant includes: a curved proximal section for anatomical adaptation, evenly
spaced screw holes along the main body, rounded edges and fillets to reduce stress
concentration and lightweight geometry to minimize implant mass while maintaining
mechanical strength

The circular openings also help distribute loads more efficiently and reduce the amount
of material used. The overall geometry is designed to provide stability while allowing proper
load transfer between the implant and bone.

Figure 1. The implant model

Digital Modeling Tools Used

The implant was digitally modeled using SolidWorks, a computer-aided design (CAD)
software widely used in biomedical and mechanical engineering applications.

The modeling process involved: creating a 2D sketch of the implant profile , defining
dimensions and hole positions, using extrusion features to generate the 3D geometry, applying
fillets and smoothing operations, preparing the model for finite element analysis (FEA)

SolidWorks was selected because it provides: precise parametric modeling, easy
modification of dimensions, integration with simulation and FEA tools, compatibility with
biomedical engineering workflows. The final CAD model can be exported to simulation
software for stress analysis, deformation studies, and bone—implant interaction evaluation.

3.2 Finite Element Modeling

The finite element model was developed using SOLIDWORKS Simulation in order to
analyze the mechanical behavior of the tibial plate under physiological loading conditions.
Geometry Creation

14



FINITE ELEMENT ANALYSIS FOR MECHANICAL TESTING OF BIOCOMPATIBLE IMPLANT

MATERIALS
The tibial plate was created in the CAD environment based on the dimensions and shape

of the implant design. The model included the main structural features such as plate thickness,

curvature, and screw holes.
Material Property Definition

Material properties were assigned to the model to accurately represent the mechanical
behavior of the implant material. Parameters such as Young’s modulus, Poisson’s ratio, and
yield strength were defined according to the selected biomaterial. See Table 1.

Table 1. Material properties

plates, screws, and pins
due to its strength and
biocompatibility.

implants; reduces risk
of allergic reactions and
integrates well with

Material Stainless Steel Titanium Cobalt-Chromium
Alloys
Young’s modulus 195 GPa 105 GPa 220 GPa
Poisson’s ratio 0.27 N/A 0.31 N/A 0.31 N/A
Mass Density 8000.000133 Kg/m"3 4428.784 kg/m"3 8900 kg/m"3
Yield strength 172.3689323 N/mm"2 827.37088 N/mm"2
Grade 316 LMV Ti-6Al1-4V Co-28Cr-6Mo
Description Corrosion-resistant metal | Lightweight, highly High-strength,
alloy, strong and biocompatible, and wear-resistant, and
durable. resistant to corrosion. corrosion-resistant
alloy.
Medical Uses Widely used for bone Preferred for long-term | Used for specific

orthopedic devices
requiring extra
durability.

bone.

Boundary Condition Setup

Boundary conditions were applied to reproduce realistic physiological constraints and
loading situations. Fixed supports were defined on one end of the model, while compressive,
bending, and torsional loads were applied to simulate forces acting on the tibia during
movement.

Simulation Execution

After defining the geometry, materials, mesh, and boundary conditions, the simulation
was executed to evaluate stress distribution, deformation, and structural behavior of the tibial
plate under the applied loads.

3.3 Mechanical Loading Conditions

The tibial plate was analyzed under physiological loading conditions in order to evaluate
its mechanical behavior and structural resistance during daily activities. Different types of
forces that commonly act on the tibia after fracture fixation were simulated.

Compressive Load

A compressive force was applied along the longitudinal axis of the tibia to reproduce
the body weight transferred through the leg during standing and walking, see figures 2 to 4. A
load of approximately 1000 N was considered, representing a typical physiological bone
loading range.

Figure 2.Titanium
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Bending Load

Bending forces were simulated to evaluate how the plate resists flexion and deformation
caused by movements such as walking or stair climbing. This loading helps identify areas
subjected to high stress concentrations, as it can be seen in figures 5 to 7. For bending analysis,
a lateral force was applied perpendicular to the tibial axis while the distal end was fixed.

Figure 7.Titanium
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3.4 Simulation Environment

The simulations were performed using SOLIDWORKS Simulation. The software was
used to create the finite element model, apply material properties, define loading conditions,
and evaluate the stress distribution on the tibial plate.

A mesh was generated to divide the geometry into small finite elements for numerical
analysis. Mesh quality plays an important role in simulation accuracy; therefore, a finer mesh
was applied around screw holes and regions with expected high stress concentrations.

The simulation parameters included: material properties of the implant, boundary
conditions, applied physiological loads, mesh density and element size.

The results obtained helped evaluate the mechanical performance and structural safety
of the implant under realistic loading conditions.

3. Results

3.1 Stress Distribution

The stress distribution within the implant system was evaluated using Von Mises stress
analysis in the finite element simulation environment. Von Mises stress is commonly used to
predict yielding behavior in ductile materials and to identify regions subjected to critical
mechanical loading.

The simulation results were used to determine the stress distribution across the implant
and surrounding bone structure under physiological loading conditions. Special attention was
given to areas with high stress concentration, as these regions may represent potential failure
points or zones susceptible to material fatigue, see figures 8 to 10.

Stress concentration areas were primarily observed near: screw fixation regions and
implant edges and corners.

The Von Mises stress plots obtained from the simulation provide a visual representation
of stress intensity throughout the model. Regions with elevated stress values indicate locations
where mechanical failure may occur if the applied loads exceed the material strength limits.

" " »
. J r (‘\_‘#; r ( '7 }
Figure 8.Titanium Figure9. Steel Figurel0.Cobalt

3.2 Deformation Analysis

The deformation behavior of the implant system was evaluated using finite element
analysis under physiological loading conditions. The analysis focused on determining the total
displacement and deformation patterns of the implant and surrounding bone structure.

The simulation results provided displacement values that indicate the magnitude of
movement experienced by different regions of the model during loading. Maximum
displacement was generally observed in areas subjected to higher mechanical stress and reduced
structural support.

Deformation patterns were analyzed to evaluate the structural response of the implant
under compressive and bending. The deformation contour plots helped identify flexible and
highly stressed regions within the implant system, see figures 11 to 13. The obtained
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deformation results are important for assessing implant stability and ensuring that the
displacement remains within acceptable physiological limits.
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Figure 11.Titanium Figurel2.Steel Figurel3.Cobalt

4.3 Structural Stability

The structural stability of the tibial fixation plate was evaluated using finite element
analysis under physiological loading conditions. The assessment included the determination of
maximum Von Mises stress levels, safety factors, and identification of potential failure regions
for the investigated biomaterials.

Maximum Stress Levels

The simulation results indicated that the highest stress concentrations occurred around
the screw fixation holes, along the curved proximal section of the plate, and near geometric
transition regions where load transfer was significant.

Under the applied compressive load of 1000 N and bending loading conditions, the

following maximum Von Mises stress values were obtained, see table 2:
Table 2 Obtained Von Mises stress values

Material Maximum Von Mises Stress (MPa) | Yield Strength (MPa)
Stainless Steel 3161 3.211+e4 MPa 1.72+e8 MPa
Titanium Ti-6Al-4V 1.259+e8 MPa MPa

Cobalt—Chromium Alloy 1.257+e8 MPa 8.27+e8 MPa

The results demonstrate that all materials remained below their respective yield limits
during simulation, indicating elastic structural behavior without permanent deformation.

The titanium alloy exhibited a more uniform stress distribution due to its lower elastic
modulus compared to cobalt-chromium alloy. Stainless steel generated lower absolute stress
values; however, the stress levels approached its yield limit more closely.

The highest stresses were consistently located: around screw-hole edges, at plate
curvature transitions and near the fixed support region.

These locations represent critical zones where stress concentration effects are amplified
due to geometric discontinuities.

Safety Factor Evaluation

The calculated safety factors are presented in table 3:

Table 3 Calculated safety factors

Material Safety Factor (FOS)
Stainless Steel 316L 1.16
Titanium Ti-6Al-4V 2.65

Cobalt—Chromium Alloy 2.26

The titanium alloy showed the highest safety factor, confirming superior structural
reliability under physiological loading conditions. The cobalt—chromium alloy also
demonstrated acceptable mechanical resistance due to its high strength characteristics.

Although stainless steel satisfied minimum safety requirements, its lower safety factor
suggests increased susceptibility to long-term fatigue failure under repetitive loading cycles.

Deformation and Structural Response
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The total displacement analysis revealed the following maximum deformation values,
see table 4:

Table 4. Maximum displacement

Material Maximum Displacement (mm)
Stainless Steel 316L 2.955e-3 mm
Titanium Ti-6A1-4V 6.707¢-7 mm

Cobalt—Chromium Alloy 5.461e-3 mm

Titanium exhibited higher displacement because of its lower stiffness, which may
improve physiological load transfer and reduce stress shielding effects on surrounding bone
tissue.

Cobalt—chromium alloy produced the lowest deformation due to its high rigidity, while
stainless steel showed intermediate behavior.

The deformation patterns confirmed that the distal end fixation remained stable, while
the central region of the plate experienced the greatest elastic displacement during bending
simulations.

Potential Failure Points

Potential failure regions identified in the finite element model included: screw fixation
holes, narrow cross-sectional regions between holes, proximal curvature transitions and
implant-bone contact regions. These regions experienced localized stress amplification and
may become initiation points for: fatigue crack formation, plastic deformation, screw loosening
and implant fracture during cyclic loading.

Overall, the finite element analysis confirmed that the proposed implant design provides
sufficient structural stability under physiological loading conditions, particularly when
manufactured from Ti-6Al-4V alloy, which demonstrated the most favorable balance between
strength, deformation behavior, and safety factor.

4. Concluzii

This project evaluated the mechanical behavior of a tibial plate using finite element
analysis under physiological loading conditions. The simulation showed that the design
provides stable mechanical performance and can withstand the applied loads effectively.

The study also demonstrated the usefulness of FEM simulations for analyzing
orthopedic implants and supporting future design improvements.
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ABSTRACT: Greenhouse microclimates require precise control, making traditional
watering methods highly inefficient. To fix this, we developed GGPS, a smart automated
irrigation prototype. Built around an Arduino UNO and an HC-05 Bluetooth module, it
enables remote monitoring. Its main innovation is a dual-temperature logic that compares
soil and air data to prevent root thermal shock. A built-in sensor also stops the water pump
from running dry. Finally, a custom micro-perforated tube ensures even water distribution,
while a separated power supply guarantees system stability and optimal water
conservation.

KEYWORDS: Greenhouse, Arduino UNO, Bluetooth, Water distribution, Thermal shock.
1. Introduction

Effectively managing the microclimate inside protected agricultural spaces stands as a critical
pillar of precision farming, an urgency heavily amplified by current global climate shifts. Traditional
watering strategies, which usually rely on rigid timers or basic manual observation, struggle to allocate
resources rationally. In everyday practice, these outdated methods frequently lead to two damaging
extremes: wasting massive volumes of water through over-irrigation, or triggering severe crop
dehydration. Consequently, optimizing water usage within controlled ecosystems has emerged as a top
technological priority. A modern greenhouse demands a strict, dynamic balance between physical soil
conditions and internal atmospheric parameters, essentially eliminating the risks tied to human
monitoring errors or time constraints.

The primary objective of this research revolves around the design, physical assembly, and
experimental validation of an independent electronic water management system, designated as GGPS.
Once deployed, the device actively tracks environmental indicators in real time, relying on a custom
algorithm to determine the exact optimal moment for pump activation. What truly sets this prototype
apart is its core logic: it directly correlates soil moisture levels with ambient air temperature fluctuations.
Furthermore, the underlying software architecture features a strict safety routine. Should the system
detect any logical errors or dangerous thermal anomalies, it immediately suspends the watering cycle.
This vital function protects the electromechanical hardware and completely removes the need for human
supervision. To properly demonstrate the technical viability of our solution, the following sections
thoroughly detail the mechanical design phases, electrical architecture, climate control algorithms, and
wireless communication integration.

2. Current State

Conventional small-scale automated irrigation setups frequently rely on a single drip point
placed immediately next to the plant's stem. This specific technical configuration creates a highly
localized water saturation zone. Consequently, large volumes of the surrounding substrate remain
profoundly dry. Such a physical imbalance severely restricts the absorption capacity of the root system,
ultimately depriving the plant of vital nutrients distributed throughout the rest of the soil.
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The GGPS device effectively resolves this design flaw by introducing a hydraulic circuit with an
annular geometry. Mechanically, the system employs a flexible polymer tube positioned concentrically on
the soil surface. We equipped this conduit with precisely spaced micro-perforations. This spatial
calibration guarantees a constant dynamic pressure throughout the entire loop. Once the pump activates,
fluid is dispersed isotropically over the entire target zone. Ultimately, this technical approach achieves
homogeneous wetting across the cultivation section, significantly boosting root absorption efficiency.

Fig. 1. Assembled physical prototype of the GGPS system

3. Electrical Architecture

The electrical architecture of the GGPS system consists of measurement, control (Arduino
UNO), actuation (relay, pump), and power supply blocks. To guarantee sensor accuracy and eliminate
electromagnetic interference (EMI) caused by the pump motor, we implemented an independent dual
power supply. For absolute stability, a 9V battery powers the
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logic circuit (Arduino and sensors). Meanwhile, the pump's power circuit and the water monitoring
system use a separate 6V source.

Bluetooth communication requires signal adaptation. To convert the logic level from 5V
(Arduino pins) to 3.3V (HC-05 RX pin), we calculated a voltage divider using 1 kQ and 2 kQ resistors,
according to equation (1):

RXD |
Buetootn DL
Ve

Fig. 2. Electrical scheme of the GGPS project

Fig. 3. Physical wiring of the hardware components (microcontroller, sensors, and power
supply) integrated into the prototype's base.
4. Operational Logic

Unlike conventional setups that trigger pumping the moment the substrate dries, the GGPS
device relies on a complex, temperature-conditioned decision algorithm. The microcontroller's software
architecture defines a critical soil moisture limit, calibrated exactly at 30%. When the sensor detects a
value dropping below this barrier, the program actively prevents the hydraulic circuit from starting
immediately. Instead, the central unit prioritizes querying the climate transducers located inside the
greenhouse ecosystem. If the ambient thermal regime exceeds the 40 °C threshold—a highly recurrent
meteorological phenomenon during the summer season—the irrigation process enters a state of
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temporary suspension. The scientific reasoning behind this restriction targets the plant's structural
integrity directly: infusing standard tap water (typically between 18-22 °C) onto an overheated root mass
triggers an acute thermal shock. This sudden physiological stress destroys the delicate absorbing
capillaries. Consequently, it severely blocks nutrient assimilation and forces a rapid vegetative collapse
of the entire crop. Driven by clear protective considerations, the safety algorithm delays the wetting
cycle until the atmosphere cools down below the optimal 35 °C barrier, at which point the watering
intervention proceeds safely.

5. Bluetooth Monitoring

The GGPS hardware continuously acquires meteorological and pedological data, processing
them internally before instantly dispatching the payload to a mobile platform via Bluetooth. We
implemented this information exchange using text-based serial packets, rigorously structured according
to the CSV standard. Within this specific format, thermal and hygrometric parameters are concatenated
sequentially, utilizing the comma as the primary delimiter. Such an approach significantly minimizes
radio transfer complexity, while simultaneously guaranteeing an extremely stable communication speed
at the classic 9600 baud rate.

On the receiving end, the graphical user interface (designed entirely within the MIT App
Inventor environment) integrates a custom timer module. Calibrated to a 1000-millisecond sampling
frequency, it cyclically queries the Bluetooth connection. Upon detecting a valid data packet, the
algorithm partitions the incoming character string based on the delimiter. It then precisely routes these
values toward predefined graphical fields (Labels): Ambient Temperature, Air Humidity, and Soil
Moisture. This dynamic refresh procedure strictly alters the numerical variables alone, leaving the
explanatory text blocks completely intact. As a result, the algorithm completely neutralizes the visual
flickering effect, a technical flaw commonly encountered with conventional serial displays.

5. Mechanical Design and CAD Modeling of the Assembly

The mechanical design phase deliberately optimized part geometry to withstand high
greenhouse humidity. Specific dimensions and assembly tolerances are meticulously detailed across Fig.
4, Fig. 5, Fig. 6, and Fig. 7. All subassemblies were 3D-printed using PLA polymer, a material selected
specifically for its excellent structural and ecological stability. These custom enclosures guarantee a rigid
fixation of the electronic hardware directly onto the planter. Consequently, they effectively prevent any
accidental short circuits during the active irrigation cycles.
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Fig. 5. Execution drawing and dimensions for the outer body of the assembly

24



GGPS: AUTOMATED PLANT IRRIGATION SYSTEM AND BLUETOOTH MONITORING

C
N C

2 mem
.- \

170w

W0 mm

Fig. 6. Execution drawing and dimensions for the power supply body of the assembly

Fig. 7. Execution drawing and dimensions for the base of the assembly
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6. Production Cost Analysis

From an economic standpoint, the GGPS prototype was strictly optimized for maximum
affordability. This makes it an ideal solution for small-scale farmers, while simultaneously allowing for
future large-scale deployment. By managing all monitoring functions entirely through software (the
mobile application and the microcontroller), we completely eliminated the need for expensive physical
displays—Ilike LCD screens or HMI panels—and complex industrial controllers.

The final cost of the prototype encompasses only the fundamental electronic components (the
Arduino development board, the HC-05 Bluetooth module, and the humidity/temperature sensors),
alongside the control relay, the submersible pump, and the raw PLA polymer used for 3D printing.
Ultimately, this low-cost approach, combined with the sheer energy efficiency of the dual power supply,
ensures a rapid return on investment through substantial long-term water savings.

7. Conclusions

This research successfully demonstrates the viability of implementing a smart, automated water
management system specifically tailored for protected greenhouse environments. By developing a dual-
microclimate analysis algorithm, the GGPS device effectively overcomes the operational limitations of
classic models. Above all, it provides genuine biological protection for crops against acute thermal
shock.

Separating the main electronic board's power source from the pump's supply entirely eradicated
electromagnetic interference. Thanks to this engineering solution, the hardware performed flawlessly
throughout all testing phases, without the software generating a single error. Furthermore, integrating
Bluetooth technology enables a highly accessible, modern monitoring experience directly via a
smartphone. Looking ahead, we aim to integrate an SD card module to actively log historical sensor
data. Additionally, we plan to expand the current project scope so that a single central unit can
simultaneously control multiple independent watering zones across a larger greenhouse facility.
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9. Notations

The following symbols are used throughout this paper:

Vin = input electrical voltage (signal from the Arduino pin) [V];

Vou = output electrical voltage (stepped-down signal routed to the Bluetooth module's RX pin)

R = value of the first resistor in the voltage divider circuit [kQ]; Ro =
value of the second resistor in the voltage divider circuit [kQ];
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Abstract: Our project is a trash can that opens automatically when a hand approaches the
motion sensor. This performs the lifting and lowering maneuver, during which time the
user of the bin can throw away toxic waste without having to put his hand on the bin and
transmitting or taking bacteria from the bin. This trash can is most often used for children,
because they are the most inattentive when it comes to hygiene Thank you for your

attention!
Key words: automatic, trash can, Arduino

1. Introduction:

In this project we have made an automatic trash can that opens without touching, using a
motion sensor like this ( fig. 1).

The purpose of this project is to improve people's hygiene and comfort, eliminating the need to
touch the lid of the bin and the risk of as many bacteria on the lid of the bin.

This device is very useful in the following places: kitchen, hospitals, schools,

kindergartens.

N

. Operating principle
1. The sensor detects the user's hand
. Sends a signal to the Arduino

. Arduino processes the information

2

3

4. The servo motor opens the lid

5. After a few seconds, the lid closes automatically
6

. The process is repeated as many times as needed.
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Fig. 1

3. Required components:
1. Arduino board

2. Sensor

3. Servo motor

4. Connection wires

5. Power supply

.Arduino board

Power supply Sensor

4. Electrical diagram
Ultrasonic sensor:

1.VCC — 5V

2. GND — GND

3. TRIG — Digital pin 11
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4. ECHO — Digital pin 10
Servo motor:

1. Red wire — 5V

2. Brown wire — GND

3. Orange wire — Digital pin 9

5. Physical implementation

For the practical part:

1. The servo motor is fixed on the lid

2. A connection is made between the servo motor and the lid
3. The arduino and the wires are mounted inside the basket

4. The sensor is placed in front

6. Advantages 7. Disadvantages

-High hygiene -Requires power

-Easy to use -The sensor can give errors

-Low costs -Repeated verification of the assembly
-Easy to make -Consumes constant energy

-Does not take up much space -Damage to the wires over time
Concluzie:

We can say that it can be made in even larger sizes.
It has an important role in the health and education of the child to throw away the leftovers in the
trash to emphasize
To encourage children to throw away the trash and become more responsible we can put both
lights and music on the trash can.
It can also be made in larger sizes.
In the first semester of the first year, we participated in technical drawing and infographics
courses, materials science, as well as industrial engineering basics, and in the second semester of the

first year, we participated in materials strength and materials technology courses.
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8. Notations:
-Height: 28 cm
-Width: 20 cm
-Length: 20 cm
-Volume: 10 L

-Side area: 22400 mm
-Total area: 22800 mm

-Base area: 400 mm
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SUMMARY: This paper addresses the importance of optimizing the feeding process in
rural poultry microfarms, where the feed is varied and requires a complex mixture of 4-5
ingredients (grains and vitamins).The main objective of this project is to design and build
an automated installation capable of accurately dosing the quantities of cereals according
to a predefined recipe, to make the mixture and send it to a hopper, from where it enters
directly into a pellet machine for animal feed.To achieve this goal, we experimentally
developed the single-section feeder, a device that is presented in detail in this paper.

KEYWORDS: automation, optimization, bird feeding, agricultural tools, rural development.

1. Introduction

Agricultural technology has evolved a lot in recent years, but rural households still stick to old,
manual methods.The daily feeding of birds is very varied and requires the correct combination of 4-5
ingredients (cereals, vitamins and other resources usually found in the household).

As an alternative to complex industrial systems, the project proposes an accessible installation,
which also offers protection against humidity or pests (such as rats).The equipment measures the
components according to the indications of a nutritionist, homogenizes them, and

the resulting mix is discharged into a secondary hopper from which a pellet machine is directly fed. The
following pages present in detail the prototype made for a single section of this feeder.

A. The main objectives of the project are:
» To release exact portions of grain, according to the recipe;
* To relieve people from heavy physical labor every day;
* To keep animal food in a clean and closed environment;

* To have a low manufacturing cost.

B. To create this device, the following steps were taken:

1) Documentation of the quantities of food offered to the animals;
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2) Conceptual design on paper, dimensioning of parts, calculation of dimensions and
areas;

3) Geometric modeling of the dispenser in the "Autodesk Fusion" program,;

4) Printing of parts using a 3D printer and assembly of the first physical prototype;

5) Reconfiguration of the dosing system and modeling of an improved version (based on
initial tests);

6) Optimization and integration of hardware for device automation.

2. Past and current stages

Prototype 1: Concept Test. This is the first prototype, a miniature version of the project.At
this stage we did not use electronic parts, and the drive mechanism had not yet been designed.The main
purpose of this model was strictly visual and practical: we wanted to observe how the parts fit together.

Fig. 1. Prototype 1
Prototype 2: First movement tests. Later we moved to a larger scale version, in order to add
the electronics for the drive mechanism. It was an important step because motors were added to this
prototype.They were temporarily glued with adhesive and we were able to demonstrate how it
works.One problem encountered was: the overall dimensions were too large. Because of this, the pinion

and rack did not align correctly, and the movement was not transmitted properly.The design had to be
changed later on.
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Fig. 2. Prototype 2, without electronics

Prototype 3: Stable and improved version.The dimensions were redesigned and adjusted,

leaving more space so that all the components could be mounted much easier and correctly. The main
improvements were:

More secure fixation: We gave up on glue and attached the motors with screws;
Increased stability: We built a solid support, in the form of a 4-legged frame, that
supports the assembly;

Better organization: We added special cases to protect and keep all the parts fixed.

Fig.3. Prototipul 3

3. Mode of operation
Main components and their role

Main Tank (Hopper): Located in the upper part, it stores the entire quantity of grain to
be dosed;

Dosing Cylinder (Volume Chamber): Located between the 2 closing gates, the
segment is mounted vertically. Its internal volume determines the exact quantity of a
portion of grain.

Closing Gates (Upper and Lower): Two identical mechanisms mounted at the ends of
the cylinder;

34



GRAIN DISPENSER

Actuating Mechanism: Each gate is controlled by a motor through a system coupled to
a wheel (pinion and rack).The rotation of the motor moves the wheel, transforming its
circular movement into linear movement, thus the opening gate plate comes out.

. Operating Steps:
Initial State (Standby): Both gates are closed, the dosing cylinder is empty,

Opening the first gate: The upper motor is activated, the first gate is opened. The
grains fall from the tank (under the action of gravity) from the tank into the cylinder.
The cylinder is filled to its maximum capacity.

Volume Isolation: After the cylinder is filled, the upper motor reverses its rotation and
closes the first gate.

Opening the second gate (Discharging the portion): The lower motor is activated, the
second gate is opened. All the grains accumulated in the cylinder fall into the final
container placed below.

. System reset: The lower motor reverses its rotation and closes the second gate. The
system returns to its initial state and is ready for a new dosing.

4. Dimensioning and Tables

. Classification of parts:

Closing Gates(ET-01 si ET-03);

Dosing Cylinder(ET-02);

Main Tank(ET-04 si ET-05).

ET-05-__

ET-04 N\ '/’ ':3‘1 f.:f -7." ;7 i

NCTE=A
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B. Parts Sizing (Tabele):

GRAIN DISPENSER

Fig. 4. Supply Cylinder Sketch

Fig. 5. Dosing Cylinder Sketch

Parts Diameter Height Volume Weight
ET-01 Inner hole: 220 mm 30 mm 4799,6 x 10* mm? 38,06 kg
ET-02 220 mm 400 mm 15205,3 x 10 mm® 120,58 kg
ET-03 Inner hole: 220 mm 30 mm 4799,6 x 10° mm® 38,06 kg
ET-04 Small: Big: 250 mm 45317,4 x 10> mm® 359,37 kg
220 mm 250 mm
ET-05 500 mm 700 mm 137.444,68 x 10° mm> 2.136,28 kg
Lenght ET-01/ET-03:
660mm Width ET-01/ET-03:
30mm
C.Ecuations: D%h
V=22 (1)
Ve = =22 (D,% + D, D, + D,?) 2)
te = 12 2
G=p-V 3)
p=785x%x10"%kg/mm3 4)
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D. Bill of Materials Table ET-01 (Table):

GRAIN DISPENSER

ET-05. Material Price=38,06 kg * 8 €/kg = 304,48€ = 1586,34 lei

7. The complete system

1. Material 1586,34 lei
2.TSQ 31,72 lei 2% [1]
3.Labour 301.,4 lei 19% [1]
4.Tax 210,98 lei 70% [3] Sum 1-5 =2914,08 lei
5.Administation a)180,84 / b) 602,8 60 % /200 % [3]
6.Profit 1457,04 lei lei 50 % [2914,08]
7.Total 4371.12 lei

Below the storage hopper is the dosing system. The main role of this block is to precisely measure
the exact amount needed for the food recipe. The system is set to release only the desired weight of the
basic ingredients needed by the birds:

e Com

*  Wheat
* Barley
* OQOat

Nutritional supplements (vitamins and minerals)

Although such an industrial plant can be enlarged and have multiple work lines, the current project
focuses on a clear section. The technical drawing shows the front view of the system, with exactly 4
dosing sections being framed. This layout shows how the modules are aligned in parallel to work

simultaneously, each section being responsible for a specific ingredient inthe recipe.
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Fig. 6. Dosing sections

After the ingredients have been measured and released from the 4 sections, they fall together into a
hopper located below. In this hopper, the homogenization (mixing) process takes place. The grains and
supplements are spun until the composition becomes completely uniform, thus ensuring that each
serving of food will contain an equal amount of nutrients.

The last stage of the integrated system is represented by the pelletizing machine, where the mixture
arrives directly from the hopper. This machine strongly presses the composition and transforms it into
compact pellets.

This final format is ideal for birds because:

- It prevents birds from choosing only certain grains.
- Reduces waste and dust in shelters.
- Makes food easier to transport and store long-term.

8. Conclusions and Difficulties Encountered

The creation of the physical prototype of the "Grain Dispenser" demonstrated that the idea is a good one
and that such an automated system can greatly facilitate the work of microfarms.

However, the transition from computer drawing (in the Autodesk Fusion program) to the actual

creation of the model brought a series of problems:

« Joining the parts: When 3D printing the first components, we noticed that some were
either too small or fit together. This happened because, during the design phase, we
forgot to leave tolerances between the parts. We had to redo the drawings and adjust
the dimensions so that the parts could join together correctly.

« 3D printer limitations: The 3D printer we had was too small to print our bulky parts
(like the main tank or cylinder) in one piece. For this reason, we had to cut the large
models into smaller pieces, print them separately, and glue them together. It was
tedious work, took a lot of time, and in terms of appearance, it didn't look good.
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Assembly errors: When gluing the parts, the adhesive accidentally flowed onto the
other components, which led to the involuntary bonding of two parts that should have
moved freely. The closing gate could not be detached from the dosing cylinder, and
the model was subsequently rebuilt.

Fig. 8. The glued parts

Difficulties with the electronics: When we got to the automation of the
closing/opening system, it didn't work right away. We discovered that current was
being lost along the wire path, which meant that the motors weren't receiving enough
energy to move the mechanism. We had to carefully check the circuits and redo the
electrical connections.
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10. Notes

The following symbols are used in this work: Vc

— volume of the cylinder [mm?];
D — the diameter of the cylinder [mm];
h1 — cylinder height [mm)].
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Vtc — volume of the truncated cone [mm?]; D1 —
small diameter [mm];

D2 — large diameter [mm];

hy — height of the cone truncated [mm)].

G — the weight of the assembly [kg]; p—

density of the material [kg/mm?®];
V — the volume of the assembly [mm?].

40



Sesiunea de Comuniciari Stiintifice Studentesti 2026

SMART DEVICE THAT MONITORS THE POSITION ON A MOBILE
PLATFORM IN A FACTORY

Ciulian Amalia Andreea, Turcitu Mihnea Alexandru si Garleanu Gabriel, Luchian Cornelia

(Scientific supervisor)
Faculty:FIIR, Specialty: TII, Year:1 , e-mail: ciulianamalia@gmail.com

REZUMAT: Our project focuses on monitoring every movement of an extendable mobile ladder
with the help of an accelerometer and gyroscope module that extracts the data with the help of XYZ
coordinates. The system will send alerts to its designated app when the module is getting an input that
reaches values over a set limit. These values were manually configured with the help of a set of trial
and error, where we were able to figure out what kind of movement was damaging to the ladder. This
way our monitoring system can prevent further damage and any possible accidents related to said
ladder.

KEY WORDS: monitoring, sensors, testing optimal parameters, wear prevention

1. Introduction

Our project is focused on the configuration of a 6-axis inertial sensor type MPU6050. The code
was made in Arduino IDE, a modified version of C++. We are using the Serial Monitor to see the logs
and for a quick read on the position of our object where the deviced is placed. The MPU6050
incorporates a triaxial accelerometer (on the XYZ axes) and a gyroscope. The device is powered by the
ESP32 microcontroller and the communication is carried out via the I12C protocol. The purpose of the
work is to monitor the position of the object on which the device is placed and test the optimal
parameters, in order to prevent sudden or premature wear of the machine. The entire assembly is
powered by an external battery (Power Bank) connected to the ESP32, which provides a voltage of 5V
through the USB port.

Wiring:

* 3.3V \(\rightarrow \) 3.3V

*  GND \(\rightarrow \) GND

* SDA \(\rightarrow \) PIN 4 (SDA)
* SCL \(\rightarrow \) PIN 3 (SCL)
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2.CAD/ DESIGN

In order to create the box for out monitoring device, we used a 3D printer. The box was printed
via PLA filament, modeled in Autodesk Fusion. Moving on, the 3D model was exported in a .stl file
and transferd in the Creality Print slicer where we prepared it for printing. In order to print the box, we
used 10% infill with a gyroid pattern (this pattern is especially good for what we are looking for since it
provides the much needed strenght at a minimal material used).

Box components:
1- Hole for screw and nut
2- Lid

3- Box

The 3D model was designed with 2 vital conditions in mind: the battery should be easily
accessible and easy to attach to the platform. The box should be easy to open in order to charge the
battery, but it shouldn’t open by itself, so we added holes for screws and nuts, this way we fixed both
problems.

3. Programing:
The Arduino code configures and reads data from the MPU6050 inertial sensor using the ESP32

microcontroller, converting the raw values into standard units of measurement (\(m/s"2\)):

3.1. Libraries and Initial Configurations

» #include <Wire.h>: Includes the standard library for communication via the 12C
protocol.

* constint MPU ADDR = 0x68;: Defines the default [2C hardware address of the
MPU6050 sensor.

* intl6_traw_ax,raw_ay...: Declare 16-bit signed variables to store the raw acceleration
and gyro axes (since the sensor sends 16-bit data).

* LSB G =16384.0: This is the default sensor scale factor for sensitivity of \(\pm 2g\).
At this setting, the raw value \(16384\) is equal to \(1g\).
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3.2. The setup() function (Initialization)

Serial.begin(115200);: Starts serial communication at 115200 baud to display logs in
Serial Monitor.

Wire.begin();: Initializes the 12C bus on the ESP32 pins (pins 3 and 4 mentioned in
your wiring diagram).

Wake up the sensor: The MPU6050 starts in "Sleep" mode by default. The code writes
the value 0 to the power management register (0x6B) to fully enable the sensor.

3.3. The loop() function (Periodic data reading)

Request data: Sends a request to the sensor starting at register 0x3B (where the
acceleration data starts) and requests 14 bytes in total. These 14 bytes contain:
acceleration (6 bytes), temperature (2 bytes), and gyro (6 bytes).

Bit recomposition: Since each axis is sent as two separate bytes (8 HIGH bits and 8
LOW bits), the code uses the left shift operator << 8 and the bitwise OR operator | to
combine the two bytes into a single, full 16-bit value.

Temperature Ignore: The two consecutive Wire.read(); lines skip the temperature data
because your project is only concerned with position and motion.

3.4. Math Conversion and Display

Acceleration calculation (\(m/s"2\)): Divides the raw value by 16384.0 to get the
acceleration in units of \(g\), then multiplies it by 9.81 to convert the result to meters
per second squared (\(m/s"2\)).

Display: Sends the calculated values for the X, Y, and Z axes directly to the Serial
Monitor with two decimal places.

delay(200);: Pauses execution for 200 milliseconds between readings to avoid
cluttering

the screen and monitor the data at an easy-to-read rate (5 readings per second).

4. Current status

For now our project can only send alerts to users within the coverage area of the local wifi router.

A priority direction of development could be changing the method of sending data, such as storing it on

a server, so the data can be fully verified remotely, and adding a notification function when the ladder is

taken into a restricted area.

The main objective of the project is to prevent work accidents, as incorrect use of the ladder can

lead to wheel wear or other common damage.
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The system also contributes to optimizing the workflow by detecting movements generated by
inappropriate use of the ladder and automatically sending alerts to the designated application, so that
timely action can be taken.

5. Conclusion

The system made simplifies the monitoring and prevention of wear of an extendable mobile
ladder. By using the MPU6500 sensor and the ESP32 microcontroller, the project provides a practical
solution for detecting misuse and transmitting alerts in real time. The total cost of the system is
approximately 220 lei, which makes it affordable and easy to implement. The project can be
developed by extending the data transmission distance and adding a notification function when the
ladder is taken into a restricted area. The aspect I encountered difficulties with was the programming
part.

6. Bibliography
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Emergencies are spontaneous events, with an instant effect that can occur at any time in
any situation, so it is important to know the basic concepts and information that could save
our lives, but also the lives of others. Unfortunately, this knowledge is weak, erroneous or
even outdated. This paper identifies the level of awareness of such situations by age group,
presents the errors and mistakes found in the way of thinking formed based on outdated
knowledge and proposes solutions for improvement and change. In conclusion, the level
of this knowledge must be monitored and renewed according to the deficiencies
discovered, but this must be done by adapting the proposed solutions.

KEYWORDS: knowledge, awareness, situation, emergency.

1. Introduction

In the current context, characterized by an increasing diversification and modification of
natural, social, and especially technological risks, the population’s capacity to respond as eficiently as
possible in a crisis situation becomes a total priority.

Among the factors that distinguish a controlled event from an unprecedented catastrophe is,
primarily, the level of awareness in such situations.

Also called ,,Situational Awareness”, it does not represent just a simple state of alert, but a
complex cognitive process[1].

The issue of situational awareness involves passing the event to which a person is exposed
trough the filter of perception, followed by the understanding and assimilation of the situation they are
in, then anticipating the possible risks that will befall them, and finally, reacting.

The eficiency of the response manifested once reaching the reaction state is often sabotaged by
psychological barriers such as ,,decision paralysis” or ,,normacy bias” [2], [3], reactions which
demonstrate that the simple existance of information is not enough and does not guarantee an apropriate
reaction.

This paper aims to identify the level of awareness, or more simply put, of knowledge, of
individuals by age groups in emergency situations, to expose the problems and errors in the information
underlying the mentality in such situations, and finally to find and propose solutions to change this
mentality and rectify the incorectness of the information already acquired by those involved.

In order to fulfill the proposed objectives, we designed and distributed a questionnaire to a total
of 80 people of different ages, with questions addressing knowledge of different emergency situations,
opting for variation and extension in coverage instead of fixating on a specific event.

Thus, following the centralization of the data, the answers were graded with one point per
correct answer, the possible total being 10 points.

After centralization and grading, statistics could be created based on which we drew pertinet
conclusions related to the identified problems, and finally, we were able to reach the proposal of some
solutions for the identified problems.

2. Current status

The current status of the problem is marked by a transition from providing information (warning)
to the management of attention and behaviour, with the human factor remaining the biggest problem.
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Although warning systems have become increasingly accurate, the phenomenon of
desensitization of the population appears due to the high frequency of RO-ALERT messages, which
had led to ignoring them, a phenomenon known as ,,alert fatigue[4].

Thus, the focus has begun to be placed on personalized alerts, in order to reduce information
noise.

3. Presentation of results of interest

Next, we will present the statistical results obtained from the centralization of the received

answers.
The presented results are those of increased interest and which touch upon the theme of this paper.

In the age category section, the majority of 68% answered 18-30 years old, with 21% failling into
the 50+ years old group, 10% in the 31-50 years old group and only 1% belonging to the 10-17 years
old group.

From these responses, we can observe that the survey reached a very large percentage of the
young population segment, which is susceptible to media and internet influences.

= 10.-17. =18.-30. 31.-50. =50+

a0

Fig. 1. Age groups chart
QUESTION 2 — How should you move to exit a smoke-filled room?

The majority (81%) answered correctly, with only 19% answering incorrectly, because the
option to walk out standing up while holding your breath may sound faster and easier, but in fact it is
very dangerous, because it brings to light a new number of risks, such as loss of conciousness due to
lack of oxygen, collision with objects, walls or other people, tripping and others [6].
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= Standing, running as fast as possible.
« Walking as close to the floor as possible (crawling).

Standing, holding your breath.

19%

&

Fig. 2. Chart of answers for question 2
QUESTION 3 — What do you do if your clothes catch fire?

The answers are divided, with 77% answering correctly regarding the course of action in such
situations, but it is good to point out that the 23% did not answer completely wrong either, because in
the situation where the clothing that caught fire is a glove, a hoodie, an item of clothing that is very easy
to take off, the option chosen by the 23% becomes viable, but only then [6].

= Run to a water source.
# You lie down on the ground and roll around.

You try to take off your clothes.

23%

Fig. 3. Chart of answers for question 3
QUESTION 4 — Where is the safest place to take shelter in a room during an earthquake?

At this question, the presence of outdated information based on which people were prepared
can be seen very clearly.

In an earthquake situation, the option to take shelter under a desk, table or door frame becomes
a challenge depending on the circumstances in which the exposed person finds themselves and, most
importantly, it becomes a danger, because the weight that can fell on the table, desk or door frame, can
be great enough to crush the person and the environment used for shelter.

Therefore, the best option is to lean against the walls in the corner of the room, away from
windows, furniture or any other element, because even if a heavy weight, a part of the ceilling, or a
wardrobe falls, it will lean on the edges of the walls that make up the corner, creating the so-called
triangle of life [7].
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« Near windows or doors.
% In a corner of the room, leaning against the wall.

Under a table, door frame or desk.

_

s

\

82%

Fig. 4. Chart of answers for question 4
QUESTION 6 — What must I check first when finding an unconscious person?

Everyone’s natural instinct would dictate that in such a situtaion they should go and check if
the person in question is still breathing, if they are conscious, if they have a pulse, all of these, without
asking themselves if they themselves are putting themselves in danger, exposing themselves to the same

event that put the person in question on the ground.
Another problem is that an ordinary person, a normal human being, does not have the

knowledge and experience necessary to be able to check a pulse [5].
This skill is acquired through constant experience, which not everyone can do unless they work

in a field where they meet this challenge daily.

« Pulse
= |f he has documents, his identity

Area safety (don't put yourself in danger)

0:38

Fig. 5. Chart of answers for question 6

The remaining questions do not require an increased approach because the answers received were
in correspondence with our expectations, so only possible discrepancies in the statistics need to be
addressed, but these are small and easy to manage.

Finally, we want to present the score groups into which the participants fell, the groups are as
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following:
e Group A: 0 — 4 points, very weak level of awareness;
e Group B: 5 — 6 points, weak level of awareness;
e Group C: 7 — 8 points, good level of awareness;
e Group D: 9 - 10 points, very good level of awareness.

As can be seen in Fig. 6., out of the participants, a very limited number fell into Group A, the
majority found themselves in Group C, a minority entered Group D and the rest are found in Group B.

From these, we can say that over 70% of the participants have a good level of awareness, with a
part of them having a very good one, but needing information and re-verification of knowledge,
focusing on the subjects where they had gaps, with the 30% needing careful training and monitoring of
the evolution of progress.

Distribution of Participants' Scores
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Scores obtained

Fig. 6. Scores chart
4. Conclusions

In conclusion, although the number of participants was quite limited, we were able to obtain a
useful number of answers based on which to identify problems that we can later address with measures
adapted to the current social and technological climate.

Thus, as mentioned in the introduction, we want to propose the creation of brochures with
information related to emergency situations, adapted according to age groups and, most importantly,
containing practical examples, not just empty theory.

These will be distributed to the participants, especially to those classified in score Groups A and
B. But, as is very well known, merely informing them is not enough; a new, more complex and longer
form will be created, which will be distributed to the participants of this paper to be filled out, thus
ensuring the verification of progress.

The results will be presented in another research paper, being a continuation of this one, but an
attempt will also be made to carry out a paper on the same theme, but which will reach a much larger
number of participants, preferably 200 participants.
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ABSTRACT: This study analyzes the impact of organizational safety climate on the
incidence of accidents within the construction industry, combining national statistical
analysis with an in-depth study of a real workplace accident. The objective is to
demonstrate how employees' perceptions of management priorities directly influence
preventive behavior. The results indicate that a positive safety climate serves as a more
reliable predictor of occupational health and safety than mere legislative compliance. The
conclusions advocate for a transition from a sanction-based system toward an
organizational culture focused on conscious risk management, providing practical
solutions for reducing critical events.

KEYWORDS: safety climate, construction, work accidents, organizational culture.
1. Introduction

The construction sector has recently been experiencing several problems related to
work accidents, although one of the main pillars of the economy, it remains the most
vulnerable area. Despite technological advances and increasingly strict legislative measures,
high accident rates indicate a problem that goes beyond the technical sphere, the human factor
and organizational culture.

Most of the time, the pressure of completion deadlines, prioritizing productivity
instead of security creates an environment in which employees perceive safety as a formality,
not as a basic value, This difference between written rules and the reality that we find on
construction sites is directly influenced by the perception of workers on risks, but also on the
decisions that must be made in critical moments.

By analyzing a case study, based on a real event, we will observe how climate
deficiencies can transform a predictable risk into an undesirable event, with serious
consequences.

2. Case study analysis — The accident at the National Library of Romania

On August 13, 2021, at the National Library of Romania in Bucharest, a work accident occurred in
which several workers, employed by a subcontractor company, suffered a fall from a height of
approximately 8-10 meters, the unsecured embankment collapsed on top of the workers who were
carrying out maintenance work on the building's facade.

Analyzing the correlation with the Safety Climate, but also of the data published later, it can be seen
that the work was carried out without a construction permit, which indicated a managerial attitude
ignorant of the legislative norms, in favor of the rapid completion of the project.

The intervention of the rescue crews was significantly hampered due to the lack of protective
measures at the workplace. The embankments had not been secured with adequate support elements,
although this is an elementary and mandatory protection measure. In the absence of these
reinforcement structures, the earth walls became extremely unstable, transforming the entire area into
an extremely dangerous perimeter not only for the workers, but also for the search and rescue teams
that arrived later. Ignoring this technical detail blocked the immediate access of the firefighters, who
were forced to prioritize their own safety before being able to intervene to extract the victims.

The workers' decision to descend into the trench to weld a pipe reflects a serious problem when it
comes to risk perception. They consciously accepted the possibility of a behavioral collapse that leads
to the discovery of a harmful work and organizational climate, in which the completion deadline takes
precedence over security, in this context, life becomes a secondary variable, in front of the objectives
to be achieved at the workplace.

3. Statistical data and correlation analysis
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According to reports to the Territorial Labor Inspectorate (ITM) and the Ministry of Labor, the
construction sector recorded 20% more accidents in 2024, compared to accidents recorded during

2023, thus recording an alarming increase in fatal accidents.

Table 1. Situation of accidents in construction

Period Number of injured people Deaths
2023 (the first 9 months) 4019 (total labor market) -
2024 (the first 9 months) 191 (construction) 7

This difference between norm and reality confirms the theory that a harmful safety climate, which is
measured by time pressure and lack of weekly inspections, becomes a concise indicator of work
accidents. Climate that is characterized by:

» Time pressure, where pressing deadlines and the focus on profitability lead to a forced

pace of work, exerting rapid work pressure on teams of workers, most often to the
detriment of safety measures.

» The lack of regular and effective inspections, which attest to the fact that if they are not
carried out weekly, or if they are not strict enough to identify and correct hazards that
may arise in time, they lose their preventive role, so that workers may come to believe
that some irregularities are accepted or, most often, encouraged.

4. Personal note and critical evaluation
Following the analysis of the event that occurred on the construction site at the National Library, with
the help of the theory regarding the safety climate, I believe that the main pillar was not the omission
made by the worker, but the omission of management. When a work starts and carries out its
objectives without a maintenance authorization, but also without measures to fix the banks, a clear
message is highlighted to the workforce: "production is more important than your life".
In my view, the solution does not lie in more legislative violations, although I'TM applied sanctions of
over 6 million lei during 2024, but in changing the way the worker perceives authority. Safety at the
workplace regardless of the workplace must become an assumed value, not a rule to be imposed. In
the case of the National Library, a healthy safety climate would have allowed each worker
participating in the work to refuse to enter the unsecured trench, without fear of the administrative
repercussions that may result from the refusal.

5. Images from the accident scene
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6. Conclusion

After analyzing, I noticed a clear connection, when time pressure is the main thing on the construction
site and inspections are only a facade, employees can no longer or perhaps do not want to comply
with technical regulations. These working conditions make the rules ineffective, transforming them
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from safety tools into simple ignored formalities.

Although the risk was obvious, leading to the idea that the accident could have been avoided, the
management's omission turned this possibility into a real accident. It is like hanging a heavy object on
a spider's web, although you know that it is fragile and ready to give way, without trying to add
repairs to stabilize it. Instead of preventing the collapse, you actively contribute to it. In the case I
studied, this "spider web" was not given the necessary attention, leading to an accident with serious
consequences, the injury of 4 of the employees and the death of 2 of the 6 workers involved.

To prevent accidents of this kind, through future research I propose to carry out anonymous
perception questionnaires, which can provide valuable information to management, about how
employees perceive safety, what their fears are when they show up at work, but also what suggestions
they want to offer for good functioning and for easier communication.

To ensure accuracy of the information, the future study is also based on the collection of primary data.
The data will be collected directly from the source, namely from workers and supervisors on
construction sites using questionnaires applied in the field.
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ABSTRACT: This paper presents the occupational safety risks associated with the manufacturing
of sterile parenteral pharmaceutical products, with emphasis on pressure-related incidents occurring
during the aseptic filling process. The study describes the technological flow used in the production of
prefilled syringes containing ibandronic acid solution and analyzes a real case involving overpressure
generated during solution transfer between storage and filling vessels. The causes of the incident,
including human error and improper pressure release, are discussed together with the corrective and
preventive measures implemented afterward. In addition, the paper highlights the importance of GMP
regulations, personal protective equipment, personnel training, ergonomics, and process safety
management in pharmaceutical manufacturing facilities. The study underlines the necessity of
continuous risk assessment and strict compliance with safety procedures in order to protect both
operators and product quality.
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1. Introduction

Rompharm Company SRL was founded in 2004, in Ilfov County, Otopeni. It is a
company that deals with the production of medicines, currently managing seven departments,
each of which is intended for the manufacture of various pharmaceutical forms, such as
ophthalmic preparations, parenteral preparations, solid preparations or oncological drugs, as
well as the packaging department.

The pharmaceutical industry is an essential field for the health of the population, and the
manufacture of medicines, especially sterile parenteral preparations, requires compliance with
strict standards of quality, safety and microbiological control. Since these products are
administered directly into the body, without natural protective barriers, technological processes
must comply with GMP, European Pharmacopoeia and occupational health and safety rules.

In medicine factories, equipment that operates under pressure, such as preparation
vessels, autoclaves and transfer systems, is used, and the associated risks include overpressure,
contamination or failure of the facilities. These situations can affect both the safety of personnel
and the quality of the products.

The paper analyzes the risk of overpressure in the manufacturing line of sterile
preparations, with a focus on the aseptic filling process of pre-filled syringes with ibandronic
acid. The technological process, the equipment used, a case study of an overpressure incident,
as well as the causes and corrective measures applied are presented. The aim is to highlight the
importance of compliance with GMP and HSS, personnel training and process monitoring to
prevent accidents and ensure safety in the pharmaceutical industry.

2. About Rompharm Company

Although there are many companies in Romania that manufacture products with the
same active substance, Rompharm is positioned on the Romanian market as an important
distributor of generic drugs, representing strong competition for other manufacturers of
analogue substances, in terms of quality and price. With over 160 drugs in its portfolio, the
factory has a sales market that extends both in Europe, namely in the European Union, and on
the Asian continent, in countries such as Russia, Georgia, Uzbekistan, Kazakhstan and others.
Although it does not actually deal with the development of new pharmaceutically active
molecules that it then subjects to preclinical and clinical tests in order to be approved and then
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distributed to the population, the Rompharm company continuously invests in equipment, so
that the quality of the formulations and generic products manufactured by them is at the highest
standard and meets the needs of patients in terms of drug supply.

3. Description of parenteral drugs

Parenteral preparations are sterile pharmaceutical products with critical quality
requirements regarding sterility, endotoxins, particles and integrity of the container-closure
system, intended for administration by routes that bypass the gastrointestinal tract. The most
common parenteral routes of administration are: intravenous, intramuscular, subcutaneous, and
less common - intracardiac, epidural, etc., and the preparations can be in the form of a solution,
oil-in-water emulsion, very fine suspensions, powders, etc. The production of parenteral drugs
is the most demanding, because there are many precautions and rules that must be followed, to
ensure the strict conditions of sterility and pyrogenity imposed by the European Pharmacopoeia
- 12th edition and the Romanian Pharmacopoeia - 10th edition, without visible particles, with a
controlled number of subvisible particles, formulated so as to be isotonic or close to
physiological tolerance (when necessary), with compatible pH, chemically, physically and
microbiologically stable. A preparation is considered sterile when the sterility test value is 0
colony forming units (CFU) (bacterial or fungal). It is important to remember in GMP / QC that
the sterility test does not “prove” the absolute sterility of the batch but is a sample compliance
test, but the factory, through additional precautions, tests the solution with which the pumps and
filling needles are primed. Real sterility is mainly based on: validated aseptic process, process
simulation (media fill), sterilizing filtration / terminal sterilization, environmental monitoring
and container integrity. Endotoxins are those microbial fragments, from Gram negative or even
positive bacteria, fungi and certain biological impurities, that the body's immune system detects
as foreign and dangerous to the body and thus triggers a febrile response, which for a critically
ill patient can be fatal. For endotoxins there is a limit that differs depending on the route of
administration (the intrathecal route has a limit of 0.2 EU/kg/hour, while most parenteral
products have a limit of 5 EU/kg/hour). The manufacture of these types of products requires
knowledge in the pharmaceutical, industrial engineering, chemical engineering, and more,
which are intertwined in this process, starting from the actual preparation, to aseptic filling, in
the case of products intended for direct administration into the blood, to the control and labeling
phase. Although the production parameters, such as temperature and pressure, are very clearly
defined and the processes are largely automated, there are also risks associated with human
error, which fortunately, in this case are not serious. Next, it is described the manufacturing
process of pre-filled syringes with 1% ibandronic acid. This is a drug from the bisphosphonate
class, useful in osteoporosis, prevention of bone events in patients with metastases and
sometimes for the treatment of tumor-induced hypercalcemia. Ibandronic acid can be
administered both orally and by injection, the mechanism of action being the same: it inhibits
osteoclasts, reduces bone resorption and decreases bone mass loss. Each route has its advantages
and disadvantages, which are presented in the table below.Preparatele parenterale sunt produse
farmaceutice sterile cu cerinte critice de calitate privind sterilitatea, endotoxinele, particulele si
integritatea sistemului container-inchidere, destinate administrarii pe céi care ocolesc tractul
gastrointestinal. Caile parenterale de administrare cele mai comune sunt: intravenos,
intramuscular, subcutanat, si mai putin comune - intracardiac, epidural etc, iar preparatele pot fi
sub forma de solutie, emulsie de tip ulei in apa, suspensii foarte fine, pulberi, etc. Productia de
medicamente parenterale este cea mai pretentioasd, pentru cd existd foarte multe precautii si
reguli ce trebuie urmate, pentru a asigura conditiile stricte de sterilitate si apirogenitate impuse
de Farmacopeea Europeana editia 12 si Farmacopeea Romana Editia X, fara particule vizibile,
cu numar controlat de particule subvizibile, formulate astfel incat si fie izotone sau apropiate
de toleranta fiziologicéd(cand e necesar), cu pH compatibil, stabile chimic, fizic si microbiologic.

Tab. 1 Comparison between oral and injectable routes of administration

Comparison criterion Oral route Injectable route

Pharmaceutical form

Film-coated tablets

Solution for injection

Route of administration

Oral

Intravenous

Absorption

Low and individually variable

Absorption is avoided because
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the active substance reaches
the systemic circulation
directly

Influence of food

Significant: foods and drinks rich
in electrolytes reduce absorption

Non-existent

Bioavailability

Very low (0.6% in humans)

Virtually complete (=100%)

Frequency of administration

Usually monthly (150 mg once a
month)

De obicei trimestriala in
osteoporoza (ex. 3 mgla 3
luni)

Special conditions of
administration

Requires administration in the
morning, on an empty stomach,
with plain water and maintaining
an upright position after
administration

Requires medical personnel
and appropriate conditions for
injection/infusion

Patient compliance

May be reduced due to strict
administration rules

May be better due to less
frequent and medically
controlled administration

Predominant adverse
reactions

Gastrointestinal disorders and
esophageal irritation (esophagitis,
retrosternal pain, gastralgia,
nausea)

Flu-like reactions, headache,
post-administration reactions

Main advantage

Non-invasive administration,
convenient for home treatment

Complete bioavailability and
predictable systemic effect

Main disadvantage

Low bioavailability and difficult
administration

Invasive administration,
requires medical supervision

Oral administration of ibandronic acid has the advantage of non-invasive and accessible
use, but is limited by low bioavailability, food interactions and the risk of gastrointestinal
adverse reactions. In contrast, injectable administration offers complete bioavailability,
predictable systemic exposure and superior digestive tolerability, being preferable in clinical
situations requiring more rigorous therapeutic control.

The recipe for preparing the acid is very simple: ibandronate sodium monohydrate,
sodium chloride, glacial acetic acid, sodium acetate trihydrate, acetic acid 1% and water for
injections (APPI), weighed and added in the order specified by the software linked to the
preparation vessels, set to the production of this product, an initial sparging of approximately
one hour with nitrogen of the APPI and shaking for a few minutes after the addition of each
substance.

The installation through which the prepared solution reaches cleanliness class C (in
preparation) to cleanliness class A (when filling), consists of: preparation vessel, storage vessel
and filling vessel, each vessel having a pressure gauge, a vent filter and a nitrogen filter, both
filters being hydrophobic. On the filter path between the preparation vessel and the storage
vessel, there are two hydrophilic filters, with two different pore sizes: the first filter is 0.45
microns with a decontaminant role, and the second 0.2 microns has a sterilizing role. On the
path between the storage vessel and the filling vessel, there is only a sterilizing filter. Before
any filter or vent installation, they are tested - to verify their integrity, they are sterilized in an
autoclave, mounted on the vessel, and after the solution transfer operations are completed, the
filters are retested to certify that the solution left the preparation chamber sterile.

The role of vent and nitrogen filters is to facilitate the transfer of the solution, under
optimal sterility conditions and to limit the contact of the solution with oxygen and moisture.
When the liquid is filled into a sealed vessel, the air volume must escape, otherwise
overpressure occurs and the vessel or hose seals may fail. Thus, the vent allows the air to
escape, but does not let microorganisms enter. When the liquid is transferred from the vessel,
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a vacuum can be created and it is necessary to fill the lost volume with nitrogen due to its
chemically inert quality.

4. Case study on the consequences of overpressure in the syringe filling line

A situation encountered in recent practice in the case of aseptic filling of ibandronic acid
syringes highlights the importance of staff training and the role of inattention. To start the
actual filling, after the preparer initiates the transfer of the solution from the ST (storage tank)
to the BT (filling tank), the operator must vent the sterilizing filter, opening a valve, to release
the air/pressure and allow the solution to pass. The initial transfer pressure of the solution from
the ST to the BT is 0.5 bar. In the case of ibandronic acid, no sterilizing filter is used during
filling and there is only vent on the BT. When the solution is no longer transferred from the
storage tank to the filling tank at this pressure, the preparer increases it to the pressure p = 2
bar and thus the path is (almost) completely emptied. Since the solution is no longer transferred
from the storage vessel to the filling vessel, it was necessary to increase the pressure. Thus, in
figure 1 a the functional diagram of the filtering and filling system is presented and in figure 2
b a real image of this system is presented.

a. \ b.
Fig. 1 presentation of the filtration-filling assembly of ibandronic acid syringes

Due to poor communication and inattention, the operator opened the valve that starts or stops
the solution transfer, creating overpressure, the vessel seals failed, and the ibandronate solution
spread onto the car windows. In this situation, two aspects must be taken into account:

- the first is that the operator should have taken into account that this product does not have a
sterilizing filter when filling. Its presence would have delayed the solution transfer and would
have allowed the pressure to be released gradually, through the vent valve.

- secondly, the fact that overpressure was created is due to the vent filter soaked with solution,
which could not cope with the transfer, which we verified on site, by dismantling the filter and
blowing it with nitrogen.

5. Occupational safety standards applicable in the parenteral preparations section
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In parenteral preparation departments, occupational health and safety regulations are
intended to ensure both the safety of personnel and the maintenance of aseptic conditions
necessary for the manufacture of sterile products. These include, but are not limited to, the use
of personal protective equipment, contamination control, pressure equipment regulations,
ergonomics and fatigue prevention regulations, safe handling of chemicals, and training in
compliance with GMP and SSM procedures. In critical aseptic areas, especially in GMP classes
A and B, gowning is performed according to strict procedures to reduce the release of particles
and microorganisms from the operator. The clothing should be made of non-particle-generating
materials and sterilized before use. This equipment includes: a pair of sterile gloves that are
used throughout the entire outfit, on top of which another pair of sterile gloves is added, after
completing the complete outfit and before leaving the locker room in cleanliness class C, and
entering cleanliness class B, two caps for complete hair coverage, autoclaved mask,
individually packaged, sterile overalls, equipped with a hood, overshoes and autoclaved safety
glasses.

The correct use of PPE contributes to reducing the risk of microbiological contamination,
limiting personnel exposure to active substances, some of which may be toxic, or cleaning
agents, but also to maintaining aseptic conditions during the manufacturing process.

Compliance with the procedures for the use of personal protective equipment is
periodically verified through training, monitoring and internal audits.

In the pharmaceutical industry, especially in the parenteral preparation sections,
equipment that operates under pressure is frequently used, such as: autoclaves, preparation
vessels, nitrogen lines, tanks and technological pipes. This equipment poses significant risks to
personnel, such as: steam burns, accidents caused by overpressure, equipment explosion, leaks
of hot gases or liquids. To prevent accidents, the legislation on occupational health and safety
requires compliance with specific measures: periodic inspection of equipment, the existence of
safety valves, pressure and temperature monitoring, preventive maintenance, exclusive use by
trained and authorized personnel. Compliance with these rules is essential both for the
protection of operators and for maintaining the integrity of the technological process and GMP
conditions.

The work carried out in the parenteral preparation departments requires a high level of
concentration, precision and compliance with aseptic techniques. Operators often work for long
periods in uncomfortable positions, wearing full protective equipment and performing
repetitive tasks. These conditions can promote physical fatigue, heat stress, decreased attention,
the occurrence of human errors and musculoskeletal disorders. In the aseptic environment,
operator fatigue can have important consequences not only on their health, but also on the
quality of the product, since human errors are one of the main sources of contamination. Several
measures are applied to reduce ergonomic risks: organizing staff rotation, limiting time spent
in critical areas, introducing regular breaks, training on correct working positions, ergonomic
design of stations and equipment. At the same time, the automation of certain operations and
the use of isolators contribute to reducing physical effort and operator exposure in sterile areas.
Ergonomics and fatigue management is another important element for both personnel safety
and for maintaining GMP compliance and finished product quality.

Personnel training is one of the fundamental requirements of both GMP standards and
occupational health and safety legislation. In the production of parenteral preparations, the
level of personnel training has a direct impact on product quality and the safety of the
manufacturing process. Personnel must be trained before starting work and periodically
thereafter, as well as whenever: changes to the technological process, new equipment, updates
to procedures, legislative changes occur. Training includes both theoretical and practical
aspects, relating to: GMP rules, aseptic techniques, use of personal protective equipment,
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hygiene and gowning procedures, handling of chemicals, operation of equipment, accident
prevention, emergency response measures.

In sterile wards, staff must periodically demonstrate practical competence in aseptic
technique, as inappropriate behavior can be a major source of contamination.

6. Other accidents that occurred while working in a pharmaceutical factory

Although the activities carried out in the pharmaceutical sector are strictly regulated and
organized in such a way as to minimize the risks for operators and for the products intended
for administration to patients, events that endanger both the safety of personnel and the quality
of the manufactured medicines can occur, for various reasons. These incidents can include
microbiological contamination of products, exposure of employees to toxic or carcinogenic
substances, mechanical accidents caused by industrial equipment, as well as major events, such
as fires and explosions.

According to studies carried out by Maaz S. Maniar and his collaborators, most serious
industrial accidents in the pharmaceutical sector have been reported on the Asian continent,
especially in India and China, where the high pace of production and industrial conditions can
favor the occurrence of incidents such as explosions, fires or leaks of hazardous substances.
These accidents are often associated with the improper handling of flammable solvents,
insufficient maintenance of facilities or failure to comply with safety procedures.

Explosions are some of the most severe events that can occur in a pharmaceutical factory.
These can be caused by electrical short circuits, the accumulation of flammable vapors, sparks
produced by static electricity or the failure of technological equipment. In certain situations,
even a low concentration of fine pharmaceutical powders can generate a risk of explosion in
contact with an ignition source. In addition to the destruction produced at the factory level,
such incidents can also affect the environment or nearby communities.

Another important risk is represented by accidental leaks of gases or toxic chemicals.
The pharmaceutical industry uses numerous hazardous substances, such as ethylene oxide,
methylene chloride, phosgene or chlorine, which can cause severe poisoning, chemical burns
or respiratory damage. Also, the use of nitrogen in certain technological processes can lead to
a decrease in the concentration of oxygen in rooms and the risk of asphyxiation, especially in
closed and insufficiently ventilated spaces.

In addition to chemical accidents and industrial fires, pharmaceutical factories can also
experience common work accidents, such as slips, falls, electrocutions or injuries caused by
operating machinery. These events are favored by operator fatigue, inattention, insufficient
training or failure to comply with personal protective equipment. The consequences of
accidents in the pharmaceutical industry can range from minor injuries and hospitalizations to
loss of life, damage to infrastructure and contamination of the environment. For this reason,
compliance with occupational health and safety regulations, regular training and permanent
monitoring of technological processes are essential measures to prevent accidents and maintain
a safe working environment.

7. Conlusions

The pharmaceutical industry, especially the sterile parenteral preparations sector, is one
of the most complex and strictly regulated industrial sectors, since any deviation from
manufacturing conditions can have direct consequences both for the health of operators and for
the safety of the patient. In this paper, the main features of the production of parenteral
preparations were presented, with emphasis on the risks associated with the operation of
pressure equipment and the importance of compliance with GMP and SSM standards in
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preventing work accidents and contamination of pharmaceutical products.

The case study on the occurrence of overpressure during the transfer of ibandronic acid
solution demonstrated that, although technological processes are largely automated and
controlled, the human factor remains an essential component in the conduct of production
activities. A simple communication error or inattention can lead to incidents that affect both
the technological process and the safety of personnel. In the analyzed situation, the
consequences were limited due to the relatively low pressure and volume of the system, but the
event highlights the need to strictly comply with operational procedures and to permanently
verify equipment and working parameters.

Following the analyzed incident, additional prevention measures were implemented to
reduce the risk of such a situation recurring. Thus, the increase in filtration pressure is no longer
done suddenly, but progressively, in successive stages, from 0.5 bar to 1 bar, then to 1.5 bar
and subsequently to 2 bar. This procedural change allows the gradual stabilization of the
pressure in the system, reducing the stress on the seals, filters and technological route and
increasing the safety level of the sterile solution transfer process.

The paper also highlights the importance of continuous personnel training, the correct
use of personal protective equipment and the implementation of effective measures to prevent
industrial accidents. Workplace ergonomics, operator fatigue monitoring and preventive
maintenance of facilities are essential factors for reducing the risk of human error and for
maintaining the aseptic conditions necessary for the production of sterile preparations.

At the same time, the analysis of serious accidents reported in the pharmaceutical
industry at international level demonstrates that the risks associated with explosions, fires or
leaks of toxic substances should not be underestimated. These events can have severe
consequences for personnel, infrastructure and the environment, which is why risk
management must be a permanent priority in any pharmaceutical production unit.

In conclusion, safety in a pharmaceutical factory depends on the interaction between the
technology used, compliance with GMP and SSM regulations, the quality of staff training and
an organizational culture oriented towards prevention. The continuous development of
automated systems, monitoring technologies and risk management strategies can significantly
contribute to reducing accidents and increasing the safety of pharmaceutical manufacturing
processes.
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ABSTRACT: The transition to electric vehicle production introduces major industrial risks
associated with lithium-ion batteries. Using the PyroSim and Pathfinder platforms, this
study models the dynamics of a factory fire and its impact on evacuation by analyzing two
scenarios: one involving a free-flow evacuation and the other a phased evacuation. The
comparative analysis demonstrates that spontaneous evacuation generates critical
bottlenecks with densities of 3 people/m? due to crowding at the exits. In contrast,
implementing a phased evacuation protocol streamlines the evacuation process and
reduces the total time to exit the building by 13.71%.

KEYWORDS: simulation, evacuation, fire, electric vehicles, industry

1. Introduction
The automotive industry’s transition to electromobility represents a major technological milestone,
driven by the need to reduce pollutant emissions [1]. To support the large-scale production of electric
vehicles, the industry has developed high-capacity production facilities focused on manufacturing
lithium-ion battery packs, the central component of this new architecture [2].
This technological advancement introduces major safety risks. Lithium-ion batteries are a highly
reactive medium, vulnerable to mechanical and thermal stress, factors that trigger thermal runaway
[3]. The resulting fire is extremely aggressive and self-sustaining, drastically limiting the
effectiveness of conventional firefighting methods. At the same time, massive emissions of highly
toxic gases (particularly HF and POF;) and the rapid spread of smoke significantly reduce survival
time in enclosed spaces [4,5]. In this context, this paper aims to model the dynamics of an electric
vehicle fire in an industrial hall and to evaluate the impact of these emissions on the efficiency of the
evacuation process.
The methodology focuses on predictive fire assessment using the heat release rate (HRR) curve.
Using the PyroSim software, 3D simulations of heat and smoke propagation are performed,
highlighting the rapid deterioration of safety conditions along evacuation routes. Complementarily,
occupant behavior in emergency conditions is modeled using the Pathfinder platform. This analysis
allows for the identification of congestion points and the determination of the total time required to
evacuate the industrial hall, thereby testing the effectiveness of evacuation strategies before people are
critically exposed to toxic gases.
Given that the extremely rapid progression of an electric vehicle fire can block escape routes with
toxic smoke in a short period of time, a major objective of the research is to highlight the fundamental
role of advanced computer simulations. These tools are essential not only for the theoretical validation
of industrial objectives, but especially for the design, testing, and practical implementation of
proactive evacuation strategies, the only ones capable of preventing occupants from being caught off
guard by the rapid spread of smoke and toxic gases.

2. Risks specific to the production of electric vehicles

The transition to electric vehicle assembly is fundamentally changing the risk profile of
industrial facilities. Unlike traditional automotive production, where hazards associated with
liquid fuels predominate, electric vehicle assembly introduces major chemical and electrical
vulnerabilities. These stem from the chemistry of lithium-ion cells and the high-voltage
architecture, with the battery pack representing the primary thermal load (the chemical “fuel”)
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capable of sustaining an extremely violent fire.
The safety and integrity of storage systems are directly affected by thermal and
mechanical stress, with the main vulnerabilities manifesting themselves as follows:

e Exposure to high temperatures: This promotes the initiation of exothermic chemical
reactions inside the cells. Due to the battery’s limited ability to dissipate heat, thermal
runaway occurs, which inevitably leads to the battery pack catching fire [6].

e Exposure to low temperatures: This exponentially increases the internal resistance of
the cells. The critical risk arises during charging, when the formation of lithium
dendrites is encouraged. These sharp structures can pierce the separator layer, causing
internal short circuits and sudden battery self-ignition.

e Mechanical impact: This poses a major operational risk in the production line due to
the handling of heavy packages. Any physical impact that exceeds the casing’s strength
and penetrates the cells causes immediate internal short circuits, triggering a violent fire
[7].

e Thermal runaway: This involves an uncontrollable cascade of exothermic reactions,
characterized by a rapid rate of heating (over 10 °C/min) and massive gas release (off
gassing). Fire manifests aggressively through smoke, sparks, and flames, posing an
extreme risk due to chain propagation to adjacent cells (thermal propagation).

e The danger of toxic gases and smoke: At temperatures above 150 °C, overheating
causes safety valves to rupture and the sudden release of a lethal mixture of carbon
monoxide (CO), hydrogen cyanide (HCN), and hydrogen fluoride (HF). Additionally,
the thermal degradation of fluorinated elements in the battery generates phosphorus
oxofluoride (POF3), a compound with even higher toxicity than HF, the inhalation of
which drastically reduces survival time [8,9].

3. Human behavior in emergency situations

In fire safety design, anticipating human behavior is just as important as analyzing fire
dynamics. The social psychology of evacuation shows that occupants frequently exhibit
atypical reactions that hinder a rapid evacuation. Among these actions that cause critical delays
are initially ignoring the alarm while waiting for confirmation of the danger, moving toward
the source of the fire to investigate the situation directly, warning colleagues and forming
groups, gathering personal belongings, or even staff attempting to extinguish the fire using
first-response equipment [10]. Additionally, the tendency of most people to use only familiar
routes (such as the main door) and to ignore alternative emergency exits is a decision that
quickly leads to severe bottlenecks in the evacuation flow.

Although widespread panic is a rare occurrence, the rapid deterioration of
environmental conditions (accumulation of toxic smoke, reduced visibility, and extreme heat)
triggers episodes of acute stress. During these critical phases, behavior deteriorates, with
occupants exhibiting confusion and disorientation due to a loss of spatial orientation. Extreme
stress promotes irrational decisions (disregarding safety, forcing blocked exits) and the
emergence of the “herd effect,” a high-risk situation in which individuals instinctively follow
the crowd without rationally assessing whether the chosen evacuation route is truly safe [11].

4. Methodology for the mathematical modeling of evacuation scenarios
The computational analysis focused on an industrial building used for the production of electric
vehicles (one production floor and two administrative floors). The initial geometry was defined in 2D
in AutoCAD, serving as the basis for 3D modeling in the Thunderhead Engineering suite [12].

To simulate an electric vehicle fire, the energy profile was defined using the HRR (Heat
Release Rate) parameter with a value of 32,000 kW, whose evolution over time is shown in
Figure 1.
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Fig. 1 Heat release rate for an electric vehicle fire [13]

PyroSim was used to construct the 3D model (Figures 2a and 2b) and simulate the fire, while
Pathfinder was used to model crowd dynamics and estimate evacuation times.

Fig. 2 3D representation of industrial space

Two complementary scenarios were defined in the Pathfinder platform for the
evacuation of 140 occupants, distributed across production and administrative areas. The
modeling involved assigning physical and behavioral profiles specific to emergency situations
(Figure 3).

H
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Fig. 3 Illustrating behaviors specific to an emergency situation
Un Another key parameter in defining occupant profiles is travel speed. This was
determined based on the characteristics of the travel surface, with separate values established
for horizontal movement (Table 1) and vertical movement (Table 2).

Table 1. Horizontal travel speed

Age Gender Travel speed [m/s]
under 29 years old M 1,77
under 29 years old F 1,64
30-50 years old M 1,87
30-50 years old F 1,75
50 years of age and older M 1,42
50 years of age and older F 1,35
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Table 2. Speed of movement on stairs

Age Gender Travel speed [m/s]
under 29 years old M 0,82
under 29 years old F 0,59
30-50 years old M 0,69
30-50 years old F 0,50
50 years of age and older M 0,56
50 years of age and older F 0,47

To provide a detailed representation of the industrial space, 3D objects created in
SketchUp were integrated (Figures 4a and 4b). These are intended to accurately reproduce the
electric vehicle production environment and realistically depict the obstacles present in the
evacuation routes, such as robotic arms or vehicles on the assembly line.

Fig. 4 The process of geometric modeling of an electric vehicle

5. Scenario analysis and interpretation of results

The comparative analysis evaluated two evacuation scenarios. The first scenario
simulates an uncontrolled evacuation, in which all occupants react simultaneously to a fire
breaking out on the production line, with their actions based exclusively on predefined
emergency response protocols.

For the second scenario, a 25-second delay in evacuation was proposed for occupants
on the top floor, as well as an approximately equal distribution of occupants across the two
evacuation routes.

Fig. 5 Illustration of the evacuation process after 5 seconds for Scenario 1 (a) and Scenario 2 (b)

Within the first 5 seconds of the evacuation alarm sounding, 15 employees on the
ground floor managed to leave the production hall, while staff in the administrative area began
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moving toward the stairwell. The behavioral differences are significant; in the absence of a
protocol (Figure 5a), occupants move simultaneously and in an uncontrolled manner toward
the stairwells, with isolated instances of confusion (right wing, 2nd floor). In contrast, the
phased scenario (Figure 5b) demonstrates strict adherence to the procedure, with staff on the
top floor remaining stationary during the required delay.

Exited: 47/140 ens 2 Exited: 47 /140
(oces

Fig. 6 Illustration of the evacuation process after 30 seconds for Scenario 1 (a) and Scenario 2 (b)
During the first 30 seconds of the simulation, uncontrolled evacuation (Figure 6a) leads
to a series of bottlenecks that hinder the process, congested areas marked by a density of
approximately 2 people/m? on both staircases, and hesitation and confusion observed among
occupants in the intermediate zone between the two evacuation routes. In the phased scenario
(Figure 6b), people on the second floor began the evacuation process 5 seconds earlier, and the
movement of personnel from the first-floor proceeds without blockages.

= Exited: 58/140

Fig. 7 Illustration of the evacuation process after 70 seconds for Scenario 1 (a) and Scenario 2 (b)

After 70 seconds, in the case of spontaneous evacuation (Figure 7a), even though the
second floor is completely cleared, crowding and hesitant behavior (such as people changing
their minds on the first floor) contribute to the persistence of congestion points, where critical
densities of 2-3 people/m? are recorded, thereby slowing the evacuation process for all
remaining occupants. In contrast, the phased scenario (Figure 7b) demonstrates its
effectiveness by maintaining a stable flow, characterized by a much lower and constant density
of 1-2 people/m?.
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. Exited: 85/140

Fig. 8 Illustration of the evacuation process after 100 seconds for Scenario 1 (a) and Scenario 2 (b)

After 100 seconds, in the case of an uncontrolled evacuation (Figure 8a), even if the
movement takes place entirely on the lower level of the building, congestion points caused by
human bottlenecks persist, which prolongs the occupants’ stay in the stairwell area space
already filled with toxic smoke. In contrast, the phased evacuation scenario (Figure 8b)
illustrates a smoother flow of movement and a much faster process, showing a total of 85
people evacuated, compared to the first scenario, which recorded only 75. Thus, occupants no
longer become stuck on the evacuation routes, and individual exposure to extreme conditions
is reduced.

Exited: 114 /140 [
¢

Fig. 9 Illustration of the evacuation process after 130 seconds for Scenario 1 (a) and Scenario 2 (b)

The scene captured at 130 seconds into the simulation, spontaneous evacuation (Figure
9a), results in congestion at the base of the stairwells, with densities reaching the maximum
threshold of 3 people/m?, thereby blocking the exit of the last groups, who remain exposed to
high temperatures and smoke concentrations. In contrast, the phased evacuation strategy
ensures a much more uniform movement, with a density of one person/m? and a greater number
of people who managed to evacuate safely.

Through the phased evacuation process, people on the top floor spend much less time
in the building-exit phase, which eliminates the overlap of occupant flows and prevents
bottlenecks from forming in the stairwells.
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Fig. 10 Illustration of the evacuation process after 150 seconds for Scenario 1 (a) and Scenario 2 (b)
The moment marked by the 150-second mark represents a defining point in the
comparative analysis of the two scenarios. In the case of the uncontrolled evacuation (Figure
10a), the total number of people brought to safety is 123, with the remaining group of 17 people
still trapped on the stairs. The total evacuation time for this scenario is 175 seconds. In contrast,
the phased evacuation scenario (Figure 10b) marks the end of the rescue process, showing a
complete evacuation of the production hall.

6. Conclusions

A comparative analysis of the two scenarios demonstrates that implementing a dynamic
phased evacuation strategy is a technically superior solution to traditional emergency
procedures, with a direct impact on the building’s occupants. While a spontaneous evacuation
resulted in severe congestion in the stairwell (caused by confusion and second thoughts,
reaching densities of up to 3 people/m?), the strategy based on an organized evacuation protocol
allowed for a noticeable smoothing of the flow of people.

The main difference between the two simulations lies in the implementation of a pre-
evacuation period (phasing) in Scenario 2. Although the specific behaviors associated with the
alarm states remained similar, the frequency of their occurrence produced different effects. In
the case of an uncontrolled evacuation, crowding persists throughout the movement, because
of stops and sudden changes in direction. In contrast, the time lag in the phased scenario
provides occupants who were initially at rest with a period of anticipation, minimizing
irrational reactions and facilitating superior self-organization among individuals during the
movement process.

Another key factor affecting evacuation times is the vertical movement dynamics. This
is determined by the occupants at the front of the flow, who move at a reduced speed (0.47
m/s). Delays are exacerbated by the spatial constraints of the stairwell, where the ability to pass
others is limited, forcing each person to match the pace of those in front.

The fire propagation analysis demonstrated an extremely rapid progression, with
uncontrolled releases of hot and toxic gases occurring in less than 3 minutes. The 90th second
of the simulation marks the critical moment when the conditions for sustainable fire growth
were disrupted by the rapid infiltration of smoke into the stairwell. In the spontaneous
evacuation scenario, congestion points and slow movement speeds result in prolonged delays
in the stairwell, exposing occupants to rising toxic concentrations. In contrast, the phased
scenario demonstrates a clear improvement in efficiency through the streamlining of
movement, which resulted in a 13.71% reduction in total evacuation time, a performance
equivalent to saving a group of 17 people.

The progression and severe toxicity of the fire highlight the critical vulnerabilities of
industrial environments where Li-Ion batteries are handled, underscoring the need for
minimum response time and precise organization. These requirements can be met through a
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specific emergency plan, in which establishing response times, designating available routes,
and managing traffic flows are central elements.

Ultimately, advanced modeling platforms such as PyroSim and Pathfinder have proven
to be essential tools for fire safety engineering. In the context of this research, they provided a
vital predictive insight into a fire that broke out in an electric vehicle manufacturing facility.
These tools enabled the precise modeling of the three-dimensional geometry of the industrial
space, the definition of fire dynamics parameters, and the individual behavior of occupants,
based on psychological factors such as irrational reactions (confusion and panic) and the search
for familiar routes (rethinking), as well as biometric data (age and gender). The importance of
these simulations lies in their ability to generate scenarios that allow for the anticipation of
congestion points and areas with hazardous survival conditions before they manifest in a real-
world situation. Thus, design specialists can validate evacuation strategies, optimizing building
architecture and emergency protocols to ensure a rapid, safe evacuation process for all
occupants within an optimal timeframe.
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This paper presents the design and implementation of an automated ventilation system for industrial
environments, controlled via a Raspberry Pi 3 B. The project focuses on air quality monitoring and
active safety through a series of intelligent scenarios, including fan redundancy and emergency

response to fire or high gas concentrations.

Using of MQ-135, MQ-2, and GP2Y 1010 and bmp280 sensors, the system evaluates the internal
environment in real-time. A key feature of the proposed architecture is the "fail-safe" logic, where the
failure of one intake fan triggers the automatic speed compensation of the remaining units. The
hardware is integrated into an L-shaped scale model, demonstrating practical industrial automation
and human-safe environmental control.

1. Introduction

Ventilation in industrial spaces is not just a matter of comfort, but a critical safety element. An
accumulation of toxic gases or a fire can have devastating consequences if the evacuation system does
not react instantaneously.
The present project proposes a modern automation solution, built around a Raspberry Pi
microcomputer. The main objective was to create a system that is not just "passive" but capable of
"active reduction". This means that if a fan malfunctions, the system detects the problem and forces the
remaining fans to compensate for the lost airflow. Everything is monitored by smoke, particulate, and
temperature sensors, providing an accurate simulation of an industrial hall.

2. Current State

The system mockup was built in the shape of an "L-shaped" hall, covered with plexiglass to allow
the observation of the components during testing. We opted for a configuration with 7 compact 50 mm
fans, as they offer an ideal ratio between size and realism for a university mockup. The system is divided
into three functional zones:

e Intake: 3 fans introducing fresh air;

¢ Ceiling Exhaust: 2 fans operating continuously;

e Emergency: 2 additional fans that activate only in case of fire or severe contamination.

3. System Architecture and Connectivity

For power control, considering that the Raspberry Pi operates at 3.3V, we used 3 IRF520 MOSFET
modules. These allow PWM (Pulse Width Modulation) control of the fans powered by a 12V external
power supply, without overloading the development board. The sensors used are:

e DHT22 for temperature and humidity monitoring;

e  MQ-135 and MQ-2 for air quality and smoke/gas detection;

e GP2Y1010, an optical sensor for dust and fine particles;
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Diagram created in Fritzing software

Below is the code for the entire project, written in Python 3:

import RPi.GPIO as GPIO

import time

import board

import busio

import adafruit_bme286

GPIO.setmode (GPIO.BCM)

FAN_IMNTAKE = 18

FAN_EXHAUST = 19

FAN_EMERGENCY = 13

BTN_FATLURE = 17

BTN_FIRE = 27

BTN_GAS = 22

BUZZER = 23

GPIO.sctup(FAN_INTAKE, GPIO.OUT)

GPIO.setup(FAN_EXHAUST, GPIO.OUT)

GPIO.setup(FAN_EMERGENCY, GPIO.OUT)

GPIO. setup({BUZZER, GPIO.OUT)

GPIO.setup(BTN_FAILURE, GPIO.IN, pull_ up_down=GPIO.PUD_UP)

GPIO.setup(BTN_FIRE, GPIO.IM, pull_up_down=GPIO.PUD US)

GPIO.setup{BTN_GAS, GPIO.IM, pull up down=GPIO.PUD UP)

pwm_intake = GPIO.PWM({FAN_INTAKE, 1880)

pwm_exhaust = GPIO.PWM(FAN_EXHAUST, 1868)

pwm_emergency = GPIO.PWM{FAN EMERGENCY, 1288)

pwm_intake.start(2)

pwm_exhaust.start(8)

pwm_emergency .start ()

i2c = busio.I2C(board.SCL, board.SDA)

bme280 = adafruit_bme286.Adafruit BME288 I2C(i2c)

def normal_mode():
pwm_intake.ChangeDutyCycle(45)
pwm_exhaust.ChangeDutyCycle{55)
pwm_emergency.ChangeDutyCycle(@)
GPIO.output({BUZZER, GPIO.LOW)

def failure_mode():
pwm_intake.ChangeDutyCycle(2a)
pwm_exhaust.ChangeDutyCycle(55)
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det tire _mode():
pwm_intake.ChangeDutyCycle(l1@a)
pwm_exhaust.ChangeDutyCycle(10a)
pwm_emergency .ChangeDutyCycle(108)
GPIOD.output(BUZZER, GPIO.HIGH)
gas_mods():
pwm_intake.ChangeDutyCycle(

B
']
=+

pwm_exhaust.ChangeDutyCycle

= A~ G0

pwm_emergency . ChangeDutyCyc
try:

while True:
temperature = bme23@.temperature
humidity = bme288.humidity
print(f"Temp: {temperature:.1f} C")
print(f"Humidity: {humidity:.1f} %")
normal_mode()

if temperature > 22:
pwm_intake.ChangeDutyCycle(88)

print("Defect wentilator detectat™)
Ffailure_mode()
time.sleep(3)
if GPIOQ.input(BTN_FIRE) == @:
print(“ALERTA INCENDIU™}
Fire_mode()
time.sleep(S)
if GPIQ.input(BTHN_GAS) == &:
print("Contaminare aer detectata™)
gas_mode ()
time.slesp(5)
time.sleep(l)
except KeyboardInterrupt:
print({"Sistem oprit
finally:
pwm_intake.stop()
pwm_exhaust.stop()
pwm_emergency . stop ()
GPIO.cleanup()

4. Intelligent Scenarios and Operation

Unlike a classic ventilation system, we have implemented three critical scenarios that can be
triggered manually (via buttons) or automatically (via sensors):

e Scenario 1 (Redundancy): Simulating the failure of an intake fan. Upon pressing button 1, fan
1 stops, and the system automatically increases the speed of fans 2 and 3 from 50% to 90% to
maintain air pressure;

e Scenario 2 (Fire): Upon smoke detection or pressing button 2, all exhaust fans (including
emergency ones) switch to 100% power, simultaneously activating an audible and visual alarm;

e Scenario 3 (Contamination): An increase in CO2 levels or toxic gases activates the rapid refresh
mode, increasing both intake and exhaust until the sensor readings stabilize.

5. Conclusions

The original contributions of this paper consist of: implementing the compensation logic in case
of failures; hybrid integration of analog sensors on a digital platform (Raspberry Pi); passive
automation: the system reacts on its own to cigarette smoke or high temperature, without human
intervention.

The project demonstrates how accessible technologies such as Raspberry Pi and the MQ sensor
series can be used to create complex industrial prototypes, capable of saving lives through rapid
automated reactions.
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ABSTRACT: This paper presents the design and development of an immersive Virtual Reality simulator
for operating and calibrating Fused Deposition Modeling (FDM) 3D printers, built using the Unity 6
game engine and the Meta XR Core SDK targeting Meta Quest standalone devices. Traditional hands-
on training with 3D printing equipment involves significant risks of hardware damage, material waste,
and operator injury during calibration procedures. The proposed VR simulator replicates the complete
operational workflow of a FDM printer — filament loading, SD card insertion, auto-homing
calibration, and layer-by-layer print simulation — through natural hand interaction enabled by the
Meta Interaction SDK (Grabbable, HandGrablnteractable, SnapZone components). A World Space
Canvas provides contextual feedback and conditional menu navigation tied to the physical state of the
simulated machine. Results demonstrate stable execution at 72 fps on Meta Quest 3S.

KEY WORDS: Virtual Reality, Unity 3D, 3D Printing Simulation, Meta Interaction SDK,
Immersive Training.

1. Introduction

Additive manufacturing, especially Fused Deposition Modeling (FDM) 3D printing technology, has
gone beyond niche status to become a current presence in university labs, prototyping workshops, and
production lines. The versatility of the process, combined with the constant reduction of equipment
costs, has led to its widespread adoption as a practical training tool in technical education institutions.
However, this spread raises a problem that is as common as it is neglected: the correct operation of an
FDM printer requires the assimilation of precise technical procedures — calibration of the bed, loading
of the filament, management of the SD card, interpretation of slicing parameters — and practicing them
on real equipment entails real risks, both for the operator and for the machine.

Damage to the nozzle or the heated bed through a wrong calibration can take out of use an equipment
of several thousand lei. In laboratories with a large number of students and a small number of printers,
this is not only a technical problem, but an economic one.

Virtual Reality offers a structural solution in this context: an MR simulator allows unlimited practice
of operational procedures, in any order, with the possibility of making mistakes without material
consequences and resuming the sequence immediately. Unlike video tutorials or text documentation,
immersive simulation engages the user's procedural memory through virtual physical action,
significantly increasing the rate of transfer of knowledge acquired in the context of real equipment [1].
This paper presents the design, technical architecture and implementation of an MR simulator for FDM
3D printers, developed in Unity 6 and intended for standalone Meta Quest 3S devices, with a focus on
the naturalness of physical interaction through the Meta Interaction SDK.

2. Current status

Virtual Reality simulation has proven its worth in areas where error in the real environment is
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unacceptable — surgery, aviation, nuclear industry — and there is a substantial body of research that
supports the transfer of this approach to industrial technical training. The meta-analysis by Merchant et
al. (2014), carried out on 69 independent studies, confirms that interactive VR applications produce
learning outcomes superior to conventional methods, with a statistically significant effect precisely for
procedural and psychomotor tasks [4] — a category in which the operation of an FDM printer directly
falls.

The relevance for additive manufacturing is also supported by field-specific studies. Recent research
shows that immersive VR platforms can effectively teach digital manufacturing concepts and 3D
printing processes, with a positive impact on learners' practical understanding and engagement, while
also compensating for the wear and tear of physical equipment [3].

However, the commercial offer of VR simulators dedicated to 3D printers remains remarkably
underdeveloped compared to the identified potential. Existing educational platforms focus on generic
assembly procedures or conventional production processes; the FDM-specific flow — preparation,
calibration, print monitoring, error management — is not systematically addressed either in the
literature or in available commercial products.

From a hardware perspective, the Meta Quest 3S in standalone configuration eliminates the dependency
on dedicated PC infrastructure, allowing deployment in any classroom. The Meta Interaction SDK
provides pre-built components for physical interaction with virtual objects — grab, snap, poke —
substantially reducing implementation complexity and letting the development effort focus on the
specific logic of the simulator [1].

3. Simulator Architecture and Development

The simulator was built in Unity 6 (version 6000.0 LTS), using the Meta XR Core SDK and Meta
Interaction SDK packages imported through the Unity Package Manager from the official Meta registry.
The target platform is Meta Quest 3S in standalone configuration (Android ARM64), without
dependence on an external PC. The architecture of the application explicitly separates three functional
layers: the physical interaction layer (Grab & Snap), the user interface layer (World Space Canvas), and
the cinematic simulation layer (Coroutine-driven axes), each governed by independent C# scripts that
communicate through Unity events [1].

3.1. Physical Interaction Mechanics — Grab & Snap

The main interactive objects—the Filament Roll and SD Card—are configured with the Grabbable and
HandGrablInteractable components of the Meta Interaction SDK. Grabbable handles the translation and
rotation of the object during gripping, and HandGrablnteractable defines specific hand poses for a
realistic grip, different for each individual object.
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Fig. 1. Interactive Object Hierarchy in Unity 6 — Grabbable and HandGrablnteractable components
configured in the Inspector

Attaching components to printer slots is handled via the Snap Interactor (on the mobile object) /
SnapZone — Snap Interactable (on the printer) pair. When the object enters the range of the snap zone,
the system attracts it and secures it in the exact pre-configured position, simulating physical insertion.
A common problem in snap-on-grab implementations is jittering: after fixing, the conflict between the
constraints of the grab physics and those of the SnapZone produces a visible vibration of the object.
The solution adopted is to programmatically disable the HandGrablnteractable component at the time
of triggering the WhenSelect() event of the SnapZone, simultaneously blocking the object's Rigidbody
(isKinematic = true). This intervention fixes the object permanently in its slot, completely eliminating
interference and ensuring a smooth visual transition.

SDCardWasInserted()
{
isSDCardInserted = ;
UpdateSecondaryMenuUI();

card = GameObject.Find("SD_Card(Clone)");
(card != )
{
[1 scripturi = card.GetComponentsInChildren<i
C script scripturi)

(script.GetType().Name.Contains("Grab"))
{

script.enabled =

Fig. 2. C# script for controlling Snap Zone and disabling the Grab component when inserting the SD
card

3.2. User Interface — World Space Canvas

The interface is implemented as a World Space Canvas anchored in the 3D space in front of the printer,
with interaction achieved exclusively by virtual touch via the ISDK PokeCanvaslnteraction component
— without physical controllers. The menu implements conditional paging logic: the track selection and
print initiation tab remains inaccessible until the SnapController script confirms the insertion of the SD
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card by setting a Boolean flag. This restriction replicates the operational fidelity of real FDM printers,
on which print files cannot be accessed in the absence of a valid storage media, and simultaneously
serves as the default user guide through the correct operating flow.

3.3. Printer Kinematics Simulation — Corroutines and Linear Interpolation

The movement of the printer's three mechanical axes—Z-axis (Gantry/portal), Y-axis (heated bed), X-
axis (extrusion head)—is simulated by C# Routines (IEnumerator) that uses Vector3.Lerp() for linear
interpolation between the start and target positions. Shortcuts allow movements to be executed
asynchronously with the main thread of the graphics engine, eliminating any frame-rate jamming during
animation sequences. The Auto Home procedure sequentially runs through each axis to the Home-
position, with configurable times per axis. Immediately after Auto Home, when selecting the part from
the menu, a second sequence of Routines simulates the printing movements layer by layer: the bed
incrementally descends on Z, the extruder traverses X and the Gantry assembly advances on Y,
faithfully replicating the kinematics of an FDM printer.

A tineComplete() {
isHoming nAutoHome . interactable = :
= heatedBedTarget.localPosition;
gantryTarget.localPosition;
= extruderTarget.localPosition;

- gantryStartPos.z;
gantryStartPos.z;
(gantryStartPos.x, gantryStartPos.y, gantryTestZ);
(extruderStartPos.x, extruderStartPos.y, extruderStartPos.z + deltaTestZ);
(gantryStartPos.x, gantryStartPos.y, gantryHomeZ);
(extruderStartPos.x, extruderStartPos.y, extruderStartPos.z + deltaHomeZ);
(extruderTarget, extruderStartPos, extTestZPos, timpGantry));
nent(gantryTarget, gantryStartPos, gantryTestPos, timpGantry));
(0.1€);
ent(extruderTarget, extTestZPos, extHomeZPos, timpGantry));

MoveCor t(gantryTarget, gantryTestPos, gantryFinalHome, timpGantry));
extruderStartPy .localPosition;
statusText.tex g v
statusText.text

(0.3F);

(bedTestX, bedStartPos.y, bedStartPos.z);
t(heatedBedTarget, bedStartPos, bedTestTarget, timpPat));
1);
tar t r (heatedBedTarget, heatedBedTarget.localPosition, bedStartPos, timpPat));
statusText.text = ).3F);
statusText. tex

(extruderStartPos.x, extruderTestY_1, extruderStartPos.z);

(extruderStartPos extruderTestY_2, extruderStartPos.z);

(extruderStartPos.x, extruderHomeY, extruderStartPos.z);
Component(extruderTarget, extruderStartPos, extTestl, timpExtruder));

t(extruderTarget, extruderTarget.localPosition, extTest2, timpExtruder));

nt(extruderTarget, extruderTarget.localPosition, extHome, timpExtruder));
statusText.text = isHoming = ; btnAutoHome.interactable =

Fig. 3. Simulation of the kinematic motion of the 3D printer axes by Corrutine (IEnumerator) and
Vector3.Lerp

4. Results and Discussions

The simulator fully reproduces the operational flow of a user starting an FDM 3D printer for the first
time. The experience is structured in seven successive stages, each conditioned by the correct
completion of the previous one: (1) picking up and inserting the Filament Roll in the dedicated slot; (2)
automatic spawning of the SD Card in the field of view; (3) inserting the SD Card, which unlocks the
print menu; (4) selection of the desired part from the catalog; (5) the automatic execution of the Auto
Home procedure; (6) simulation of layer-by-layer printing, with the gradual appearance of the piece on
the bed through the Y-axis controlled clipping technique, synchronized with a progress bar in the
Canvas; (7) programmatically activating the Grabbable component on the finished part, allowing it to
be harvested from the printer bed.

The technique of gradual appearance of the piece deserves a separate mention. The 3D part has been on
the scene since the beginning of printing, but it is progressively cut through a clipping shader on the Y-
axis — as the progress bar advances, the clipping limit rises, giving the impression that the part is
growing layer by layer. The effect is convincingly visually and computationally inexpensive, without
requiring procedural geometry generation.
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Serving as the structural foundation, the main chassis houses critical electronic components,
including the Power Supply Unit (PSU), motor drivers, and the motherboard.

The integrated LCD panel acts as the primary interface. From F“‘.S, console, operatorf c:m
monitor real-time telemetry, perform manual axis calibration, and initiate the printing process.

- ATING STEPS --- : ‘ :
1 P?JTE(?HOME: Press to calibrate the axes and set the print head to its sran‘mg pasition.
2- HEAT EXTRUDER: Warm up the nozzle to the required targek temperalum!.] older
3- PREPARE FILAMENT: Press this to uplock the side motRE then touch the hold
c;r!inder to open the filament menu and spavii the sposl

PARE
EXTRUDER FILAENT

Fig. 4. World Space Canvas interface with the main control panel and print menu conditional on SD
card detection

In terms of performance, the app runs consistently at 72 fps on the Meta Quest 3S, within the VR
comfort threshold. Disabling snap grabbing components completely eliminated the jittering

phenomenon identified in beta phases. Hand-tracking mechanics work both with controllers and in pure
hand-tracking mode, without code changes.

The validation was carried out through sessions with users with no prior experience in operating FDM
printers. Participants were able to go through the complete flow — from inserting the filament to lifting

the piece — without verbal instructions or additional text, relying solely on visual cues and logical
constraints of the interface.

e e

Fig. 5. The final result of the simulation — the part printed on the printer bed, interactive object
(grabbable) at completion

5. Conclusions

The paper presents a functional VR simulator for the operation and calibration of FDM 3D printers,
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demonstrating that a complete procedural training flow can be implemented on accessible hardware
(Meta Quest 3S standalone) with publicly available tools (Unity 6, Meta Interaction SDK). The main
technical contributions are: (1) solving the post-snap jittering problem by programmatically disabling
the grab components; (2) the conditional pagination logic of the Canvas interface, dependent on the
physical state of the equipment; (3) simulation of multi-axis kinematics by C# Coroutines and linear
interpolation; (4) Progressive clipping technique for visualizing printing layer by layer.

The future directions of development are aimed at expanding the realism and didactic value of the
simulator. Priorities are: the introduction of simulated error scenarios (filament blockage, non-adhesion
of the first layer, overheating), which require the user to identify the problem and apply the remediation
procedure; expanding the library of printable parts; and the implementation of an automatic
performance evaluation module, with score and detailed feedback at the end of the session. In the
medium term, adapting the simulator to complementary technologies — SLA, SLS — would
significantly expand its range of applicability in technical vocational training.
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ABSTRACT: This paper addresses the design of a smart manufacturing system based on
Industry 4.0 principles for the Regenerated Catalyst Standpipe, a critical piece of
equipment in the oil refining industry. The research aims to optimize the technological
workflow by transitioning from conventional production methods—which are prone to
human error and inefficiency due to the product's massive scale—to smart automation and
robotic welding solutions. The ultimate objective is to increase productivity and execution
quality through an integrated software and hardware system.

KEYWORDS: Smart manufacturing, Industry 4.0, Automation, Robotic welding,
Regenerated Catalyst Standpipe.
1. Introduction

1.1. Product Presentation: Regenerated Catalyst Standpipe
The analyzed product represents a vital component of the Fluid Catalytic Cracking (FCC) unit within
a refinery. The functional role of this assembly is to ensure the circulation of the hot catalyst from the
regeneration unit to the reactor. Given that this process is the foundation for transforming crude oil
into high-quality gasoline, the standpipe must operate under severe conditions, withstanding
temperatures that can reach 774°C and a highly abrasive and corrosive internal environment. From a
structural perspective, this Fluid Catalytic Cracking equipment is a large-scale static assembly with a
mass exceeding 18 tons, consisting of cylindrical shells, nozzles, and a thermal expansion
compensation element. A 3D view of the product, generated using the Inventor CAD software
solution, is illustrated in Figure 1.

Fig. 1. 3D view of the Regenerated Catalyst Standpipe product

1.2. Purpose and objectives of the paper

The main purpose of this research paper is to identify and design a smart manufacturing system
capable of modernizing the existing production process of this component. The specific objectives of
the research include the optimization of the technological workflow, the integration of smart
technologies, and the reduction of human resource involvement.

1.3. Research methodology
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To achieve the proposed objectives, the research methodology was structured into several logical
stages:
e  Technical analysis of the product: Studying the functional and geometric requirements to
determine the needs of the manufacturing system.
e  Study of theoretical foundations: Evaluating the concepts of Smart Manufacturing, Digital Twin,
and IoT technologies applicable to the industrial environment.
o  Comparative evaluation of technologies: Analyzing the differences between the conventional and
the smart workflows.
e Design of the smart system: Defining the hardware and software structure of the system.
2. Product Analysis: Regenerated Catalyst Standpipe
2.1. Product role and functionality
The analyzed product plays a critical role in refining processes, serving as the primary
means of transport that ensures the continuous flow of the hot catalyst from the regenerator to
the base of the reactor. The functionality of the assembly is complex, ensuring the transport of
the fluid under pressure and the absorption of major thermal expansions through the bellows-
type expansion joint.

2.2. Fields of application

The standpipe is a large-scale static equipment, specially designed for use in severe
industrial environments, being an indispensable component in the oil refining industry,
specifically within Fluid Catalytic Cracking units.

2.3. Technical and functional requirements

Due to its operating regime, the assembly must guarantee perfect tightness and
mechanical stability under heavy loads. An essential technical requirement is the geometric
precision of the execution, considering that the part connects to the rest of the installation at a
strict 35° angle; any deviation could compromise the final on-site assembly.

2.4. Materials used and properties
To withstand extreme temperatures and mechanical stresses, high-strength materials
were selected:
e SA 516 Gr. 70 steel — used for the cylindrical shells, being an optimally alloyed carbon
steel for pressure vessels and high-temperature service.
e ASTM A106 Gr. B steel — used for the nozzles, being a carbon steel pipe intended for
high-temperature and high-pressure applications.

2.5. Constructive and geometric analysis
The assembly is defined by high geometric complexity and large dimensions, with a
total length of over 7 meters and variable diameters of 990 and 1100 mm. From a constructive
point of view, it consists of 16 mm thick cylindrical shells, a conical reducer, a nozzle system
for fluid aeration, flanges, and an expansion joint.

2.6. Working conditions (temperature, pressure, corrosion)

The operating parameters are severe: the working pressure is 1.68 bar, and the operating
fluid temperature is approximately 694°C, potentially reaching peaks of 774°C. The working
medium (catalyst powder) is highly abrasive and hot-corrosive, which is why the design
includes a 3 mm corrosion allowance to ensure the equipment's lifespan.

3. Theoretical Foundations of Smart Manufacturing

3.1. The Concept of Smart Manufacturing

Smart Manufacturing represents the evolution of production systems through the
integration of advanced information and communication technologies into industrial processes.
Unlike classical manufacturing, this concept relies on the systems' ability to self-optimize and
adapt in real-time to changes in the production workflow.
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3.2. Key Technologies (IoT, Big Data, Al)

The implementation of a smart system requires the use of specific technological pillars:
o Internet of Things (IoT): Represents the network of physical objects equipped with sensors and
software, capable of collecting and exchanging data in real-time.
o Big Data: The processing of the large volume of data generated during the assembly's manufacturing
process to identify efficiency patterns and prevent bottlenecks.
o Artificial Intelligence (Al): Provides manufacturing systems with learning and reasoning
capabilities. Al algorithms are used to optimize working parameters, reducing human intervention in
manufacturing processes.

3.3. Digital Twin and Process Simulation

The Digital Twin concept entails the virtual, dynamic, and faithful representation of a
physical product, process, or system. Unlike a simple 3D model, the Digital Twin is constantly
fed with data from the physical world, allowing synchronization between the two environments.
Process simulation in this virtual environment allows for the testing and validation of different
manufacturing scenarios without material risks or costs.

3.4. Automation of Industrial Processes

Modern automation involves the use of mechatronic structures and industrial robots to
execute tasks with a high degree of repeatability and precision. In smart systems, automation is
closely linked to information processing capacity, transitioning from the simple execution of a
movement to its adaptation based on commands received from sensors.

3.5. Integration of CAD/CAM/CAE Systems
The efficiency of smart manufacturing is conditioned by the continuity of the digital data
flow through the integration of IT systems:

o CAD (Computer-Aided Design): Used for computer-aided design and defining the product's
geometry.
e CAM (Computer-Aided Manufacturing): Enables the computer-aided programming of execution
equipment, transforming the geometric model into technological instructions.
e CAE (Computer-Aided Engineering): Facilitates the analysis and simulation of the product's
engineering behavior (mechanical stresses, thermal stresses, etc.).

4. Conventional Manufacturing Technology of the Product

The conventional technological process for manufacturing the product relies on a sequence
of cutting, plastic deformation, and welding assembly operations, where the operator plays the
main role.

4.1. Cutting and preparation of semi-finished products

In the classical technological workflow, obtaining the components starts from raw semi-
finished materials (plates and pipes). The operations are presented in the following table.

Tabel 1. Cutting and preparation operations of semi-finished products

No. Process Equipment Description
used
1. Thermal Plasma The operator marks the contour on the
cutting cutting plate with templates, followed by the
machine actual cutting by guiding the source
along the drawn lines.
2. Mechanical Mechanical The operator measures and marks the
cutting band saw dimensions on the pipes, followed by
cutting to the corresponding lengths.
3. Edge Grinder Processing the roughness and chamfers
preparation by manual grinding to prepare the

part to be assembled by welding.
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4.2. Cold plastic deformation (rolling)
Obtaining the cylindrical geometry of the shells is achieved through the cold rolling process
on a 4-roll hydraulically driven plate rolling machine. This stage involves:

e Executing successive forward and backward passes to achieve the desired diameter
without overheating the material.

e Constant verification of the curvature by the operator using templates.

e Finalizing the process by pre-bending the plate ends to ensure a uniform curvature and
a proper joint for the longitudinal welding.

4.3. Welding processes
The information regarding the welding processes is presented in the following table:

Tabel 2. Characteristics of the welding processes

No. Assembled Welding process Equipment and parameters
components
1. Shells (butt joints) SMAW (Shielded Metal Basic coated electrodes are used. The welder
Arc Welding) moves the electrode holder, applying
oscillatory movements.
2. Flanges on nozzles TIG (Tungsten Inert The root pass is executed by TIG welding
Gas) + SMAW using a tungsten electrode and manual filler
rod addition.
3. Nozzles on shells SMAW The process allows optimal maneuverability
(fillet joints) in difficult positions for welding at 90° and
45° angles.

5. Design of the smart manufacturing system
5.1. Defining the requirements of the manufacturing system

The transition to smart technologies represents the adaptation of the production process
to Industry 4.0 standards, with the main goal of eliminating human error and downtime. The
fundamental requirements of the system include the complete digitalization of the workflow
and the integration of components into a digital infrastructure that allows communication
between the designed model (CAD) and the execution machines (CNC/robots). The system
must ensure a precision in the range of tenths of a millimeter and allow real-time monitoring
of all working parameters.

5.2. Structure of the smart system (hardware + software)

The hardware structure of the system consists of state-of-the-art numerically controlled
equipment. For processing semi-finished products, the system includes CNC plasma cutting
machines for plate cutting, 3D laser cutting systems with an oscillating head, and CNC plate
rolling machines. For the assembly phase, the hardware architecture uses robotic cells equipped
with 6-axis articulated industrial robots. The software component integrates Nesting programs
to automatically arrange parts on the plate and reduce waste, CAM software for generating
numerical codes, and simulation platforms for the offline programming of robotic movements.

5.3. Integration of sensors and [oT systems

Smart equipment is endowed with advanced sensors that allow the automatic
adjustment of processes. Plasma cutting machines use sensors to continuously measure the arc
voltage, automatically adjusting the torch height relative to the metal sheet. During the welding
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process, the robotic cells integrate laser seam tracking sensors. These scan the surface in real-
time, allowing the software to correct the welding head's trajectory in fractions of a second if
geometric deviations from the rolling process occur.

5.4. Monitoring and control of the production process

Process control is achieved through digital touch interfaces and CNC systems that take
over the task of intermediate verifications. For example, in the shell forming operation, the
machine uses software that automatically calculates the kinematics of the rolls and the
material's springback based on the inputted data (e.g., yield strength), eliminating repeated
checks with a template. In the assembly phase, the industrial robot maintains a constant torch
angle and travel speed. This constant monitoring allows the automatic execution of welding
passes without the direct intervention of the welder.

5.5. Implementation of the Digital Twin concept

The Digital Twin concept is used to optimize production by creating a virtual replica
of the physical processes. In the technological preparation phase, the engineer 3D simulates
the robot's path around the standpipe using the programming software, thus validating the
trajectories and avoiding collisions prior to the actual execution. Also, the plastic deformation
equipment features virtual assistants and material databases to simulate the sheet's behavior.
This digital thread ensures that the work programs are fully verified before the machines are
physically started, greatly reducing the risk of errors in series production.

5.6. Analytical performance evaluation

To technically demonstrate the superiority of the proposed smart system over the
conventional one, an analytical evaluation of the linear energy (heat input) introduced into the
base material during the welding process is necessary. Linear energy represents the amount of
heat introduced per unit length of the welded seam, being the parameter that directly influences
residual stresses and thermal deformations.

The general calculation formula is:
_n XU, X I (1)

Us

Case 1: Conventional technological workflow (SMAW manual welding)

l

For joining the 16 mm thick plate shells, the conventional workflow involves the use
of manual welding with a 4 mm diameter electrode. According to the welding regime analysis,
the working parameters established for the human operator are: current intensity Is = 130 A,
arc voltage U, = 25 V, welding speed vs = 1,93 mm/s and a thermal efficiency n = 0,8. The
introduced linear energy is determined by substituting the parameters into the basic formula:

0.8 x 25 X 130 )i kJ

Elclasic = 193 = 1347% = 1347% (2)

Case 2: Smart technological workflow (MAG robotic welding)

In the proposed modern system, the robotic cell uses the MAG process, having as filler
material a continuous solid wire with a diameter of 1.2 mm. Due to the precision and the laser
seam tracking, the robot can maintain a much more productive regime: current intensity Is =
250 A, arc voltage U, =27 V and welding speed vs = 7,5 mm/s. Maintaining the same efficiency
n = 0,8, the resulting linear energy is:

3)
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0.8 x 27 x 250 ]
Elsmart = 75 = 720mm =7.2 k]/Cm

The comparative analysis of the two sets of results confirms the justification for the
investment in automation. By transitioning to robotic welding, the processing speed increased
from 1.93 mm/s to 7.5 mm/s, while the linear energy decreased from 13.47 kJ/cm to only 7.2
kJ/ecm. This reduction in heat absorbed by the carbon steel material massively diminishes the
thermal deformations of the elements.

6. Conclusions

The transition from conventional to smart methods eliminates the downtime and human
errors associated with manual welding. The use of numerically controlled systems and robotic
cells ensures high precision in manufacturing processes, guaranteeing the structural integrity
of the product.

The analytical comparison demonstrated major advantages of the smart system:

o High productivity: Robotization allows for a welding speed approximately four times
higher than that of conventional methods.
. Deformation control: Introducing a reduced amount of heat by decreasing the linear

energy significantly diminishes the thermal stresses and deformations of the large-scale
product.

. Resource savings: The high precision of smart systems allows for a reduction in the
welding joint volume, leading to savings in filler material and energy.

Process automation also reduces personnel exposure to the risk factors associated with
manual welding, ensuring a safer working environment. At the same time, the integration of
real-time tracking sensors guarantees a consistent quality of the finished product, in compliance
with the strict requirements of the oil refining industry.

The present paper has highlighted the benefits of digitalizing the production workflow
through the implementation of the Digital Twin concept and offline programming. As a future
research direction, the integration of artificial intelligence for the predictive monitoring of
operating parameters and the automated diagnosis of welding defects can be explored.

7. Bibliography

[1]. Iordachescu, D. si lordanescu, M. (2005), Electric Arc Welding: Parameters,
Processes, Applications, Technical Publishing House, Bucharest.

[2]. SR EN ISO 2560:2020, Welding consumables. Covered electrodes for manual
metal arc welding of non-alloy and fine grain steels. Classification.

[3]. ASME BPVC Section II, Materials — international reference standards for carbon
steel plates.

[4]. *** Lecture notes for the course ,,Manufacturing Technological Processes”.

[5]. *** Lecture notes for the course ,,Integration of Smart Technologies in Industry”.

[6]. *** Lecture notes for the course ,,Assembly Technologies”.

[8]. *** Lecture notes for the course ,,Materials Technology”.

[9]. https://se.upg-
ploiesti.ro/images/Educatie/Master/Admitere/Cracare catalitica_cap 6.pdf.

8. Nomenclature
The following symbols are used in this paper:
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Is = welding current intensity [A];
U. = arc voltage [V];

vs = welding speed [mm/s];

Ei = linear energy [kJ/cm];

n = thermal efficiency of welding.
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ABSTRACT: This paper tackles the development of a modular robotic arm with industrial
applications. The design was realized using Autodesk Fusion, with modular design and
additive manufacturing as design factors. The structural components were designed for
FFF (Fused Filament Fabrication) manufacturing, utilizing polymers and geometric
optimization which assure easy assembly. The system is driven by multiple servomotors
and a stepper motor, being controlled by a Raspberry Pi RP2040 [1] microcontroller. The
results obtained demonstrate the possibility of an accessible robotic arm, that’s easy to
fabricate and maintain, showing the potential of additive manufacturing in the domain of
industrial robotics.

KEYWORDS: robotic arm, additive fabrication, robotic module, Raspberry Pi RP2040.

1. Introduction

Industrial robotics represents a foundational pillar of modern automation, contributing
significantly to increasing productivity and reduction of human error in manufacturing. Even
so, commercial robotic arms are often inaccessible from a financial point of view for small
manufacturers, teaching labs, or enthusiasts. With this context, this paper proposes the
development of a modular robotic arm, designed entirely for additive manufacturing, which
combines functional performance together with low costs and ease of maintenance. The
approach chosen is one that is based on utilizing the 3D FFF technology, of standard actuators
and of a robust software architecture, with the aim of showing that open-source solutions can
be viable alternatives in industrial and educational settings.

The increasing adoption of additive manufacturing technologies has significantly
expanded the possibilities for rapid prototyping and functional robotic systems development.
By combining modular mechanical architectures with accessible electronic platforms,
researchers and engineers can create adaptable robotic solutions tailored to specific industrial
requirements. Such systems offer reduced development costs, shorter implementation times
and improved flexibility, making them suitable for educational environments, research
laboratories and small-scale manufacturing applications.
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2. Arm design

The mechanical design of the robotic arm was carried out using Autodesk Fusion,
utilizing hybrid modelling techniques specific to the program’s working environment, which
allows for both solid modelling, as well as interactive management of assemblies, assuring an
optimized geometry from a functional standpoint as well as an aesthetic standpoint (see figure
1). The architecture of the arm was designed around modularity, allowing the
interchangeability of the toolhead depending on the intended application (gripper, extruder,
sensor etc.).

Kinematic joint MG996R  (C3)

Arm connector
A conneetor

Kinematic joint MG396R (C2)

Kinematic joint MG996R  (C4) ] Stepper Motor NEMA17

Base rotation joint (C1)

\

\ Kinematic joint MG90S (C5 Base

\ Toolhead mount

Gripper Toolhead

Fig. 1 Overview

The kinematic system is composed of five axes of movement, driven by a heterogenous
set of motors: three MG996R [2] servomotors for the main joints (see figure 2), a micro-
servomotor MG90S [3] for the rotation of the toolhead and a stepper motor NEMA 17 [4] for
the base rotation. This choice assures an optimal ratio between torque, precision and low cost
of acquisition.

Coupling flange

Servomotor MG996R

Coupling casing

Modular connector

Modular connector
\V%y@ il

MR608ZZ bearing
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Fig. 2. MG996R kinematic joint section

All structural components have been designed exclusively for additive manufacturing.
The bores and shafts include geometric compensations which allow assembly of bearings
through press-fit mounting without further processing. In the main joints driven by MG996R
servomotors, 608ZZ [5] ball bearings have been used, and in the base of the arm 608ZZ ball
bearings have been used alongside a 51106 [6] thrust bearings. Assembly has been done
utilizing M3 and M2 socket head cap screws (SHCS), assuring structural strength and a clean
aesthetic.

3. Construction of the robotic arm

Manufacturing the components has been realized through 3D FFF printing on two
performant 3D printers: Voron 0.2 and Creality K1. Before the manufacturing process, both
printers were verified and calibrated to eliminate the perpendicularity deviations of the X and
Y axes, which guarantees dimensional precision of the cylindrical features.

For printing, PETG and PETG-CF (PETG-carbon fiber composite) polymers were used
due to high mechanical resistance and dimensional stability. The G-CODE programs for the
3D printers were created in the OrcaSlicer slicer. Advanced techniques were used such as
bridge counterbore holes and exposed infill with multi-line infill, solutions which allow a
significant reduction of the component masses without compromising rigidity. The infill
process was chosen according to the stress level of each component: for the modular connectors
made from PETG-CF this is between 7% and 15%. Multi-line infill allows the execution of a
thicker infill compared to the standard variant, which handles mechanical loads more
efficiently. For the modular connectors, a TPMS-D (Triply periodic Minimal Surface --
Diamond) [7] infill was chosen, a structure with an optimal distribution of internal stresses (see
figures 3,4,5). For the other components, a 40% rectilinear infill with 3 perimeters was chosen.

H - :rete (@] ~ PETG(brat v1.3mf) ()
€ Process  Global # 0 %
) Search plate, object and part
v Plate 1
+ brat v15step = @ %
©) brat v15-50LID-1
%] brat v15-SOLID-3 default
%] brat v15-SOLID-2 default

» Outside

Frequent Quality Strength Speed Multimaterial O.

% walls

Wall loops -2

Alternate extra wall O

Detect thin walls [ ]

= Top/bottom shells

Top shell layers % 4 ayers
Top shell thickness 0

Top surface density 100

Top surface pattern Monotoni...

Bottom shell layers 8 _ 4 layers

Fig. 3. Preparing the 3D model in OrcaSlicer

Because the part contains sections where it’s necessary to have covered infill, modifiers are to
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be used, represented as transparent yellow boxes, with options top/bottom shell layers = 4.

Fig 4. Voron 0.2 G-CODE file preview

Fig. 5. Showcasing of the modular connectors in the assembly

The modular connector concept also contributes to improved maintainability and
scalability of the robotic platform. Individual modules can be replaced or upgraded without
requiring modifications to the entire assembly, reducing downtime and simplifying
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maintenance procedures. This approach supports future extensions of the robotic arm, allowing
the integration of additional sensors, end-effectors or structural elements according to the
requirements of specific industrial applications.

Assembly of the arm proved to be fast and intuitive, due to the accessibility-oriented
design approach: all contact surfaces and fixture points have been positioned to allow easy
manipulation of components and easy fastening of screws with standard tools (see figure 6).

Fig. 6. Prototype of the robotic arm assembled with a gripper effector.

From a power electronics point of view, the system is powered though a USB-C Power
Delivery (PD) [8] board, which automatically negotiates the voltage of 20 V from a 65 W
charger. The voltage of 20 V directly powers the NEMA17 stepper motor’s driver (TMC2209)
[9], while the buck converters lower the voltage to 6 V for servomotors and 5 V for the
microcontroller and host. The TMC2209 driver allows the silent control of the stepper motor.
The homing of the base axis is performed using an Omron D2F endstop (see figure 7).
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Fig. 7. Electronic diagram
4. Programming the arm

The control system of the robotic arm is based on the RP2040 microcontroller, chosen
for its performance at accessible prices. The software architecture is modular and is composed
of two main systems: the firmware, which runs on the microcontroller, and the host which runs
on any computer with Linux, Windows or macOS.

The firmware’s duty is direct control over motors and sensor data acquisition. To ensure
maximum stability, especially for the emergency stop functionality (E-STOP), the firmware
implementation avoids dynamic memory allocations and possible memory corruption.
Communication between the firmware and host is done through a custom binary protocol,
designed for reliability: this includes a timestamp for synchronized command execution, and a
CRC (Cyclic Redundancy Check) field for data integrity (see figure 8).

Length Sequence number Flags Payload CRC
2 bytes 1 byte 1 byte M bytes 1/2 bytes
Lyt (Wille—Smifins ) Wirap-arouwnd packal 1D 1of packsl Bighald, Max 512 hytes, . -
CRC-B/16
of The pacied ratrarsmisslan and dupiicat 1 = Respanse Poslcand dala _
[seq+flags+payload]. ;.__:::LUII:“IU“ TR 0 = MAK. raquest/rasponse [saq + flags + payload]

Fig. 8. Communication packet structure

The software project was implemented in the Rust programming language because it
has a wide array of libraries and many characteristics which allow the compiler to find issues
at compile time (not during operation). The project is modularized into multiple components:
arm-command (the control language interpreter), armd (host application), config (firmware
configuration), firmware-common and firmware-rp2040 (hardware platform-specific code),
protocol (common communication library) and xtask (build support).

System configuration is done through TOML files, allowing for the definition of
motors, joints, communication ports and other operational parameters.

Communication with the host is done through WebSockets, the client sends commands
in the control language, and it receives back a response though status codes (ex. EO = OK, E1
= Parse error).

The control language is inspired by the G-CODE standard, tailored for robotic arms. It
allows the definition of positioning modes and joint commands though concise instructions,
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with support for repeating parameters (see figure 9).

Al MO # Set absolute positioning mode, M1 is relative

A5 J1 P90 # Move the first joint to absolute position 90

A5 J2 P45 # Move the second joint to absolute position 45

P 120 # Move the second joint to absolute position 120

# AO is also repeatable, but requires X. Y and Z

AO J1 X100 Y200 Z50 # In Cartesian mode, move the end effector to 100, 200,
Y 250 # Repeat the same command but with Y=250, resulting in 100, 250, 50

S oo Ewn =

Fig. 9. Command sequence with comments

5. Current state and possible improvements

A priority development direction focuses on improving the system precision by
implementing feedback control loops. Experimental tests revealed that MG996R servomotors
present significant variations in quality and reliability, some demonstrating excessive
mechanical play, which limits positioning repeatability in industrial applications.

In the medium term, the development of a high-quality robotics platform is wanted,
with high manufacturing and documentation standards, with a similar philosophy of that found
in open-source projects such as Voron 3D printers, having as an objective a viable and
accessible alternative to robotic industrial arms.

Another direction of development focuses on creating an improved version which
utilizes larger stepper motors, assuring stronger and more precise joints. This version will
integrate both additive manufacturing elements and readily available prefabricated
components, including sheet metal components and GT2 transmission belts, with the aim of
reducing manufacturing time and increasing the rigidity of the assembly.

6. Conclusions

This project demonstrates the viability of creating a modular robotic arm though
additive manufacturing methods, resulting in a functional platform, accessible pricewise and
easy to maintain. Integration of computer aided design in Autodesk Fusion with FFF
manufacturing allowed for reduced development time and a fast iteration of geometry. The
advanced 3D printing techniques and composite materials used lead to a sufficiently rigid
structure, but with a reduced mass, improving the arm’s dynamics.

From a software point of view, the modular architecture implemented in Rust and the
robust communication protocol offers a strong base for extending functionality, while hardware
validation highlighted the need for a rigorous selection of actuators for industrial applications
which require high precision.

This project demonstrated the feasibility of developing a modular robotic arm using a
combination of additive manufacturing techniques, commercially available electronic
components and open-source software solutions. The integration of computer-aided design,
rapid prototyping and embedded control systems enabled the realization of a functional robotic
platform with reduced manufacturing costs and development time.

Experimental evaluation confirmed that the proposed architecture provides sufficient
structural rigidity for educational and light industrial applications while maintaining a high
degree of modularity. The use of interchangeable modules allows future upgrades and
customization according to specific operational requirements.

The project also highlighted several aspects that can be improved in future
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developments. Higher precision actuators, enhanced feedback systems and closed-loop control
strategies could significantly increase positioning accuracy and repeatability. Additional
optimization of the mechanical structure, including the use of reinforced materials and hybrid
manufacturing techniques, would further improve stiffness and load-carrying capability.

Overall, the proposed robotic arm represents a cost-effective and scalable solution that
demonstrates the potential of combining additive manufacturing and modular design principles
for the development of modern robotic systems. The obtained results provide a solid foundation
for future research focused on industrial automation, intelligent manufacturing and advanced
robotic applications.
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ABSTRACT: This paper investigates the degradation of the mechanical properties of 3D-
printed polycarbonate (PC) specimens exposed to UV-C radiation. The specimens were
3D printed using polycarbonate and subjected to accelerated UV-C aging inside a
controlled exposure chamber for different exposure times. After the aging process, the
samples were experimentally tested under tensile, compression, and three-point bending
loading conditions according to the corresponding testing standards. The study evaluates
the influence of UV-C radiation on the mechanical behavior, stiffness, and strength of the
material after exposure to ultraviolet radiation. Experimental results provide insight into
the durability and performance of 3D-printed polycarbonate components operating in UV
radiation environments.

KEYWORDS: Polycarbonate, UV-C radiation, Aging, Mechanical properties, Degradation

1. Introduction

Polycarbonate (PC) is a widely used engineering thermoplastic, valued for its high impact
resistance and mechanical strength. A drawback of polycarbonate is its sensitivity to ultraviolet
radiation, particularly in the UV-C range (100-280 nm), which represents a small portion of solar
radiation at ground level. [1,2]

When exposed to UV-C radiation, polycarbonate undergoes structural changes at the molecular
level that eventually affect its macroscopic behavior. Over time, this leads to increased brittleness and
a reduction in tensile strength and elongation at break [1, 3, 4]. For 3D-printed PC-based parts, the
response is more nuanced: after 24 hours of UV-C exposure at A = 254 nm, the tensile strength of ABS-
PC remained almost unchanged (=39 MPa, control vs. exposed), while stiffness decreased by 5.2% and
compressive strength by 6.5% [2]. In the case of black-pigmented PC, the carbon black filler provides
a barrier against UV radiation that can slow surface degradation; however, it does not prevent the
gradual deterioration of mechanical properties under prolonged exposure. [1]

For this study, samples were subjected to accelerated aging under controlled laboratory
conditions, followed by various testing methods. The goal of this work is to measure how much the
mechanical properties change depending on how long the samples were exposed, and to understand
what causes these changes.

2. Current state of Research

Polycarbonate is already used in many applications where the material must resist impact,
bending, or repeated handling. Because of this, it is not enough to know only its initial properties.
Exposure to sunlight or artificial UV sources varies the material’s properties in time and it is changing
its behavior in tensile tests, noticed through lower elongation, different fracture response and sometimes
changes in tensile strength. [1,5]

Several studies discuss the influence of UV on polycarbonate, but the results are not always
identical, because the degradation depends on exposure time, radiation type and the specimen thickness
and material formulation also need to be considered [1,2,4]. In the case of black polycarbonate, the
situation is slightly different from transparent PC, because carbon black can block part of the UV
radiation and may slow down the aging process. Still, this does not mean that the protection is assured,
so the material must be tested experimentally instead of assuming that the color makes it stable. [6]

For this paper, the most researched part is the mechanical response after UV-C exposure, not
only the general aging of the material. The specimens are tested in tension, compression and for three-
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point bending, so the main values followed are force, displacement, stress, strain, Young’s modulus
and elongation at break. ARAMIS [7] is useful here because it shows how the deformation is
distributed on the specimen surface, not only the final value from the testing machine. In this way, the
test can show if the specimen is deformed uniformly or if strain starts to concentrate in a certain area
before fracture.

3. Materials and Methods

3.1 Specimen fabrication

All specimens were 3D printed using black polycarbonate filament (Raise3D Premium PC
Black) on a Raise3D E2 FDM printer. The printing temperature was set to 260°C and the bed
temperature was 105°C. Four types of specimens were produced, corresponding to the mechanical
tests carried out in this study: dog-bone specimens for tensile testing (ASTM 638-1), prismatic and
cylindrical specimens for compression testing (ASTM D695) and rectangular beams for three-point
bending (ISO 178). The geometry of each specimen is shown in Figure 1. A total of 60 specimens
were fabricated: 15 for each type. [8, 9, 10]
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Figure 1. Geometry of the printed specimens: (a) tensile ASTM 638-1 (b) three-point bending
ISO 178 (¢) and (d) compression ASTM D695
3.2 UV-C exposure

Specimens were exposed to UV-C radiation in an Opsytec Dr. Grobel BS-02 irradiation
chamber (Figure 2), equipped with mirrored internal surfaces on both sides to ensure uniform radiation
distribution. For this study, the UV-C lamp at A=280 nm was used at 100% intensity. All specimens
were positioned vertically inside the chamber; this differs from the approach used in [2], where
specimens were placed flat on the chamber floor, limiting direct exposure to one face only. The 15
specimens from each type were divided into 5 groups of 3. The first group received no UV exposure,
while the other 4 groups were exposed for cumulative durations of 2, 4, 8, and 24 hours with 3
specimens from each type removed at each interval.
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Figure 2. Specimens exposed to UV in the irradiation chamber

4. Results

The results of the tensile tests carried out according to ASTM D638-1 on the black
polycarbonate specimens are summarized in Table 1, with the corresponding stress-strain curves
shown in Figure 3. After UV-C exposure, the tensile strength omax remains practically unchanged
(variation below 1.5 % compared to the 0 h reference), while the Young's modulus E decreases
progressively with exposure time, reaching a reduction of approximately 5.7 % at 8 h, followed by a
slight recovery at 24 h (A = —4.0 %). The elongation at break &prax increases at all exposure levels (+6
% ... 23 % compared to 0 h), and the dispersion of the results is higher for E and &preak, Which
indicates a non-uniform surface degradation of the material. Overall, UV-C exposure up to 24 h
produces a slight reduction in stiffness and an increase in ductility, without significant embrittlement
of the black polycarbonate.

Table 1. Tensile properties of Black PC specimens vs. UV-C exposure (ASTM D638-1)

uv-C Gmax Omax St. | AGmax E E St. AE VS | €break Ebreak A€preak
exposure | Aver. | dev. vsOh | Aver. dev. 0h[%] | Aver. St.dev. | vsOh
(h) (MPa) [“o] (MPa) ) [Yo]

0 4433 | 0.87 — 2010 93 — 0.0544 | 0.0020 | —

2 4452 | 0.20 +0.41 1964 23 -2.30 | 0.0663 | 0.0036 | +21.97
4 4437 |0.08 +0.08 1925 55 —4.23 0.0609 | 0.0078 | +11.99
8 4395 |0.51 —-0.86 1895 120 -5.73 0.0576 | 0.0049 | +5.99
24 43.73 | 0.33 -1.36 1929 12 —4.01 0.0667 | 0.0106 | +22.67
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Stress—strain curves — Black PC after UV-C
exposure
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Figure 3. Representative stress-strain curves for each exposure time

The von Mises strain maps obtained with ARAMIS for the control specimen and the 24 h
exposed specimen are shown in Figure 3. The control specimen (0 h) shows a sharp strain localization
in a narrow zone just before fracture, while the 24 h specimen displays a more distributed deformation
pattern with a higher peak strain (32.6% vs. 26.6%), consistent with the increased elongation at break

recorded in Table 1. |
' | |

40 -20 0 20 20

40 60 80 100 Iz -20 40 60 80 100 I1

Figure 4. Von Mises strain maps: (a) no UV exposure, (b) 24h UV exposure

In the case of bending tests, results show a mild stiffness gain after intermediate UV
exposure (Figure 5): average flexural modulus increases from 1600 MPa at Oh to 1746 MPa at
8h (9.1%), then falls to 1539 MPa at 24h (Table 2). Flexural strength is comparatively stable,
ranging from 70.5 to 72.9 MPa and peaking around 8h; strain at maximum stress remains close
to 6.83-6.97%. Overall, the 4-8h exposure range gives the best bending stiffness/strength
balance, while 24h shows lower stiffness and the highest scatter.
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Table 2. Flexural properties of Black PC specimens vs. UV-C exposure (ISO 178)

UVv-C Omax Omax | AOmax | E E St. | AE vs 0 | Stiffness Stiffness | AStiffness
exposure | Aver. | St. vsOh | Aver. | dev. | h[%] Aver. St. Dev. | vs 0 h [%]
(h) (MPa | dev. | [%] (MPa) (N/mm)
)
0 70.5 1.1 | — 1600 | 58 — 15.6 0.6 —
2 70.7 39 | +0.3 1519 | 117 | -5 14.8 1.1 -5.0%
4 72.9 24 | +34 1716 | 46 +7.2 16.8 0.4 7.2%
8 72.9 23 |34 1746 | 86 +9.1 17 0.8 9.1%
24 71.9 1.2 |+19 1539 | 167 | —-3.8 15 1.6 -3.8%

Compression tests used cylindrical specimens (912.7 x 25.4 mm), which gave more
uniform contact under the platens and lower scatter than the prismatic geometry. As shown in
Table 3, UV-C exposure has almost no effect on the compressive response of the black
polycarbonate. The compressive strength omax stays within about +4 % of the 0 h value
(between —1.94 % and +3.71 %, averaging close to 55 MPa), and the Young's modulus E varies
by less than £1.2 % across all exposure times (1054 — 1070 MPa). Up to 24 h of UV-C
exposure, neither the compressive strength nor the stiffness changes significantly (Figure 6).

Table 3. Compressive properties of Black PC cylindrical specimens vs. UV-C exposure (ASTM

D695)
g(V;)(s:ure Omax Aver. Omax St. AGmax vs 0 | E Aver. E St. dev AEvsOh
(hf (MPa) dev. h [%] (MPa) HE %)

0 54.62 3.62 — 1057.5 22 —
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2 54.73 3.53 +0.20 1058.6 26.8 +0.10
4 53.56 2.13 -1.94 1054.0 8.8 —-0.33
8 56.17 1.24 +2.83 1069.8 1.7 +1.16
24 56.65 0.86 +3.71 1059.2 27.0 +0.16
Compression stress—strain curves — cylinder specimens
(ASTM D6S5)
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Figure 6. Representative stress-strain curves for each exposure time

5. Conclusions

Black polycarbonate proved considerably more resistant to short-term UV-C exposure than the
transparent grades reported in the literature [1, 3, 5], confirming the protective role of the carbon black
filler suggested in [1, 6]. Across all three loading modes, the material did not show the classical
embrittlement pattern (loss of strength combined with a drop in elongation) typically associated with
UV aging of polycarbonate. The dominant effect was a moderate softening of the surface layer that
produced a slightly more ductile response for the tensile tests and a small increase in data scatter, while
flexural and compressive properties remained essentially unchanged up to 24 h.

Visual inspection of the tested specimens (Figure 6) is consistent with the mechanical data: the tensile
specimens exposed for longer durations show only a slight matte surface compared to the unaged
reference, with ductile fracture surfaces and no brittle features typical of severely UV-degraded
polycarbonate, while the bending and compression specimens show almost no visible cracking.
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Figure 6. Specimens after testing: (a) tensile, (b) three-point bending, (c¢) and (d) compression

The study was motivated by the lack of consistent data on UV-C aging of 3D-printed black
polycarbonate specifically, since previous works address transparent PC sheets [1, 3, 5] or ABS-PC
blends with single-face flat exposure [2]. Placing FDM-printed specimens vertically inside a mirrored
chamber and testing the same material across three loading modes allows the effect of UV-C to be
isolated from the geometric and material variability of those earlier studies, and shows that for A = 280
nm exposures up to 24 h the carbon black filler is sufficient to preserve the mechanical response of the
material.

Repeating and extending the study is worthwhile: the 24 h window is too short to capture the long-term
degradation reported for artificial weathering of polycarbonate [3, 4, 5], and several trends in the present
data (decreasing flexural modulus, rising scatter at 24 h, slight recovery of E in tension at 24 h) suggest
that the material is on the verge of a degradation regime that was not reached here. A follow-up
campaign should extend the exposure times to at least 100— 200 h with intermediate sampling points,
and ideally combine UV-C with humidity or thermal cycling to better approximate service conditions.
The experiments can be improved by enlarging the sample size beyond three specimens per group,
rotating the specimens inside the chamber to homogenize the dose, measuring the irradiance at the
specimen surface with a calibrated sensor instead of relying on the lamp setting, complementing the
mechanical tests with surface characterization, and testing transparent and black PC in parallel under
identical conditions to quantify the actual protective effect of the carbon black filler.
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ABSTRACT: This paper presents the conception, design and physical realization of a
strain wave generator model. The 3D model was created in the CATIA v5 program, the
element targeted by the strength tests was imported into the ANSYS Mechanical program
where it was verified under static loads. The physical model was created by additive
manufacturing with plastic materials. The results show the possibility of using such a
reducer in a concrete application.

KEYWORDS: 3D design, additive manufacturing, finite element analysis, harmonic drive,
CATIA v5, ANSYS Mechanical.

1. Introduction:

This paper aims to study the maximum static load that the flex spline of a harmonic drive can
withstand, starting from the characteristics of thermoplastic polyurethane (TPU) and its specific
geometry. To study the strength, finite element analysis will be used through the ANSYS Mechanical
software, and to demonstrate the feasibility of a harmonic drive made of plastic, a 3D-printed mock-up
was produced based on the model created in CATIA v5 (Fig. 1).

Fig. 1 3D model of the harmonic drive in CATIA v5

2. Current state

So far, we have managed to design a modular harmonic drive whose components can be easily
replaced to facilitate the physical testing of several geometries or materials. Alongside the physical
assembly, we also carried out tests using finite element analysis in ANSYS Mechanical, from which
the maximum static load that can be applied to the flex spline component of the drive was obtained.
3. The harmonic drive
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The harmonic drive is a compact mechanism dedicated to reducing speed and amplifying torque
in a smaller space compared to traditional transmissions. Alongside the cycloidal and planetary
reducers, it is preferred for use in industrial robotics thanks to its two defining characteristics: reduced
dimensions relative to a high transmission ratio, where it resembles the other two reducers, and the
absence of backlash, specific to this type of reducer.

Its assembly comprises four specific elements: the circular spline, the flex spline, the wave
generator bearings and the wave generator.

The first invention patent for this type of reducer was registered in 1959 by the American C.
W. Musser. He describes in detail the component parts of the reducer, the operating principle, the tooth
geometry of the circular spline and flex spline, and also presents strength and sizing relations for the
teeth and the flex spline.

The operating principle of the harmonic drive is based on the continuous deformation that the
flex spline undergoes, being elastic by nature. The wave generator pushes the walls of the elastic
element at two diametrically opposite points on its inner circumference, thus deforming it into an
elliptical configuration. Due to its elasticity, the teeth of the flex spline will always come into contact
with the circular spline, thereby eliminating the backlash characteristic of traditional gears such as spur,
bevel or worm gears.

In practice, the material used for the flex spline is a specially treated steel, obtained through
costly means, dedicated to continuous deformation; thus, according to the manufacturer Harmonic
Drive, under appropriate loads the elastic element will never fail by fatigue. Recently, due to the
increasingly accessible prices of 3D printers, various projects have appeared that imitate industrial robot
architectures, especially articulated arms, whose numerically controlled axes contain cycloidal and
harmonic reducers, and less often planetary ones.

For the design of the harmonic drive we used the calculation relations presented in the 1957
invention patent. Unlike the teeth of spur or bevel gears, whose shape is given by the involute curve at
the base diameter, the teeth of the flex spline and the circular spline have a triangular shape with straight
flanks.

Fig. 2 Involute profile of a tooth from a spur gear

Fig. 3 Straight profile of a tooth of the flex spline

Following the design of the teeth and the development of a housing to contain all the elements
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of the reducer, we obtained a functional assembly. The assembly was designed to be modular so that,
in the future, we can easily modify some components for carrying out tests or trying out different
circular-spline or flex-spline dimensions.

Fig. 4 Exploded view of the designed harmonic drive

Handle for rotating the shaft;
Input shaft coupled to the handle;
Bearing housing for supporting the input shaft;
Input shaft coupled to the wave generator;
Transparent cover;
Washer;
Wave generator bearing;
Wave generator;
Circular spline;
Flex spline;
. Output shaft coupled to the flex spline;
. Housing;
. Dial;
. Output shaft coupled to the indicator needle;
. Indicator needle.
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Fig. 5 Sectional view of the designed harmonic drive
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4. Design in CATIA v5
The reducer was built in parametric form starting from the number of teeth and the module, with
all the other dimensional parameters of the transmission being computed.
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Fig. 6 Parameters used in the reducer design

The formulas were first developed in Excel and then transposed into CATIA vS5. The
parametrisation allowed us to easily test several combinations of values and speed up the prototyping
process.

All the parts of the harmonic drive were 3D-printed, with the exception of the bearings, screws and
nuts. The material used for printing was polylactic acid (PLA) due to its high rigidity, while for the flex
spline TPU was used

For the fabrication of the didactic prototype of the harmonic drive, the FDM (Fused Deposition
Modeling) additive manufacturing method was chosen. The main strength of this technology is the low
price of filament 3D printers and the reduced operating costs, while the process results are adequate for
the purpose pursued in this paper.

5. Building the physical model of the reducer
5.1. Limitations of the FDM process encountered during design

In order to achieve optimal results in the operation of the reducer, the particularities of the 3D
printing process were taken into account from the CAD design stage. The main limitations imposed by
the process that had to be overcome were: the nozzle size, anticipating the optimal orientation of the
parts to minimise support material, and reinforcing the elements disadvantaged by the anisotropy of the
layer-by-layer, imperfectly homogeneous build.

e Nozzle size:

The printer used is equipped with a standard 0.4 mm nozzle, which provides a good trade-off
between the maximum material flow (indirectly the printing speed) and the maximum
resolution of details produced by the machine. A critical aspect of the project's success is the
proper reproduction of the teeth of the meshing elements, as close as possible to the theoretical
model produced during CAD design. To this end, we ran tests to verify the printer's ability to
reproduce spur gears with small modules and found satisfactory performance for values starting
from module m=0.8 [mm]. For the prototype under discussion, given its purpose as a didactic
model, we opted for a module of 1.5 [mm)], thereby increasing the overall size to better illustrate
the operating principle.
e Part orientation:

A particularity of the process is the use of support material to sustain the deposition of material on
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overhanging surfaces of the model. This is necessary in order to produce certain geometries in
the final product, but using supports is best avoided to shorten fabrication time and reduce
material usage. By using design tricks, the need for additional support structures can be almost
entirely avoided.

e Reinforcing elements disadvantaged by the anisotropy of the process.

By the very nature of the process of depositing hot-extruded filament and its rapid cooling, perfect
homogenisation between the layer planes making up the final product is not achieved, and therefore the
resulting bodies are anisotropic. During the design process, both the optimal orientation of each part on
the printing bed was considered (so that the forces acting on them load them in the direction with
superior mechanical properties), as well as the support-material requirement. In the case of the reducer's
shafts, a situation was encountered that at first glance forces a compromise: vertical orientation is
optimal for printing, but the finished product is weak under radial loads and torsional moments, while
horizontal orientation better withstands forces but is suboptimal for fabrication. To resolve the dilemma,
vertical printing of the shaft was chosen, together with its reinforcement using a screw-nut assembly
that compresses the part and thereby improves its structural properties.

5.2. How the 3D printing process improved the final product

The additive manufacturing process led, in certain respects, to a final product superior to that
produced by classical manufacturing methods. By understanding the process and optimising the model,
the following strengths of the mock-up were obtained:Easy integration of assembly elements into the
body of the reducer:

The CAD model provides a series of hexagonal cavities in the body of the housing, impossible to
produce by any other traditional process. At the appropriate moment during the layer-by-layer
construction of the part, the printer is programmed to pause to allow the operator to insert a nut into
each of these cavities and then resume the process. As a result, the final product features non-detachable
assembly bodies, and the metal threads confer longevity on the didactic model.

Fig. 7 lllustration of z;he nut-lembedding proces‘s

e Parts can have an internal structure optimised to increase specific stiffness, improve mass
distribution, reduce fabrication time and minimise the material used:

Additive manufacturing processes facilitate the production of cellular structures (lightweight-core

/ sandwich-type structures), a technical solution favoured by the aerospace industry due to its high

specific stiffness (stiffness-to-weight ratio), but in practice limited by the high cost of producing them

through classical production methods. The advantages of these structures follow from the moment of

inertia (Steiner) formula:
n
I = Z Aidi?
i=1

It can be seen that the contribution of an area portion of the cross-section to the moment of
inertia is directly proportional to the square of its distance from the median plane. Consequently, cellular
structures distribute material optimally to achieve maximum specific stiffness. Additive manufacturing
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favours the production of lightweight-core structures not only for structural reasons, but also due to the
reduced costs from material savings and shorter fabrication time.
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Fig. 9 Examples of cellular structures used in additive manufacturing

e Enabling distinctive mechanical solutions, impractical to execute by traditional manufacturing
methods:

3D printing offers the designer an exceptional level of freedom in producing distinctive constructive

solutions, traditionally impractical due to prohibitive costs. For example, the reducer design uses form-

fit torque transmission, employing a hexagonal section on the shaft end and its negative on the driven

part. Moreover, to ensure element centring, the two surfaces feature chamfers that act like the conical

surfaces of revolution bodies to achieve part alignment. An additional benefit comes from the force
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distribution when the structure is loaded: when the assembly transmits a rotational force, the two joined
bodies tend to shift axially due to the contact surfaces acting like inclined planes, a direction reinforced
by the screw that passes through the interior of the shaft and clamps the whole assembly together.

Fig. 10 Exploded view of the torque-transmission solution in the reducer

Another distinctive geometry is used to join the two shaft halves and secure the bearing. For
this challenge, the classical method of press-fitting the bearing onto the shaft was not chosen; instead,
an unusual method was adopted, made possible by the additive manufacturing process. By splitting the
shaft into two parts, the advantage was gained that the diameter reduction required for the bearing joint
does not affect the dimensions of the shaft ends, and to prevent any displacement between the assembly
parts, a form-fit assembly was achieved by symmetrically sectioning the two shaft portions and
extending them so that they overlap.

5.3. Building the didactic prototype:

The 3D-printed parts were produced on a Bambu Lab Al 3D printer, a model recognised for
its enhanced print resolution. For generating the G-code machine instructions, Bambu Studio was
chosen. Fig. 6 Illustration of the nut-embedding process.
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Fig. 11 Grouping of parts by material for printing

5.4. Making the transparent cover:

For the transparent cover, a 3 mm acrylic sheet (polymethyl methacrylate polymer) was chosen
due to its ease of machining and satisfactory mechanical properties.

Two markedly different approaches were used to machine the plexiglass sheet for the two
didactic mock-ups. For the first cover, traditional prototyping methods were used, with hand tools. In
Figure 11 (left), the method of cutting the outer contour can be seen. Using an electric jigsaw, the cut
was made by following lines printed to scale on a sheet of paper glued onto the plate. Figure 11 (right)
shows how the holes in the cover were made using a pillar drill.

i A

Fig. 12 Making the cover by classical p‘rototy'ping methods

The second prototype was made using a CNC-equipped milling machine (Fig. 13). To generate
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the machine program, Estlcam v13 was used, together with the Mach3 Mill machine-control software
(Fig. 14).

Fig. 13 CNC milling machine used
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Fig. 14 View from Mach3 Mill

6. Static structural analysis in Ansys

The static structural analysis focused on the flex spline, because it is subjected to the strongest
loads during operation and because it is made of the least rigid material, TPU. To define the material
in ANSY'S Mechanical, the material datasheet was used (Fig. 15).
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TECHNICAL INFORMATION:

Diameter: 1.75 mm or 2.85 mm

Diameter Tolerance: +/- 0.05 mm
Avg Roundness: +0.03 mm
Net Weight: 0.85 kg

Print Temperature: 200°C - 220°C
Bed Temperature: 50°C - 70°C

Physical Properties Test Method Unit Typical Value
Specific Density ASMT D792 glem® 1.16
Hardness Test Method Unit Typical Value
Shore A ASTM D2240 - 91
Shore D ASTM D2240 = 40
Shore D 15s ASTM D2240 - 37
Mechanical Properties Test Method Unit Typical Value
Tensile Strength:

@ Break ASTM D638 MPa 28

@ 5% Strain ASTM D638 MPa 2

@ 10% Strain ASTM D638 MPa 4
Elongation at break ASTM D638 % 700
Flexular Modulus ASTM D790 MPa 67
Thermal Properties Test Method Unit Typical Value
Heat Distortion Temperature @ 0.45 MPa ASTM D648 € 70
Melting Temperature Tm ASTM D3418 °C 157
Elastomer Properties Test Method Unit Typical Value
Tear Strength ASTM D004 kN/m 115

Fig. 15 Extract from the TPU material datasheet

In the first stage, we constrained the 3D model of the flex spline at its base, fixed the left flanks of
the teeth that come into mesh during operation, and applied a moment to the inner cylindrical surface.
After solving the mathematical model, the following results were obtained. At 3 [Nm], the reducer
withstands the static load without significant deformations and with stress accumulated at the base of
the teeth (Fig.
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Fig. 16 First test

Next, we statically loaded the flex spline with 25 [Nm]. The deformation was visibly
increased, but the shearing of the teeth was still negligible (Fig. 17).
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Fig. 17 Second test

For the third test, we constrained the teeth and applied the same moment to the inner cylindrical
surface. Only now could a significant load at the base of the teeth be observed.

0.000 1.000 2.000 (mm)
| EEEE—— E—
0.500

Fig. 18 Third test

7. Conclusions
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Fig. 19 Graphical representation of the tested flex spline: z=80, m=1.25

The flex spline for which the preliminary tests were carried out in ANSYS (Fig. 19) withstands a
static moment of up to 50 [Nm]. The original contribution of the paper lies in the concrete testing of a
harmonic drive produced by additive manufacturing. To continue the research, we will produce
further 3D models for the flex spline.
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9. Notations

z —number of teeth
m — module of the gears
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ABSTRACT: This paper presents the structural analysis and iterative optimization of a
3D-printed robotic gripper manufactured from PLA. The gripper was designed in CATIA
V5 and evaluated using ANSYS Static Structural. A custom PLA material was defined in
Engineering Data, considering an equivalent density corresponding to a 50% infill
configuration. The study was developed in three stages: the simulation of an initial solid
geometry, the simulation of an optimized geometry with triangular and rectangular cut-
outs, and a final verification case corresponding to the vertical load generated by a 1 kg
object. The finite element model included steel pins in the joint areas, revolute joints to
approximate bearing-like rotational connections, and an asymmetric bonded contact in the
toothed transmission. The optimized design reduced the maximum equivalent stress under
the same driving moment.

KEYWORDS: robotic gripper; FEA analysis; PLA; structural optimisation; 3D printing.

1. Introduction

This paper presents the structural analysis of a robotic gripper designed for 3D-printed
manufacturing. The assembly consists of articulated arms, gripping jaws and a toothed transmission
that allows the coordinated actuation of the two jaws. Although the kinematic operation is necessary to
understand the assembly, the focus of the paper is on verifying the strength of the components, defining
the FEA model and optimising the shape of the parts according to the stress distribution.

The 3D model was created in CATIA V5, and the structural simulations were carried out in
ANSYS Static Structural. In a first stage, a more massive constructive variant was analysed, with
material volume preserved in most regions. The role of this variant was to identify the critical areas of
the mechanism under the moment introduced by the servomotor. After interpreting the results, the
geometry was optimised by introducing triangular and rectangular cut-outs, depending on the available
space and the shape of the elements.

In the final stage, the final model was checked for a load equivalent to the weight of a 1 kg object.
The main objective is the evaluation of the mechanical behaviour of the 3D-printed gripper, monitoring
the von Mises equivalent stresses, the total deformations and the influence of the geometric
modifications on the load distribution. The paper correlates the numerical model with the manufacturing
conditions by defining a PLA material equivalent to the density corresponding to a 50% infill.

Fig. 1. 3D model of the robotic gripper
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2. State of the art regarding 3D-printed parts and FEA analysis

3D-printed parts are frequently used for functional prototypes, educational mechanisms and
components with moderate loads. PLA is an accessible and easy-to-print material, but its mechanical
behaviour depends strongly on manufacturing parameters such as infill percentage, part orientation on
the printer bed, wall thickness and the quality of adhesion between layers. For this reason, the numerical
analysis of a 3D-printed component must be interpreted as an indicative check, not as a complete
validation of the actual behaviour.

In the case of a robotic gripper, the most loaded areas are the joints, the connecting arms, the gear
teeth and the gripping jaws. Stress concentrations may appear in these regions, especially near holes,
fillets and contacts between elements. The finite element method allows the identification of critical
areas and the guidance of the geometric optimisation process.

In this paper, FEA analysis was used not only for the final verification of the part, but also as a tool
for model development. The results of the first simulation indicated the areas where material could be
removed without significantly affecting the global stiffness. Thus, the final shape resulted from an
iterative process in which CAD modelling and structural simulation were correlated.

Table 1. Main stages of model development

Stage Working environment Purpose
Initial model CATIA V5 Creation of a more massive geometry, with material
preserved in most regions
Initial simulation ANSYS Static Structural Identification of critical areas under the moment of
1200 N-mm
Ge.orpetr.lc CATIA V5 Introduction of triangular and rectangular cut-outs
optimisation
Optimised simulation ANSYS Static Structural Verification of stress reduction and uniformisation
Final simulation 1 kg ANSYS Static Structural Verification of the behaV1ogr under the weight of a 1
kg object
Manufacturing PLA 3D printing Part manufacture with 50% infill

3. 3D model and material definition

The geometric model of the gripper was created in CATIA V5. The assembly includes the fixed
base, the transmission arms, the gears, the articulated elements and the gripping jaws. The model was
prepared so that it could be exported to ANSYS for structural analysis and, subsequently, to the slicer
for 3D printing.

The first variant was created with a larger volume of material, without lightening cut-outs in the
main elements. This approach was chosen to obtain an initial robust geometry, based on which areas of
high stress and lightly loaded areas could be identified. After the first simulation, material cut-outs were
introduced in the regions with reduced loads. Triangular cut-outs were used in areas where the shape of
the part allowed a local distribution of material, while rectangular cut-outs were introduced in the
elongated arms, where the cross-section allowed material removal from the central region without a
major reduction of the bending strength.

For the structural analysis, a custom material corresponding to the PLA used for 3D printing was
defined in ANSYS Engineering Data. Since the physical model was to be printed with a 50% infill, the
density introduced in the simulation was set to an equivalent value of 625 kg/m?. This value represents
an approximation of the mass reduction compared to fully solid PLA and allows a better correlation
between the numerical model and the printed part.

Table 2. Properties introduced for the PLA material in ANSYS

Property Value Unit

Equivalent density 625 kg/m?

Young's modulus 1.4 GPa
Poisson's ratio 0.33 -
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| Associated infill percentage | 50 | % |

The values were used for a comparative analysis between the constructive variants and for
estimating the behaviour under static loads. However, it must be mentioned that a 3D-printed material
does not behave perfectly homogeneously and isotropically, since the actual properties depend on layer
orientation, infill type and printing parameters.

4. FEA model definition

The structural analysis was performed in ANSYS Static Structural. To approximate the operation
of the assembly as correctly as possible, the FEA model was not treated as a single artificially rigidised
part, but as an assembly of elements connected at the joint regions. Steel pins were introduced in place
of the screws, allowing a more realistic definition of the connections between components.

The joints of the mechanism were simulated by revolute joints, in order to approximate the
behaviour of idealised plain bearings or ball bearings. Thus, the parts can have relative rotation around
the defined axes, without being completely blocked by rigid bonded-type contacts. The rotation was
defined between the inner surface of the part's hole and the outer wall of the steel pin. This approach is
more suitable for an articulated mechanism, since it does not transform the mobile connections into
completely rigid joints.

In the gear-teeth region, a bonded asymmetric contact was used, with the aim of approximating
force transmission through meshing. This simplification allows the stabilisation of the numerical model
and the transmission of the moment between the gears, without introducing the complexity of a fully
non-linear tooth-to-tooth contact. When interpreting the results, it must be taken into account that this
assumption can lead to a local stiffening of the meshing area, but it allows a coherent comparison of the
two constructive iterations.

The model was discretised using a global mesh with an element size of 4 mm. In the tooth-contact
region, where larger local stress variations were expected, a local mesh refinement was applied, with
an element size of 0.5 mm. This refinement was necessary because the teeth represent a critical area,
with complex geometry and local stress concentrations.

Table 3. Main settings of the FEA model

FEA parameter Value / method
Analysis type Static Structural
Printed parts material Custom PLA
PLA density 625 kg/m?
Connection elements Steel pins in the screw regions
Joints Revolute joints
Gear-teeth contact Bonded asymmetric
Global mesh 4 mm
Local gear-teeth mesh 0.5 mm
Monitored results Total deformation, von Mises equivalent stress
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Fig. 2. FEA model with steel pins and revolute-joint articulations

Fig. 3. Local mesh refinement in the gear-teeth region

5. Simulation 1 — initial model with high material volume

The first simulation was carried out on the initial model, in which the main elements had a larger
material volume and contained no lightening cut-outs. The purpose of this stage was to identify the
critical areas of the assembly under the moment introduced by the servomotor.

The applied moment was 1200 N-mm, a value used for verifying the behaviour of the mechanism
under servomotor actuation. This load allowed the observation of the main force path and the
localisation of the areas where stress concentrations appear.

M = 1200N - mm (1)

After the simulation, the maximum von Mises equivalent stress was 33.5 MPa, localised around
the gear teeth. This distribution was to be expected, since the teeth represent the area through which the
driving moment is transmitted between the mechanism's elements. The maximum deformation was
approximately 0.7 mm, indicating an acceptable global stiffness for the assembly.

The stress-field analysis showed that certain regions of the part were lightly loaded, while the gear-
teeth area concentrated an important part of the forces. This result justified the move to a second
geometric iteration, in which material was removed from the lightly loaded areas.
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Fig. 4. Stress distribution for the initial gripper model

6. Simulation 2 — optimised model with lightening cut-outs

Based on the results obtained in the first simulation, the model was modified in CATIA V5. The
optimisation consisted of introducing triangular and rectangular cut-outs into the mechanism's elements.
The shape of the cut-outs was chosen according to the local geometry: triangular cut-outs were used in
the more compact regions or those near the gears, while rectangular cut-outs were used in the elongated
arms.

The second simulation was carried out using the same main conditions as in the first stage, so that
the results could be directly compared. The applied moment remained 1200 N-mm, and the modelling
of the joints and gear teeth was kept the same, using steel pins, revolute joints and bonded asymmetric
contact in the meshing area.

M = 1200N - mm (1)

In this iteration, the maximum von Mises stress dropped to 26.5 MPa, with the maximum value
still localised in the gear-teeth area. The reduction of the maximum stress shows that the geometry
modification did not weaken the mechanism, but rather led to a more favourable force distribution. In
addition, the stress was better spread over the rest of the assembly, indicating a more efficient use of
the material.

The maximum deformation remained approximately 0.7 mm, similar to the one obtained for the
initial model. This result is important because it shows that reducing the material volume did not
produce a significant drop in global stiffness.

Fig. 5. Stress distribution for the optimised model with lightening cut-outs
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7. Interpretation of the stress reduction after optimisation

At first glance, the stress reduction after removing material may seem counter-intuitive. However,
in structural analysis it is not only the total amount of material that matters, but also its position and the
way forces are transmitted through the part. In the initial model, the excess material in lightly loaded
regions did not contribute efficiently to the strength of the assembly and could produce local stiffening
that favoured stress concentration around the gear teeth.

By introducing the cut-outs, the force-transmission path was modified, and the remaining material
worked more uniformly. Thus, the stress was no longer concentrated in such a restricted region, but was
distributed over a larger part of the assembly. The optimisation did not aim only at mass reduction, but
also at improving the load distribution.

Ao =01 — 0, = 7.0Mpa (2)
Ao = 33.5—-26.5 = 7.0Mpa

33.5-26.5
2021100 + 20.9%  (3)

The result indicates a reduction of approximately 20.9% of the maximum stress. However, the
interpretation must be made with caution, since the local values in the gear-teeth region can be
influenced by the mesh refinement, by the bonded asymmetric contact assumption and by the geometric
differences between the two variants. For this reason, the correct conclusion is that the results indicate
a more favourable stress distribution for the optimised variant.

8. Simulation 3 — verification of the final model for a 1 kg object

After establishing the final shape of the gripper, an additional simulation was carried out to verify
its structural behaviour when supporting a 1 kg object. This simulation does not address the transmission
of the moment through the servomotor, but rather the structural response of the jaws and arms when the
gripped object exerts a vertical load.

The weight of the object was calculated using the relation:

G=m-g (4)
For an object with a mass of 1 kg, this yields:
G=1-981=98IN

Assuming a symmetric distribution of the load on the two jaws, the load was split equally. In
ANSYS, a vertical downward force of 5 N was applied to each jaw, representing an approximation of
the total weight of the 1 kg object.

G .
Fbaczzz_zSN (5)

In this simulation, the maximum deformation was 7.3 mm, localised at the tip of the jaws. This
value is understandable because the jaws are the elements furthest from the fixed area and have a large
lever arm relative to the joints of the mechanism. The maximum von Mises equivalent stress was 11.9
MPa, localised at the arms connecting to the fixed element.

The result shows that, for a load equivalent to a 1 kg object, the maximum stress remains below
the values used as reference for PLA in 3D-printed applications. Therefore, the test can be considered
successfully passed for the demonstrative purpose of the gripper.
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Fig. 7. Von Mises equivalent stress for the 1 kg load simulation

9. Comparison of the results of the three simulations

Table 4. Comparison of FEA results

Simulation | Analysed model Load Maximum von Maximum Critical area
Mises stress deformation

Simulation In'1t1a1 model, Moment 1200 335 MPa 0.7 mm Gear tecth
1 high volume N-mm

Simulation Optlmlsed model, | Moment 1200 6.5 MPa 0.7 mm Gear teeth
2 with cut-outs N-mm

Simulation Final model 5 N on each jaw 11.9 MPa 7.3 mm Connfe ctlng arms /
3 jaw tips

The results highlight the role of the iterative design process. The first simulation allowed the
identification of the gear teeth as the critical area and showed that some regions of the initial model
were lightly loaded. After introducing the lightening cut-outs, the maximum stress dropped from 33.5
MPa to 26.5 MPa, while the total deformation remained approximately constant. Thus, the optimised
model provides a better ratio between volume, mass and structural behaviour.

The final simulation, corresponding to a 1 kg object, produced a lower maximum stress of 11.9
MPa, but a larger deformation of 7.3 mm, localised at the tip of the jaws. This behaviour is specific to
loads applied at the end of elongated elements, where the displacement can be larger even if the stress
remains acceptable.

10. Manufacturing by 3D printing

After the numerical validation of the final model, the gripper was prepared for 3D printing in PLA.
To correlate the physical model with the density introduced in ANSYS, the parts were manufactured
with a 50% infill. This choice approximately corresponds to the equivalent density of 625 kg/m? used
in Engineering Data.

For functional 3D-printed parts, the infill percentage is not the only important parameter. Strength
also depends on the number of walls, part orientation on the printer bed, extrusion temperature and the
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quality of the interlayer bond. For the gripper, the joint areas and the gear teeth are the most sensitive,
which is why the parts were designed with sufficient thickness around the holes and with material
preserved in the force-transmission regions.

Manufacturing the model allows practical verification of the assembly, of the clearances between
elements and of the joint operation. However, complete validation of the mechanical behaviour would
require experimental testing of the printed gripper, by applying known loads and comparing the
measured deformations with those obtained numerically.

11. Conclusions

This paper presented the structural analysis and optimisation of a robotic gripper that can be
manufactured by 3D printing from PLA. The model was developed in CATIA V5 and analysed in
ANSYS Static Structural, using a custom PLA material with an equivalent density for 50% infill.

The first simulation, performed on the initial model with a high material volume, revealed a
maximum stress of 33.5 MPa, localised in the gear-teeth area, and a maximum deformation of
approximately 0.7 mm. Based on the stress distribution, the model was optimised by introducing
triangular and rectangular cut-outs. The second simulation showed a drop of the maximum stress to
26.5 MPa, while maintaining a maximum deformation close to 0.7 mm, confirming the efficiency of
the optimisation.

The final model was further verified for a load equivalent to the weight of a 1 kg object. In this
case, the maximum stress was 11.9 MPa, and the maximum deformation was 7.3 mm, localised at the
tip of the jaws. The results indicate that the gripper can support this load under the simulation
assumptions used.

An important contribution of the paper lies in the way the FEA model was defined: using steel pins
in the screw regions, introducing revolute joints to approximate the articulations and refining the mesh
in the gear-teeth area. These aspects allow a more realistic representation of the assembly's behaviour
compared to a modelling approach completely rigidised through bonded contacts.

Future research may include the experimental measurement of the actual gripping force, testing
the deformation of the jaws under load, comparing several printing orientations and using stronger
materials such as PETG, ABS or reinforced nylon.
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13. Notations

M = moment applied by the servomotor [N-mm];
G = weight of the object [N];

m = mass of the object [kg];

g = gravitational acceleration [m/s?];

F_jaw = force applied on each jaw [N];

o_vM = von Mises equivalent stress [MPa];
u_max = maximum total deformation [mm];

E = longitudinal modulus of elasticity [GPa];

v = Poisson's ratio [-].
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SUMMARY: This paper presents the fabrication and impact analysis of a smart GFRP
composite structure with an internal TPU insert filled with a non-Newtonian STF based
on PEG400 and Aerosil 200 SiO:. The plates were manufactured by hand lay-up using
twill glass fiber and epoxy resin, in a sandwich configuration consisting of 10 lower
GFRP layers, a TPU-STF capsule, and 10 upper GFRP layers. Two STF compositions
were prepared, containing 20 wt.% and 25 wt.% SiO:. Impact tests at 20 J showed a
reduction of approximately 17% in maximum impact force compared with the simple
GFRP laminate. The STF-containing samples exhibited a longer contact duration and
no perforation of the lower face, while the reference GFRP sample showed local
perforation.

KEYWORDS: GFRP; shear-thickening fluid; TPU capsule, low-velocity impact, energy
absorption.

1. Introduction
Glass-fibre laminate structures are used in applications where low mass, mechanical strength and
stiffness are required. Under low-velocity impact loading, GFRP laminates can suffer local damage
such as matrix cracking, interlaminar delamination, fibre breakage and local perforation [2].
This paper proposes the fabrication and testing of a smart GFRP/TPU-STF/GFRP composite structure,
compared with a simple GFRP laminate. The proposed structure integrates a flexible TPU capsule filled
with a shear-thickening non-Newtonian fluid. The STF fluid consists of PEG400 and SiO: Aerosil 200
particles.
The main goal is to evaluate the influence of the TPU-STF insert on the impact behaviour. The main
comparison was performed at 20 J impact energy, between the plain GFRP plate and the GFRP/TPU-
STF plates with two SiO: concentrations: 20 wt.% and 25 wt.%. Tests were also carried out at 60 J
energy to analyse the response of the STF samples under higher loads.

2. State of the art

In laminate composite structures, low-velocity impact produces failure mechanisms different from
those in metallic materials. Energy is dissipated through plate deformation, matrix cracking,
delamination, fibre breakage and, under severe loading, perforation [2]. The impact behaviour of GFRP
plates depends on several factors, such as laminate thickness, number of layers, weave type, fibre
orientation, epoxy matrix properties, impact energy, impactor shape and the specimen support
conditions [2]. In general, increasing the laminate thickness can improve impact resistance, but this
solution also leads to an increase in structural mass. For this reason, a current research direction is the
development of composite structures capable of providing local impact protection, without uniformly
adding material over the entire surface.

Shear-thickening fluids are concentrated suspensions that increase their apparent viscosity when
subjected to rapid loading. In SiO2- and polyethylene-glycol-based suspensions, this behaviour is
associated with the temporary formation of hydrodynamic clusters and with the appearance of particle-
particle contacts activated by mechanical loading [3], [4].

In most existing studies, STF fluids have been used predominantly by impregnating textile materials
or flexible fabrics, especially for impact, stab or dynamic-load protection applications [1], [6]. In these
cases, the fluid penetrates between the textile fibres and modifies the mechanical response of the fabric.
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However, this approach is specific to flexible materials, where fabric deformation easily activates the
fluid during loading.

The use of an encapsulated STF fluid embedded within a rigid GFRP structure is far less addressed in
the consulted literature. Such a solution differs from textile impregnation, because the fluid is not
distributed between the fibres, but is kept in its free state within a flexible capsule positioned locally
inside the laminate. This configuration allows the fluid to be separated from the epoxy matrix and the
protection effect to be concentrated in the area exposed to impact [7].

3. Materials and methods
The composite structure was fabricated by hand lay-up, using twill glass fibre, BK two-component
epoxy resin, 15 um thick TPU film, PEG400 and Aerosil 200. The moulds used were made of silicone,
with dimensions of approximately 300 x 200 mm, from which 4 samples of 150 x 100 mm can be
produced.
The epoxy resin was prepared by mixing components A and B in a mass ratio of 100:60 for about 1
minute. The STF fluid was prepared by gradually adding the SiO: particles into PEG400, followed by
mechanical stirring at 500-750 rpm for 1.5-
2 h, a step required to obtain a uniform dispersion. [1]
Capsules with dimensions of 90 x 60 mm were fabricated by heat-sealing three sides of the TPU film.
After the STF fluid was introduced, the open side was sealed and the excess film was trimmed. The
surfaces of the capsules were sanded with 600-grit abrasive paper and degreased with isopropyl alcohol
to improve adhesion to the epoxy matrix.
The GFRP/TPU-STF/GFRP plate was made by successively applying layers of glass fibre and resin.
After the first 10 layers, about 20 min were allowed for the resin to become more viscous. The TPU-
STF capsule was positioned at the centre of each plate, then 10 more layers of glass fibre were
laminated. The structure was pressed with a weight and left to cure.

|

Il e
e | SEE | HERL

Fig. 1. Preparation of the GFRP plate
Three main sample categories were tested. The first was GFRP-REF, representing the plain GFRP
laminate without TPU-STF insert, used as a reference sample. The second was GFRP/STF-20,
consisting of a GFRP/TPU-STF structure with a shear-thickening fluid containing 20 wt.% SiO-, used
to analyse the behaviour at a lower particle concentration. The third was GFRP/STF-25, consisting of
a GFRP/TPU-STF structure with a shear-thickening fluid containing 25 wt.% SiO:, used to analyse the
behaviour at a higher particle concentration.

The mass concentration of silicon dioxide was calculated using the relation:
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For the STF-25 sample:
Wsio? - 10.1?3.5 +100 = 25'00% 2)
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oo = Toarss " 100 = 20.00,, )

The percentage reduction of the peak force relative to the plain GFRP sample was calculated
using the relation:

RF: F max,.GFRP

FOFRP ey, ~rrPfmaxSTF - 100

4

4. Experimental results and discussion

4.1. Experimental results at 20 J
The main comparison was made at 20 J impact energy, between the plain GFRP samples and the
samples with TPU-STF insert. The experimental plots were force-time plots, with the force expressed
in N. To interpret the results, the peak values were also converted to kN.

Table 1. Experimental results for the 20 J tests

Sample Structure Fmax[kN] Time at Fmax[ms] Contact duration [ms]
GFRP-1 Plain GFRP 9,14 2,499 5,322
GFRP-2 Plain GFRP 7,50 2,180 4,599
STF-20-1 GFRP/TPU-STF 20 wt.% 6,63 2,698 5,754
STF-20-2 GFRP/TPU-STF 20 wt.% 7,12 2,306 5,430
STF-25-1 GFRP/TPU-STF 25 wt.% 7,28 2,343 5,604
STF-25-2 GFRP/TPU-STF 25 wt.% 6,50 2,660 6,139

The mean peak force for the plain GFRP laminate was:

Fmax,GFRP = 8.32 kN
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For the samples with 20 wt.% SiO:, the mean peak force was:

Fmax,STF20 = 6.87 kN
The percentage reduction of the peak force relative to the plain GFRP sample was calculated

with
the relation:

max,GFRP___max,STF 100 F —F

R

Fmax,GFRP (%)

This yields a peak-force reduction of:

8.32-6.87

For the samples with 25 wt.% SiO-, the mean peak force was:

Finax,STF25 = 6.89 kN

The peak-force reduction is:

_ 832-689 _
R sm 100 = 17.2 )

The experimental results reveal clear differences between the plain GFRP laminate and the structures
with TPU-STF insert. The plain GFRP samples recorded the highest peak-force values, namely 9.14
kN for GFRP-1 and 7.50 kN for GFRP-2, with a mean of 8.32 kN. In comparison, the STF samples
showed lower peak-force values: 6.63 kN and 7.12 kN for STF-20, and 7.28 kN and 6.50 kN for STF-
25 respectively. Thus, the mean peak force dropped to 6.87 kN for STF-20 and 6.89 kN for STF-25,
corresponding to a reduction of approximately 17% relative to the plain GFRP laminate.

The difference between the two SiO2 concentrations is small in terms of peak force, but becomes more
evident when the contact duration is analysed. The plain GFRP laminate had a mean contact duration
of 4.961 ms, while the STF-20 samples had a mean duration of 5.592 ms, and the STF-25 samples
reached 5.872 ms. The increased contact duration indicates that the impact was transmitted more
progressively through the TPU-STF structures, reducing the peak intensity of the load. The STF-25-2
sample recorded the highest contact duration, 6.139 ms, associated with one of the lowest peak-force
values, 6.50 kN, which indicates a more damping behaviour of the structure.

The time at which the peak force occurs is relatively similar for all samples, ranging between 2.180 ms
and 2.698 ms. However, after reaching the peak, the curves of the TPU-STF samples drop more slowly,
indicating energy dissipation over a longer interval. Therefore, the TPU-STF insert modifies not only
the peak-force value, but also the way in which the impact is absorbed and distributed over time.

4.2. Structural interpretation of the samples at 20 J
The plain GFRP samples developed higher peak forces and exhibited local perforation in the impact
area. This behaviour indicates a local concentration of the load and a more severe failure of the
laminate, aspects visible in the plot in Fig. 2.
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Fig. 2: Mean force—time curves for the reference GFRP laminate and the GFRP/TPU-STF
structures with 20 wt.% and 25 wt.% SiO-, tested at 20 J

The GFRP/STF samples developed lower peak forces and longer contact durations. In addition, visual
observations revealed that the force did not perforate the lower face of the samples with STF insert.
For the sample with 20 wt.% SiO., the impact area is visibly deformed, but the lower part of the plate
remains unperforated. This observation is consistent with the measured data: the peak force is lower,
and the contact is longer.

The larger displacement recorded for some STF samples does not represent a critical structural failure,
because it was not accompanied by perforation of the lower face. This behaviour indicates a controlled
deformation. The impact energy is distributed through laminate deformation, TPU capsule deformation
and the velocity-dependent response of the STF fluid, as can be seen in Fig. 3.

Fig. 3. Post-impact observations at 20 J:
a) plain GFRP plate with local perforation;

b) GFRP/TPU-STF plate with 20 wt.% SiO-, showing local deformation without perforation
of the lower face.
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4.3. Comparison between STF-20 and STF-25 at 20 J

The 20 wt.% and 25 wt.% SiO: concentrations produced very similar mean peak-force values: 6.87 kN
for STF-20 and 6.89 kN for STF-25. The main difference is seen in the contact duration. The STF-25
samples had a longer mean contact duration, 5.872 ms, compared with 5.592 ms for STF-20. This
difference suggests that the suspension with the higher SiO: fraction extends the structural response
during impact.

From a technological standpoint, STF-20 was easier to mix and load into the capsule with the available
means. In terms of impact response, STF-25 offered a longer contact duration but poorer processability.
Thus, STF-20 offers a processability advantage, while STF-25 offers a more prolonged response during
impact.

4.4. Additional analysis of the plates tested at 60 J
The samples were used to analyse the behaviour of GFRP/TPU-STF structures under high loading. In

this series, samples with 20 wt.% SiO: and 25 wt.% SiO- were analysed.

Table 2. Results for the additional samples tested at 60 J

Sample Structure Fmax[kN]|Time at Fmax[ms] l[ﬁfgli]mum displacement COntaEcn (11]1rat10n
STF-20-60J-1|GFRP/TPU-STF 20 wt.%| 9,57 2,002 1,82 6,714
STF-20-60J-2 GFRP/TPU-STF 20 wt.%| 9,75 1,828 1,69 6,746
STF-25-60J-1{ GFRP/TPU-STF 25 wt.%| 9,90 1,987 1,97 6,250
STF-25-60J-2| GFRP/TPU-STF 25 wt.%| 9,96 2,087 7,11 6,422

The STF-20 samples from the additional series had a repeatable response, with peak forces of 9.57 kN
and 9.75 kN, and a contact duration of about 6.7 ms. The STF-25 samples had similar peak forces of
9.90 kN and 9.96 kN.

The STF-25-60J-2 sample showed a maximum displacement of 7.11 mm, while keeping the peak force
at approximately 10 kN. This behaviour indicates that, under higher loading, the GFRP/TPU-STF
structure responds through increased deformation rather than through a sharp rise in peak force.
Structurally, this response is favourable for progressive energy dissipation.

Compared with the results at 20 J, the additional series shows that the STF structures can maintain a
controlled response even under more intense loading. The peak force increases relative to the 20 J tests,
but remains within a similar range for the samples with 20 wt.% and 25 wt.% SiO.. The main difference
appears in the maximum displacement, which highlights the role of controlled deformation in impact
absorption.

5. Conclusions

The paper aimed to develop a GFRP composite that is lighter, more flexible and capable of providing
local impact protection, without a uniform thickness increase of the entire laminate. The main idea was
to introduce an active material only in the loaded area, by integrating a TPU capsule filled with a non-
Newtonian STF fluid. Thus, the proposed structure combines the stiffness of the GFRP laminate with
the ability of the STF fluid to respond to rapid loading.

The original contribution of the paper consists in integrating the STF fluid in its free state, encapsulated
in a flexible TPU membrane, inside a rigid GFRP structure. This approach differs from the classical
solutions found in the literature, where STF is used mainly to impregnate textile materials. In this case,
the fluid is kept as a local insert, which allows the capsule to deform on impact and activates the shear-
thickening behaviour in the central area of the plate.

At the 20 J impact, the TPU-STF structures reduced the peak force from 8.32 kN for plain GFRP to
6.87 kN for STF-20 and 6.89 kN for STF-25, i.e. a reduction of approximately 17%. The post-impact
observations confirmed the structural difference between the samples. The plain GFRP laminate
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showed local perforation, while the samples with TPU-STF insert were not perforated on the lower
face. This result shows that the larger deformation of the STF samples does not represent a puncture-
type failure, but a controlled response, through which the impact energy is distributed over a longer
duration and a wider area.

The samples tested at 60 J showed peak forces of approximately 9.6-10.0 kN for the STF samples,
maintaining a controlled deformation-based response. These results support the idea that the TPU-STF
insert can help limit local damage and provide impact protection with a small material addition.
Therefore, the proposed solution can represent a lighter alternative to increasing the laminate thickness
by adding extra layers of glass fibre.

Future research may address vibration behaviour, the influence of temperature on STF viscosity and
stability, repeated-impact testing, the long-term behaviour of the encapsulated fluid and the
optimisation of the TPU-epoxy resin adhesion. Different capsule geometries, variable TPU film
thicknesses and numerical models for stress-distribution analysis in the impact area may also be
investigated.
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7. Notations

The following symbols are used in this paper:

Fmax,GFRP = mean peak force for the plain GFRP laminate [kN]; Fmax,STF
= mean peak force for the GFRP/TPU-STF structure [kN]; m = mass of the
impactor [kg]; mPEG400 = mass of PEG400 used in preparing the STF [g];
mSiO2 = mass of silicon dioxide used in preparing the STF [g]; RF =
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percentage reduction of the peak force [%]; tcontact = contact duration
between the impactor and the sample [ms]; tFmax = time at which the peak
force is reached [ms]; v = velocity of the impactor [m/s];

wSi02 = mass concentration of silicon dioxide in the STF [%];

GFRP = Glass Fibre Reinforced Polymer composite material;

PEG400 = polyethylene glycol 400;

Si0: = silicon dioxide;

STF = Shear-Thickening Fluid; TPU = Thermoplastic Polyurethane;

wt.% = weight percent; rpm = revolutions per minute.

129



Sesiunea de Comunicari Stiintifice Studentesti 2026

PARAMETRIC STUDY OF AUXETIC STRUCTURES
LOADED IN COMPRESSION

SPATARU Sanziana-Andreea and BACIU Florin

Faculty: of Industrial Engineering and Robotics, Specialisation: Safety and Integrity of Structures,
Year of Study: II, e-mail: sanziana.spataru@yahoo.com

ABSTRACT:

This paper presents a parametric study on two-dimensional reentrant hexagonal auxetic
structures. The study is based on structures loaded in compression. The static loading has
been modelled using Ansys 2025.

The influence of various design parameters has been highlighted when it comes to the
effect on the Poisson ratio and on the stress distribution in the part.

KEYWORDS: auxetics, Poisson's ratio

1. Introduction

Auxetic materials and structures exhibit a negative Poisson's ratio, which means that they expand
laterally when loaded in tension and contract laterally when loaded in compression.

In this paper, a parametric study of a two-dimensional auxetic structure was carried out,
using finite element analysis in Ansys 2025.

The objectives of the study are:

e Designing a parameterised two-dimensional auxetic structure.

e Identifying the influence of various parameters on the Poisson's ratio.

e Identifying the influence of various parameters on the stresses in the structure.

2. State of the art

The number of research papers concerning auxetic materials has grown exponentially
since their introduction in 1987 by Lakes [1].
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Fig. 20. Number of publications on auxetic materials in the period 1991-2008 (review papers are shown in parentheses) [2]
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Among the notable properties of auxetics is their improved response to impact loads.
Under a localised impact load, a conventional material with a positive Poisson's ratio is
compressed in the direction of the load and expands in all directions perpendicular to it. By
contrast, an auxetic material will contract in the direction of the impact, increasing the local
material density. This phenomenon allows the auxetic material to absorb part of the energy
generated by the impact, thus providing a more effective impact resistance. This is the basis of
its applications in vibration and shock absorption, as illustrated in Fig. 21.

(@) (b)
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Fig. 21. Behaviour of non-auxetic (a) and auxetic (b) materials under a localised load [3]

Thus, auxetic materials have applications in civil engineering as well as in impact structures and
armours. Since the negative Poisson's ratio is what determines their response under compressive
loading, this paper focuses on obtaining a value as low as possible.

3. Definition of the baseline model for the parametric study

The structure was built in the Ansys Design Modeler module, based on a repeated cell. The structure
is planar and made from surfaces.

The parameters used in defining the model can be seen in Fig. 22 and in Table 1.
Nx+1

\ T_placa
» m’/ !-:4.000(mn;) Iz:.x ....... | ‘_oo\o = b ... I’L. 2
L/ _NOOZI —
Fig. 22. Parameter;v L;Sé‘d fof the two-dimensional structure
Table 1. Parameters used for the two-dimensional structure
Parameter Represents Baseline value Range of values
T Thickness 0,8mm 0,4...1,2mm
o) Angle 65° 58...75°
L Width 6,4mm 7...12mm
H Height 8mm 6...12mm
Nx+1 Number of cells in the x direction 4+1 1+1...8+1
Ny+1 Number of cells in the y direction 5+1 1+1...8+1
T plate Plate thickness, =T 0,8mm 0,4...1,2mm

In the calculations, a structure thickness of 10 mm was considered.
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The overall dimensions of the model are:
- Inthe X direction: (2L — tgia) “(Nx + 1) + 2Tpigea (1)
- Inthe Y direction: H-(Ny + 1)+ T 2)

For the baseline model, these are equal to 46.95 mm and 48.8 mm, respectively.

The material used in the analysis was chosen to be similar to a possible manufacturing material
(PLA). It has the following properties:

- Density of 1250 kg/m?

- Young's modulus of 3.45 GPa
- Poisson's ratio of 0.39

- Yield strength of 54.1 MPa

- Ultimate strength of 59.2 MPa

To load the structure, a force of 100 N was applied in the x direction. The opposite side was clamped.
This boundary condition may influence the results.

~ Fortade 100N

0,00 40,00 (mm) e
.
20,00

Fig. 23. Application of loads and boundary conditions

The analysis run is static, non-linear (with the large-deflection option enabled). Two types of results
were monitored:

- The deformations of the structure (for computing the Poisson's ratio)
- The principal compressive and tensile stresses in the material

The principal stresses were extracted directly from the program.

55728

3,7152
1,8576

0 Min 0,00 40,00 (mm) ¥ ~23.981 Min 0,00 40,00 (mm) = ¥
L — . D —
20,00 20,00

Fig. 24. Maximum and minimum principal stresses obtained for the baseline model
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The equations used to compute the Poisson's ratio are:

Ax

£ = - 3)
x (ZL—mia)-(Nx+1)+2T,,lacé

Ax is the displacement measured at the middle of the loaded edge [mm] 4)

— 4y

&y = H-(Ny+1)+T [-]
Ay is the difference between the maximum and minimum displacements in the y direction [mm] (5)
V= i [mm)] (6)
Ex

It should be noted that the Poisson's ratio is determined for the boundary conditions of the structure
described above. Thus, the values obtained may be smaller than -1.

3051
0,33816

L] 028123
0,22429
0,16736
0,11042
0,053488
-0,0034467 Min

Y
-0,088253 Min '—:’:00 UL .
15,00

Fig. 26. Deformed shape in the transverse direction for the baseline model

The results for the baseline model are presented in Table 2.

Table 2. Results for the baseline model

. . Maximum principal stress Maximum principal stress
Model Poisson's ratio [MPa] [MPa]
Baseline model -0,615 16,718 -23,981

A mesh convergence study was carried out. Element sizes were used ranging between the lower limit
(due to the node-count limit of the Ansys Student licence) and the value of the thickness T. The
conclusion of the convergence study is that a mesh with an element size between T/4 and T/3 is
sufficient for the model. The decision was based on the mean values, which lie between the results
highlighted in blue in Table 3.
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Fig. 27. Appearance of the 0.1545 mm and 0.8 mm meshes

Table 3. Results for the convergence study

Mesh size [mm] Poisson's ratio Mazgx:slén[ ﬁfl)l;(jlpal Max1mum[ 1E)/[r;)r::jmal stress Analys1[ssi~un time
Minimum, 0.1545 -0,6162 16,759 -27,403 3,172
T/5=0,16 -0,6157 16,773 -26,725 3,047
T/4=0,2 -0,6152 16,718 -23,981 3,328
0,24 -0,6149 16,724 -22,049 3,328
Approx. T/3 =0.35 -0,6131 16,646 -18,584 1,359
T2=04 -0,6105 16,209 -16,437 0,828
T/1=0,8 -0,6083 16,38 -12,139 0,688
Mean value -0,6134 16,601 -21,045

4. Parametric study

Influence of thickness
Structures with thicknesses between 0.4 mm and 1.2 mm were studied. The same thickness was also
used for the plate.

-

Fig. 28. Appearance of the 0.4 mm and 1.2 mm thicknesses

0,00 30,00 (mm) 4
— ) .
15,00

Tabelul 4. Results for the thickness study

Thickness [mm] Poisson's ratio Mazgzz;n[ﬁ;:]npal Ma};?:;:l[ll\)ﬁg?pal
0,4 -0,816 77,8 -97,9
0,6 -0,691 31,8 -43,2
0,8 -0,615 16,7 -24,0
1 -0,545 10,1 -16,6
1,2 -0,476 6,5 -12,5
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Influence of the angle
Structures with angles between 58° and 75° were studied.

Ansys

2025R2
STUDENT

Ansys

2025R2
STUDENT

30,00 (mm) t—‘ 4
.

Fig. 29. Appearance of the 58° and 75° angles

0,00 40,00 (mm) E—‘ i
L — .

Tabelul 5. Results for the angle study

° cean's rafi Maximum principal Maximum principal
Angle [°] Poisson's ratio tross [IF/IPa] P - [151Pa] P
58 -0,766 16,8 238
60 -0,725 16,7 244
65 -0,615 16,7 240
70 -0,501 16,4 234
75 -0,387 15,9 242

Influence of the number of cells

Structures with Nx, Ny between 1 and 8 were studied. For the Nx study, the mesh size was changed to
0.24 mm so that all models would have the same grid as the largest model (Nx=8).

Ansys

2025R2
STUDENT

Ansys

2025R2
STUDENT

0,00 20,00 (mm) i 0,00 60,00 (mm) ¥
© — ) ©
10,00 30,00

Fig. 30. Appearance of the models with Nx=1 and Nx=8, for Ny=5

2025R2
STUDENT

0,00 30,00 (mm) o 0,00 30,00 (mm) i
— ) . — ) .
15,00 15,00

Fig. 31. Appearance of the models with Ny=1 and Nx=38, for Nx=4
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Tabelul 6. Results for the cell-number study

: ' . Maximum principal Maximum principal
Nx [-] Ny [-] Poisson's ratio Siress [ 1{’4 Pa] p rtross | 11\3/[ o p
1 5 -0,739 16,95 23,98
2 5 -0,679 16,78 22,18
3 5 -0,639 16,74 22,08
4 5 -0,615 16,72 22,05
5 5 -0,599 16,72 22,04
6 5 -0,588 16,72 22,04
7 5 -0,576 16,72 22,04
8 5 -0,573 16,72 22,04
4 1 -0,584 44,7 ~66,0
4 2 -0,624 29,9 45,1
4 3 -0,610 23,7 33,9
4 4 -0,643 19,6 27,9
4 5 -0,615 16,7 24,0
4 6 -0,643 14,5 21,0
4 7 -0,604 12,8 _18,6
4 8 -0,629 114 16,7

Influence of the width-to-height ratio

By varying the L dimension, the L/H ratio was changed. L/H ratios between 0.7 and 1.2 were studied.

0,00 20,00 (mm) ¥ 0,00 60,00 (mm) 4
. .
7000 30,00

Fig. 32. Appearance of the L/H ratios of 0.7 and 1.2

Tabelul 7. Results for the L/H ratio study

. o Maximum principal Maximum principal
LH [ Poisson’s ratio stress [ISIPa] i stress [II\)/IPa] i
0,7 -0,528 16,7 -24,3
0,8 -0,615 16,7 -24,0
0,9 -0,700 16,7 -23,7
1 -0,780 16,6 -23,3
1,2 -0,934 16,4 -23,0

S. Conclusions
The conclusions of the parametric study are summarised in Table 8.

Table 8. Influence of the parameters on the Poisson's ratio and on the stresses

Parameter To decrease the Poisson's ratio To decrease the stresses

Thickness Decrease the thickness Increase the thickness
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Angle Decrease the angle
Number of cells Nx Decrease Nx
Number of cells Ny Increase Ny
L/H ratio Increase the ratio

This paper forms the basis of an advanced study on creating auxetic structures with

properties optimised for specific applications. Understanding the influence of each parameter
is the starting point for designing various bodies with an improved response to compressive or

impact

loading.
The study will continue with the experimental validation of the results. Starting from

the conclusions presented in Table 8, a structure will be designed with a Poisson's ratio much
lower than that of the baseline model. Both specimens will be 3D-printed, using materials

similar

to the one defined in the finite element analysis.
Possible improvements of the study include adding more types of geometries and

materials. In addition to the static response under compressive loading, the dynamic response
under impact can also be analysed.
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7. Notations

The following symbols are used in this paper:

H = cell height [mm)];

L = cell width [mm];

Nx, Ny = number of units in a given direction [-];
PLA = polylactic acid;

T = cell thickness [mm];

T plate = thickness of the load-introduction plate [mm];
a = cell angle [°];

ex = longitudinal strain of the structure [-];

gy = transverse strain of the structure [-];

v = Poisson's ratio [-]
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ABSTRACT: This paper presents a small-scale automated package sorting system based
on color detection. The prototype uses a 3D-printed conveyor driven by a 12 V DC motor
through an L298N driver, a TCS3200 RGB color sensor, an SG90 servomotor and an
Arduino UNO controller. Red and green packages are deviated toward lateral collection
areas, while blue packages continue to the end of the belt. The prototype reproduces the
main stages of an industrial sorting line: transport, detection, decision and mechanical
actuation.

KEY WORDS: automated sorting, conveyor, color sensor, Arduino.
1. Introduction
Automated handling systems are increasingly used in applications where objects must be moved,
identified and separated with minimal human intervention. By replacing repetitive manual operations,
such systems can improve consistency, reduce sorting errors and make the overall workflow easier to
control.
In this paper, color is treated as a simple visual characteristic that can be used to distinguish between
different packages. The purpose is not only to separate objects according to their color, but also to
demonstrate how mechanical movement, electronic sensing and software control can work together in
a compact mechatronic system.
The project focuses on the development of a functional prototype in which the conveyor moves the
packages through the sensing area, the color sensor provides the information needed for classification,
and the actuator changes the path of the package according to the detected result. The main objectives
were to design a modular mechanical structure with 3D-printed components, to connect the sensing
and actuation elements to the Arduino-based control unit, to implement the sorting logic in software
and to test the operation of the system for three color categories: red, green and blue.
2. Current state and applicability of the project
Color-based sorting is used in logistics, recycling, packaging and quality control. Systems developed
by Beumer Group [11], Vanderlande [12], Honeywell or Siemens Logistics operate at high throughput
rates, but they follow the same general principle: identifying the object and diverting it to the correct
destination.
Industrial sorters may be of the cross-belt, tilt-tray or pusher type. The prototype uses a simplified
pusher version: the package is detected, the color is established, and a paddle actuated by a
servomotor diverts it.
In industry, cameras, hyperspectral sensors or dedicated color sensors are used. For educational
applications, the TCS3200 [8] is suitable because it converts the intensity of reflected light into
frequency and allows color differentiation under controlled conditions.
The cited works [1], [2], [3], [4] confirm that the Arduino-TCS3200 architecture can perform the
sorting of colored objects in laboratory applications, with response times compatible with reduced belt
speeds.
The specific elements of the project are three-color sorting, software control of the motor through the
L298N, the modular structure with 3D-printed parts and the separate power supply of the motor from
the logic circuits.
The system can be related to applications in distribution, recycling, the food industry and the
pharmaceutical industry, where objects are separated by color, batch, destination or material type.

138



AUTOMATED PACKAGE SORTING SYSTEM BASED ON COLOR DETECTION

3. Description of the proposed system
The sorting system is a small-scale implementation of a complete mechatronic chain, consisting of
three levels: mechanical, electronic and software.
The mechanical level ensures the movement of packages on the belt and the positioning of the guiding
elements. The structure made of T-slot profiles and 3D-printed parts allows fast assembly and
reconfiguration.
The electronic level includes the Arduino UNO [7], the TCS3200 sensor [8], the L298N driver [10],
the SG90 servomotor [9] and the separate power supplies for the logic side and the power side, with a
common reference ground. The software level performs the read-decision-actuation cycle: it reads the
RGB frequencies, compares the obtained values, establishes the dominant color, commands the
paddle and maintains the belt speed through PWM.

Fig. 1. The virtual model of the system

Table 1. Correspondence between physical components, code and functionality

Physical component Code element Function in the system
TCS3200 sensor pulseln() on OUT pin Returns R, G, B frequencies
S2, S3 pins of TCS3200 digital Write(S2, S3, ...) Selects the active color filter
SG90 servomotor servo.write(angle) Positions the deviation paddle
12 V DC motor analogWrite(ENA) Belt motion with software-adjustable
speed
L298N driver digitalWrite(IN1, IN2) Control of DC motor direction and

speed

The division into levels reflects the classical architecture of a mechatronic system [6]: the mechanics
performs the motion, the electronics receives the signals and transmits the commands, and the
software transforms the measurements into actions.

3.1. Mechanical components

The frame is made of T-slot profiles and 3D-printed supports. The belt is driven by a roller with a
diameter of 63 mm, with a useful length of approximately 450 mm and a width of 200 mm.

The TCS3200 sensor is mounted at the conveyor inlet, while the SG90 paddle is positioned after the
reading area in order to divert the package after identification.

The motor sizing was carried out starting from the traction force, the torque required at the shaft and
the mechanical power required for belt movement.

The linear speed selected for the belt is v = 8 cm/s = 0.08 m/s, low enough for the sensor to read the
color steadily and for the servomotor to actuate before the object passes the paddle.
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For the drive roller with D = 63 mm and r = 0.0315 m, the speed required at the reducer output is
determined from the relationship between linear speed and angular speed:

0208 (1)

— = . a2 [
n 5w 0.0315 60 = 24,3 rot/min

T 2mr

The traction force depends on the total transported weight and on the friction
coefficient.
The calculation considered the mass of the package and the mass of the useful belt section:

mbanda = 0,430 - 0,200 - 0,0015 - 1400 ~ 0,19 kg (2)

For the PVC belt on a 3D-printed surface, a friction coefficient of p = 0.3 was adopted. The total
equivalent weight is:

Gtotal = (mcolet + mbanda) +g = (0.2 + 0,19) - 9,81 % 3,83 N 3)

The resulting traction force is:
F=0Gtotal - pn=3.83-03 = LL15N 4)
The torque required at the shaft is obtained from the product of the traction force and the roller radius:
M=F-r=1,15-0,0315 % 0,036 Nm (5)

The mechanical power is calculated using the relationship:

P=F-v=115-0,08 % 0,092 W (6)
Considering the transmission efficiency n = 0.75, the required electrical power becomes:

P 0,092
Pllec =-=
n 075

The obtained result is below 0.15 W, therefore a low-power DC motor is sufficient for this
application. Since the roller must operate at approximately 24 rpm, while simple DC motors have
much higher speeds, a reduction ratio is required:

0,123 W (7

j = Mmotor — 3000 o 453 5 = 150 + 300:1 ®)

Orold 24,3
The DC motor with integrated reducer provides speed reduction and torque increase without
additional external mechanisms, which simplifies the assembly of the prototype. The moment of
inertia of the load referred to the motor shaft was also checked. The roller was considered as a solid
PLA cylinder:

=%-m STC ©)

Roller mass:
m ;- =p-m-r--L=1250-m-0,0315%-0,2 % 0,78 kg (10)

rold

Moment of inertia of the roller:
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]rnlﬁ. = % -0,78 - ﬂ,ﬂ315z 2 3,87 % ‘]_I:]_“' kg . l]lz (ll)
Equivalent moment of inertia of the package and the belt:
]rnlﬁ. = % - 0,78 - ﬂ,ﬂ315z 2 3,87 % 107% kg . 1]12 (12)
Total moment of inertia:
]tﬂtﬂ] = ]m]ﬁ + ]Earnin,ﬁ BT TA R 1':'_4 kg . 1:|1z (13)

The reduced value confirms that the selected motor can accelerate and keep the belt
moving without exceeding the torque limits.

The selected motor is a 12 V DC motor with integrated reducer, 20-30 rpm, a 150-300:1
ratio and a minimum torque of 0.1 Nm, above the calculated torque.

\1.\\ ) AR .
Fig. 2. Overview of the sorting system
3.2. Electronic components

Arduino UNO centralizes the signals. TCS3200 transmits the measured frequency
through the OUT pin, and SG90 receives the position command on D9.

The motor is controlled through L298N: ENA regulates the speed through PWM, and
IN1/IN2 establish the direction of rotation. The motor is powered separately at 12 V, while
Arduino, the sensor and the servomotor use the logic power supply. The common ground
preserves the reference, and the separation reduces disturbances.
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SCHEMA DE CONECTARE - SISTEM AUTOMAT DE SORTARE COLETE

Semnal / Date
—=== Alimentare

SERVOMOTOR
SENZOR DE CULOARE ARDUINO UNO S$G90

DRIVER MOTOR MOTOR DC 12V

(conveyor)

Fig. 3. Connection diagram of the automated sorting system

4. System operation and software implementation
The Arduino [5] program establishes the connections for the TCS3200 sensor, the SG90 servomotor
and the L298N driver, then repeatedly executes the cycle: color reading, comparison of RGB values
and paddle positioning. The belt motor is started through the L298N driver, and the speed is adjusted
by a PWM signal. The sorting decision is based on comparing the three measured durations. The
channel with the minimum duration corresponds to the highest frequency and is considered the
dominant color of the package.

fa=f; s fr=fg —red
(14)

fe=fr st f; = f; —green (15)
fe=fr si fzg = f; = blue (16)

The thresholds were established experimentally. The dominant color has a pulse of approximately 0.8-
0.9 ms, while the other channels have 2.0-2.4 ms; calibration depends on lighting and distance.

After identifying the color, Arduino commands the SG90 servomotor to the position associated with
the detected category. The paddle diverts the package for red and green, while for blue it remains in
the rest position.

For blue packages, the paddle is not activated. The package continues moving to the end of the belt,
this option being considered the default route of the system.
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;/;)id loop()
{

readColor();

serial.print("R = ");
Serial.print(redFrequency);

Serial.print(" 6 = ");
Serial.print(greenFrequency);

Serial.print(" B = ");
serial.println(blueFrequency);

N ' |
if (blueFrequency < redFrequency &&
“ ' b blueFrequency < greenFrequency)

{

Serial.println("ALBASTRU");
. | sorter.write(pozitieInitiala);
delay(100);
}

Fig. 4. Code sequence for the color blue

For red packages, Arduino commands the servo.write(60) position. The paddle
maintains the position long enough for the package to be evacuated, then returns to 90°.

4

else if (redFrequency < blueFrequency &&
redFrequency < greenFrequency)

{

serial.println(”ROSU™);

—_—

a ’ sorter.write(pozitieRosu);
i \ I | delay(timpRevenire);
“ b sorter.write(pozitieInitiala);
“ delay(500);
}

Fig. 5. Code sequence for the color red

For green packages, the paddle is positioned at approximately 20° through
servo.write(20), obtaining a different deviation compared with red packages. After sorting, the
paddle returns to the initial position

// VERDE

greenfFrequency < blueFreguency)
Serial.println("VERDE");
sorter.write(pozitieverde);
delay(timpRevenire);

sorter.write(pozitieInitiala);

delay(500);
}

ol

Fig. 6. Code sequence for the color green

delay(5@);
}

5. Experimental results
To evaluate the system, tests were performed under three lighting conditions: artificial white light,
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artificial yellow light and ambient lighting. Red, green and blue packages were analyzed. The RGB
values supplied by TCS3200 and the percentage of correct identifications were monitored in order to
determine the influence of lighting on accuracy.

Rezultate experimentale

98
97 96
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90 91
88
I I 82

Alba Ambientala Galbena

100
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70

W Rosu (%) mVerde (%) m Albastru (%)

Fig. 7. Influence of lighting conditions on color identification accuracy

For each color, 20 tests were performed: 20/20 red, 18/20 green and 19/20 blue,
resulting in an average success rate of 95%.
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Fig. 8. Sorting success rate for each package category

The results confirm the operation of the algorithm and of the sorting mechanism, with 100% success
for red, 90% for green and 95% for blue. The results show that L298N maintains the belt speed, while
SGI0 positions the paddle repeatedly. The remaining errors mainly occur due to lighting and package
positioning. The errors were mainly caused by lighting variations, the positioning of the package
relative to the sensor and differences in the reflection of the analyzed surfaces

Table 2. Synthetic results of prototype testing

Parameter Measured value
Tests performed 60 tests (20/color)
Sorting success rate 95% (57/60)
Color identification time 180 ms
Paddle active time 3000 ms

6. Conclusions
The prototype confirmed that automatic package sorting based on color can be achieved using a
simple mechatronic system. The conveyor, TCS3200 sensor, Arduino UNO board, L298N driver and
SG90 servomotor worked together to identify and separate red, green and blue packages. The tests
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showed an overall success rate of 95%, proving that the system is functional for small-scale sorting
applications. The main limitations were caused by lighting conditions, package positioning and
surface reflections. In conclusion, the project achieved its objective and demonstrated the practical
connection between mechanical design, electronics and software control. Future improvements may
include additional colors, HSV-based detection, an LCD display, Wi-Fi monitoring or a camera-based
recognition system.
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8. Notations
R, fG, fB = output frequencies of the TCS3200 sensor for the red, green and blue filters [Hz];
PWM = pulse width modulation;

RGB = red-green-blue color model;
HSYV = hue-saturation-value color model
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ABSTRACT: This project presents an automatic product identification and management
system that uses RFID technology integrated an Excel interface built using Visual Basics
for Applications. The connection between the data received from the RFID tags and the
visual interface is made by a Python application that reads the UIDs from the tags and
looks them up in the Excel database. The hardware module of the projects is built around
an Arduino Mega 2560 and a MFRC522 RFID reader, the other component being: an I2C
LCD display that shows messages for the user and a piezo buzzer that gives different alerts,
all inside a custom case designed in Autodesk Inventor and 3D-printed. The system was
tested with a small database and showed the features of a low-cost alternative for an
automatic product identification and management system that can be implemented in
retail.

KEYWORDS: RFID, identification, Arduino, Excel.
1. Introduction

In the current context of accelerated digitalization and automation of commerce, automatic product
identification and monitoring has become an essential component for retail companies present on the
market. Barcode-based technologies are still widely used today, but RFID technology, which
appeared in retail in the early 2000s, offers new advantages over its predecessor: the possibility of
reading a tag without direct line of sight, resistance to mechanical wear, and the ability to read
multiple products simultaneously.
This paper presents the design and implementation of a small-scale automatic system that uses RFID
technology to manage products from a database representing a clothing store. The main objectives
achieved through this project are: (1) building a hardware device consisting of a case designed in
Autodesk Inventor that protects and houses all the other hardware components of the project, (2)
implementing a software application that connects an Arduino board, a Python application and an
interactive Excel interface, and (3) automating and monitoring the process of scanning various RFID
tags, calculating the final total and generating a PDF receipt for the user.
All three objectives of the paper were achieved as follows: (1) the hardware device was assembled
and contains an Arduino Mega 2560 board, an MFRC522 RFID reader, an I12C LCD display and a
buzzer, (2) the application was implemented and runs in Python, performing the following actions:
identifying the scanned product in the database, updating the shopping cart, checking the current stock
and generating the PDF receipt, and (3) the application was created in Excel using VBA macros and
functions both as a product database and as a user interface. The proposed solution demonstrates that
a combination of low-cost hardware and commonly available software tools can provide a functional,
accessible and scalable RFID-based product management system.

2. Current state

Currently, automatic product identification and management systems are usually composed of
barcode readers, payment terminals and management applications. The use of RFID technology,
although not new, is on an upward trend that has emerged alongside the reduction in the cost of
passive tags [2]. Many of the major retail chains already use this technology for easier inventory
management and a faster checkout process. The advantages of using this technology are undeniable
and include: the ability to read multiple products simultaneously without the need to scan each one
individually, and real-time inventory of the current stock [10].

Existing RFID-based solutions are usually implemented in complex commercial systems, which
include dedicated databases, specialized software applications and industrial equipment. By
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comparison, this paper proposes the development of a low-cost prototype, using accessible
components such as Arduino, an RFID reader, an Excel interface and a Python program, to
demonstrate the operating principle of an automatic product identification and management system.

3. System architecture

The proposed system is structured into three functional levels: the hardware level, the processing level
(the Python application) and the database and interface level (the Excel file with VBA macros).
Communication between the three components is carried out as follows: the Arduino communicates
with the PC via the USB serial port, while the Python application interacts with Excel through the
xlwings library, which allows real-time control of an open workbook [3].

HARDWARE (Arduino)

Tag RFID pasiv
MIFARE 13,56 MHz

v

Cititor RFID
SPI, citire UID

Y

additional hardware or software components.

Arduino Mega 2560

Firmware control
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Buzzer pasiv
Semmnal OK /ERE./FINAL

PROCESARE (Python)
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Validare UID
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Comenzi LCD / Buzzer
BEEP_OK / BEEP_ERR

Generare bon
Macro VBA, export PDF

—

t . v
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Fig. 1. Architecture of the automatic RFID identification system
The hardware components used are presented in Table 1, together with the role of each within
the system. This modular architecture also facilitates future system expansion and the integration of

Component Specifications
Arduino Mega 2560 5V, 16MHz
Cititor RFID MFRC522  1>-20 MHZ, passive tag
reading
2 lines of 16 characters
LCD I2C each, 5V
Buzzer 5V power supply, digital

3D-printed case

signal

PLA material, screw-

fastened

Table 1. Hardware components
Role in the system
Control unit, communicates with the
RFID reader, LCD, buzzer and PC
Reads the UID of the tags attached to
products
Displays the scanned product, the total
and other system messages
Acoustically signals scanning, errors and
receipt completion
Protects the hardware components and
ensures the portability of the assembly

The case was designed entirely in Autodesk Inventor and then 3D-printed, providing a compact
assembly and mechanical protection for all components. All parts are fastened with M3 screws, and the
top cover allows access to the RFID reader and the LCD display through dedicated cutouts.

147



DEVELOPMENT OF AN AUTOMATIC PRODUCT IDENTIFICATION AND MANAGEMENT
SYSTEM USING RFID TECHNOLOGY

Fig. 2. CAD model of the case in Autodesk Inventor
4. Implementation of the software and hardware components
The implementation of the system was carried out in three stages, according to the three
objectives of the paper.
4.1. Implementation of the hardware components

The components were connected according to the communication protocols specific to each
one (fig 3).

Fig. 3. Wiring diagram of the hardware components
1 - Arduino Mega 2560 - the system's main board, which controls all the other components and
communicates with the computer via the USB port.
2 - MFRC522 RFID reader - module that detects RFID tags within its field.

3 -12C LCD display - screen that displays the system's messages to the user.

4 - Passive buzzer - emits distinct sound signals for different actions.

5 - Breadboard - prototyping board on which power (5V and GND) is distributed to the

components.

The MFRC522 RFID reader communicates with the Arduino Mega 2560 board via the SPI
interface, using pin 53 for module selection and pin 49 for reset. The LCD display is connected via the
12C bus to the SDA and SCL pins, while the passive buzzer is powered from digital pin Al. All
components are powered at 5V through the breadboard, and communication with the computer is
carried out via the USB port.

4.2. Implementation of the software components

4.2.1. Implementation of the Arduino program

The Arduino program is responsible for initializing the reader, the [2C LCD display and the
buzzer [1]. In the main loop, the program reads the RFID tags presented within the reader's field, but
also receives commands sent over the serial port from the Python application. For each detected tag,
the UID is converted into a hexadecimal character string and transmitted over the serial port. A
cooldown mechanism (1200 ms) prevents the repeated reading of the same tag within a short time
interval, in order to avoid errors.
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The commands received from the computer are of two types: commands for displaying various
messages for the customer on the LCD, and commands for emitting the confirmation, error or
completion sound signal. Each sound signal has a distinct signature: a short 70 ms beep to confirm a
successful scan, two beeps to signal an error, and two long 250 ms beeps to confirm receipt generation.
This acoustic feedback system allows the user to quickly identify the state of the system without having
to read the message displayed on the LCD.

The code snippet below illustrates the UID reading logic, including the cooldown mechanism
that prevents consecutive duplicate readings of the same tag.

if (!mfrcs ICC_IsNewCardPresent()) return;
if (!mfrc522.PICC ReadCardSerial(}) return;

string wid = uidToString();
now = millis();

lastUID && (now - lastScanMs) < SCAN_COOLDOWN _MS} {
CC_HaltA();
CD_StopCryptol{)};
return;

}

lastUID = uid;
lastScanMs = now;

Serial.print{"UID:");
Serial.println{uid);

Fig. 4. Code snippet from the Arduino program implementation
4.2.2. TImplementation of the Python application

The Python application (rfidpos.py) represents the “hub” of the system. It uses the pyserial
library for communication with the Arduino, pandas for reading the Excel database, and xIwings for
live interaction with the workbook open in Microsoft Excel [3]. On startup, the application loads the
products from the “Baza de date” (Database) sheet into a dictionary indexed by the tag UIDs, containing
the fields: name, price (RON) and stock quantity (pcs).

For each UID read by the Arduino, the application checks whether the product exists in the
database and whether it is still in stock. If the product exists and is still available, the UID is written to
the Scanlnput field in Excel, and the Btn_AdaugaProdus macro is called to update the cart. The internal
cart keeps a (price, quantity) pair for each scanned product, and the total is calculated and displayed on
the LCD in real time.

The generation of the receipt is detected through a simple mechanism: the application monitors
the Desktop folder for the appearance of new PDF files. When a new PDF is detected, the system emits
the final sound signal, displays the total on the LCD and resets the cart for a new session.

4.2.3. Implementation of the Excel interface

The magazin.xlsm file contains several worksheets: Baza de date (Database) (the product list,
with the columns Cod, Denumire, Tip, Cantitate, Locatie and Pret), Cos cumparaturi (Shopping Cart)
(the operator’s visual interface), Bon (Receipt) (the receipt template), Istoric (History) (the transaction
log) and Pozitie de stocare (Storage Location) (the physical locations in the store warehouse). The
buttons created using VBA macros have the following roles: adding a scanned product, removing a
scanned product, and triggering the generation of the receipt in PDF format [4].

The Baza de date (Database) sheet functions as a small inventory management system: for each
product, the following are recorded: the RFID tag UID, the name, the type (e.g. jeans, blouse, sweater),
the available quantity, the storage location (Raft-femei [Women's Shelf], Raft-barbati [Men's Shelf],
Depozit-R1 [Warehouse R1]) and the price in RON.

The Btn_AdaugaProdus macro implements the logic for adding a product to the cart. When
triggered, it reads the UID, looks it up in the Database, and if the product exists, adds it as a new row
in the Shopping Cart sheet, or, if the product is already present, increments the existing quantity. The
total is automatically recalculated using a SUMPRODUCT formula that multiplies the prices by the

149



DEVELOPMENT OF AN AUTOMATIC PRODUCT IDENTIFICATION AND MANAGEMENT
SYSTEM USING RFID TECHNOLOGY

quantities for all rows of the cart.
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Fig. 5. Excel interface — shopping cart and control buttons
1 - Scanati produsul aici (Scan the product here) - the area for manually entering the tag UID.
2 - Genereaza bonul fiscal (Generate receipt) - button that automatically generates the receipt in PDF
format, saved to the Desktop, and resets the cart.
3 - Sterge produsul (Remove product) - button that removes the scanned product from the current cart
and recalculates the total.
4 - Adauga produs (Add product) - button that manually adds a product whose UID was entered in the
Scanati produsul aici area.
5 - The area with added products - displays the details: code, name, quantity, unit price and total price
for each item.

4.3. Flow of actions performed when using the program

The complete flow of a transaction proceeds as follows: the user brings a product labeled with
an RFID tag close to the reader, the Arduino reads the UID and sends it over the serial port, the Python
application receives the UID, looks it up in the database and checks the available stock; if the product
is valid, the UID is written to the Scanlnput field in Excel and the Btn_ AdaugaProdus macro is called,
Excel visually updates the cart and recalculates the total, Python sends the command to activate the
buzzer sound and updates the LCD message; when the Genereaza bonul fiscal button is pressed, the
VBA macro exports the cart as a PDF to the Desktop, the Python application detects the appearance of
the PDF, emits the final sound message and resets the cart for a new product scanning session.

5. Experimental results

The system was tested with an initial database containing five clothing items (jeans, blouse,
sweater, bag, tracksuit) priced between 60 and 240 RON. A unique passive RFID UID tag was attached
to each product.

In a typical usage scenario, two products were scanned successively (a bag at 60 RON, quantity
2, and a tracksuit at 240 RON, quantity 1), resulting in a total of 360 RON. When the “Genereaza bonul”
(Generate receipt) button was pressed, the Python application automatically generated the PDF receipt

Magazin RFID
Sistem POS cu scanare RFID

BON FISCAL
Nr: 18
Data: 11.05.2026 18:24

Denumire produs Cant. Pret/buc. Total
Trening 3 240 720
Bluza neagra cu paiete 1 90| 90
Pulover negru fard umeri 1 80| 80

TOTAL DE PLATA: 890 RON

Va multumim pentru cumparaturi!
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on the Desktop, and the LCD displayed the total confirmation message. The entire process, from
scanning the first product to saving the PDF, took under 15 seconds.
Fig. 6. Receipt automatically generated in PDF format

Error scenarios were also tested: scanning an unknown tag (a UID that does not exist in the
database) causes the message “Produs INEXISTENT” (Product NOT FOUND) to be displayed on the
LCD and an error sound signal to be emitted, without affecting the current cart; scanning a product
whose stock is depleted displays “STOC EPUIZAT” (OUT OF STOCK) and allows the operator to
continue with other products. Thus, the system remains robust and allows operation to continue even in
the presence of exceptional situations.

Fig. 7. The message displayed on the LCD when stock is depleted

6. Conclusions

This paper presented the design and implementation of an automatic RFID-based product
identification system. The main original contributions of the paper consist of: building a case designed
in Autodesk Inventor and 3D-printed, integrating the identification hardware with an Excel interface
that is easy for the client to use, automating the transaction completion process through automatic
detection of receipt generation, and implementing a real-time stock management mechanism.

The results obtained confirm, on a prototype scale, the benefits demonstrated in industry.
Studies by the RFID Research Center (University of Arkansas, in collaboration with Walmart) showed
an improvement of ~13% in inventory accuracy and a 96% reduction in inventory counting time
compared to barcode-based systems [6]. The ECR report on 10 European retailers indicated an increase
in inventory accuracy from 65-75% to 93-99% [7], while Uniqlo and Zara reported a ~50% reduction
in checkout time through RFID self-checkout [8]. The proposed system implements the same principle
of automatic UID reading and instant cart updating, at a total hardware cost of less than 200 RON,
making it especially useful for educational applications or small stores.

Future research directions include: extending the database through cloud synchronization,
integrating a contactless payment module, replacing Excel with a web application, and switching to
UHF frequency, which would allow simultaneous reading of the entire cart, a solution adopted by
Uniqlo and Decathlon [9], [10]. The developed prototype demonstrates that RFID technology can be
implemented using accessible components while maintaining reliable product identification and stock
control. Overall, the system provides a practical foundation for further development toward a complete
automated retail management solution.
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8. Notations

RFID = Radio Frequency Identification;

UID = Unique Identifier;

12C = Inter-Integrated Circuit;

VBA = Visual Basic for Applications;

PDF = Portable Document Format;

CAD = Computer-Aided Design;

PLA = Polylactic Acid;

LCD = Liquid Crystal Display;

ECR = Efficient Consumer Response;

UHF = Ultra High Frequency;

SPI = Serial Peripheral Interface;

USB = Universal Serial Bus.
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ABSTRACT: This paper addresses the design and implementation of an autonomous
mobile robotic system capable of collecting and launching objects at a fixed target, even
while in motion. The primary objective is to optimize launch accuracy by developing a
swerve drive platform and a launch mechanism with variable angle and velocity. The paper
details the mathematical modeling process of the ballistic trajectory, highlighting the
experimental calibration methods required to compensate for real-world dynamic factors.
A central point of the research is the localization system based on sensor fusion, which
integrates kinematic odometry, an IMU sensor, and computer vision via fiducial markers
(AprilTags). The results demonstrate that utilizing the MegaTag?2 algorithm and virtual
target compensation allows the robot to maintain high impact accuracy, neutralizing
cumulative positioning errors and the inertial effects of chassis movement.

KEYWORDS: autonomous mobile robot, swerve drive, ballistic trajectory, sensor fusion,
localization, AprilTags.
1.Introduction

The purpose of this paper is to detail the development of a suite of algorithms designed
to facilitate and optimize the process of collecting and launching a large number of objects
toward a predetermined target. These tasks are performed by an autonomous mobile robot. To
make this process efficient, two essential capabilities were identified:

- The robot's capability to hit the target from any point around the basket, within a
distance of less than 8 meters;
- The robot's capability to hit the target while moving across the field.

Upon identifying these essential characteristics of the robot, the necessity of developing
the following algorithms became evident: localization, trajectory generation for the robot,
trajectory tracking, and an algorithm responsible for estimating the trajectory of the launched
object.

In addition to the software, it is necessary to develop a robust physical platform capable
of providing mobility, speed, and repeatability. To ensure the highest possible mobility, an
omnidirectional chassis and a launch mechanism equipped with two types of adjustments are
required: distance adjustment and direction adjustment.

153



MODELING AND TRAJECTORY PLANNING FOR AN AUTONOMOUS MOBILE ROBOT AND
INDEPENDENTLY LAUNCHED OBJECTS

2. State of the art

The current state of the art in the localization of autonomous mobile robots is dominated
by sensor fusion techniques aimed at eliminating the "drift" errors specific to kinematic
odometry. While traditional methods based on encoders suffer from wheel slippage, recent
research proposes using AprilTag fiducial markers as absolute reference points in controlled
environments [3]. Modern implementations, such as systems based on Limelight devices,
utilize the MegaTag? algorithm to combine visual data with data from inertial measurement
units (IMUs). This approach allows constraining the rotation axes in the 3D position
calculation, offering significantly higher stability compared to standard Perspective-n-Point
(PnP) algorithms. According to WPILib documentation, integrating a Kalman filter or
retroactive correction algorithms based on timestamps is essential to compensate for video
processing latency. Thus, by synchronizing vision data with the chassis movement history, the
millimeter-level precision required for ballistic launches under dynamic conditions is achieved
[1].

3.Modeling and implementation of the physical platform

The first and most important subsystem of this robot is represented by the chassis. It
provides the full mobility of the robot and constitutes the structural foundation upon which
the entire assembly is built.

In our case, the chassis consists of two main components:
- aluminum structural profiles;

- "swerve" modules.

The structural profiles are 7075 aluminum rectangular tubes arranged to form a square
frame. A "swerve" module is mounted in each corner of this frame.
The "swerve" module is a mechanical assembly designed to allow a wheel to be oriented to an
unlimited number of degrees directly on the spot while being driven by a motor. This
movement is achieved using two motors: one responsible for turning ("turn") and the other
responsible for wheel rotation ("drive").

Fig. 3.1. “Swerve” module Fig. 3.2. aluminum structural profiles

The second subsystem is responsible for launching the objects. The launched objects
are spheres made of a dense foam. They are flexible and exhibit a high coefficient of friction
when in contact with rubber surfaces. Given the properties of the balls, the operating principle
of the launcher is relatively simple: the balls are inserted between a fixed wall and a moving
wheel that rotates continuously at high speed. The working principle is similar to that used in
tennis ball launching machines. Two distinct solutions were identified to achieve the two types
of adjustments: distance adjustment and direction adjustment.

Distance adjustment

To modify the distance at which an object is thrown, varying its initial velocity is
sufficient. However, given the wide range of positions from which a launch is desired, it is
necessary to control the shape of the parabola described by the ball's ballistic trajectory. An
efficient method of trajectory control consists of modifying the launch angle in the vertical

154



MODELING AND TRAJECTORY PLANNING FOR AN AUTONOMOUS MOBILE ROBOT AND
INDEPENDENTLY LAUNCHED OBJECTS

plane.

This adjustment is achieved by replacing the fixed wall with a movable one, shaped as
an arc of a circle, which slides along a circular trajectory around the moving wheel. This
solution provides an angle adjustment range of 34° (between 47° and 71°), a value subsequently
confirmed as sufficient for the proposed application.

Direction adjustment

Direction adjustment is relatively simple and is based on a principle similar to that used
in tank turrets. The solution involves mounting the launch system on a rotating platform
capable of providing a full 360° rotation.

To constrain all degrees of freedom except for rotation around the Z-axis, an assembly

consisting of five bearing packs, two bearing rings, and one fixed ring was chosen.
Each bearing pack consists of a radial bearing positioned between two thrust bearings with an
increased outer diameter. The five packs are arranged uniformly along the circumference of a
circle and are supported by the two bearing rings. The fixed ring features an inner cylindrical
surface in tangent contact with the five radial bearings. These contacts ensure translation
constraints on the X and Y axes. The thrust bearings serve to constrain rotations around the X
and Y axes, as well as translation on the Z axis.

Fig. 3.3. “Turret” exploded view Fig. 3.4. CAD model of the launcher
4. Mathematical modeling of launcher behavior

The first step of this phase consists of establishing the parameters taken into account,
as well as the simplifications applied to the physical model. The trajectory of the ball is defined
by two primary input variables: the velocity imparted to the ball and the launch angle. These
variables correspond to the rotation speed of the wheel and the positioning angle of the movable
wall, respectively.

However, there are other factors that influence the relationship between wheel speed
and the velocity transferred to the ball, such as the compression between the wheel and the
wall, the friction coefficient between the wheel and the ball, the friction coefficient between
the ball and the wall, the rigidity of the ball, etc.

It was decided not to explicitly include these factors in the calculation formula for the
velocity imparted to the ball. Instead, an initial approximation was made, to be validated
experimentally and corrected later based on a set of measurements. Thus, the result obtained
through the theoretical model is multiplied by an experimentally determined correction
coefficient.

The resulting formula takes the wheel radius, its angular velocity, and the correction
coefficient as input parameters.
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Fig. 4.1. The plot used during the correction coefficient tuning

Another important simplification applied to the mathematical model is ignoring
aerodynamic effects. Thus, it was considered that gravity is the only force acting on the ball
during flight.

An important problem encountered during the development of the trajectory generation
algorithm was that an infinite number of parabolas are possible between point A and point B.
Some of these cannot be practically realized, while others are more advantageous because they
offer a larger margin of error. Trajectories with an entry angle close to 90° offer the greatest
tolerance, which is why the maximum height of the apex was chosen as an additional parameter
to determine a unique trajectory.

This choice was made because, as long as the launch height, target impact height, and
maximum trajectory height remain constant, the time the ball spends in the air remains the
same, regardless of the distance traveled. This property significantly simplifies the algorithm
when the robot's velocity relative to the target is also factored in.

In practice, maintaining a constant maximum height is achieved by keeping the vertical
component of the velocity constant and modifying the horizontal component. Thus, the
distance traveled can be controlled without altering the maximum height of the trajectory. The
distance is determined by multiplying the horizontal velocity, considered constant, by the flight
time.

2

>

Hmax

Ha.

D
Fig. 4.2. Ball trajectory

The first part of the algorithm computes the vertical component of the velocity based
on the imposed maximum height of the trajectory. This calculation uses the velocity law,
assuming that the final velocity at the apex is equal to 0, and the acceleration is gravitational.
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Ui
v(t) =vi—=>t = 5(1)
%' ty = hpax = vy = Y 2ghmax (2)
Thus, the required vertical velocity and the time elapsed between the launch and

reaching the apex of the trajectory are determined. Using the same logic, the time required for
the object to cover the distance between the apex and the target height is calculated.

Vr = \/Zg(hmax_htinta) (3)
v
i, = ;f(4)i ty + t; = trorar(5)

To determine the horizontal velocity, the distance is divided by the total flight time.
Knowing both the horizontal and vertical components of the velocity, the required resultant
velocity and the launch angle of the ball can be easily calculated. From the velocity obtained
in this manner, the angular velocity of the motor is then determined using the experimentally

derived relationship.
2 2 Vi
V= /Vi +1,% (6) a = atan () (7)

Determining the turret angle is accomplished by applying the arctangent function to the
ratio of the coordinate differences on the X and Y axes between the launcher and the target.

Xlansator — Xtinta
¢ = atan( (8)
Yiansator — YVtinta

To establish the coordinates of the launcher in the global reference system, we must use
the coordinates returned by the localization algorithm (Xgopot » Yrobot> @robot)> Which refer to
the geometric center of the robot, and the position of the launcher relative to the center of the
robot. The angle formed by the y and y' axes is denoted by az,pot-

(o]

Fig. 4.3. Global and local frames of reference

0 = atan% ) D =x,*+y,"2(10)

L

x, = xg + Dsin(agepor +0) (11) YL = Yr + Dcos(agopor +60) (12)

When the robot is not static, the algorithm no longer functions correctly because the
horizontal velocity of the launcher is also transmitted to the ball. To compensate for this effect
without altering the mathematical model of the trajectory, a compensation is performed by
shifting the target. Thus, if the robot moves to the left, the target is virtually shifted to the right
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by an amount equivalent to the robot's velocity.

Uy = Uy + Dsin(@ropor + 0) (13) Vyp = Uy, + Dcos(aropor +6) (14)
Ax = Uy trotal (15) Ay = VyL " teotal (16)
Xtintavirtual = Xtintareal T 4% (17) Vtintavirtual = Ytintareal T 4Y (18)

5. Localization and Global Position Estimation of the Robot

5.1. Localization System Architecture

To implement the on-the-move launch algorithm presented above, determining the
global coordinates of the robot is required. Launch accuracy directly depends on the current
state of the chassis, as any localization error propagates into the ballistic trajectory calculation.

The proposed architecture is based on sensor fusion, integrating high-frequency data
from internal sensors (swerve module odometry and the IMU sensor) with absolute
measurements provided by the computer vision system.

Although odometry offers a fast update rate, it is prone to cumulative errors over time
("drift") caused by wheel slippage. To correct these deviations, the system uses three Limelight
4 cameras that detect fiducial markers (AprilTags) on the field and target, providing absolute
reference points. Fusing this data ensures an accurate estimation of the global position, which
is essential for the proper functioning of the previously defined mathematical models [1].

5.2. Kinematic Odometry and Internal Sensor Fusion

Prima componenta a sistemului de localizare este reprezentata de odometria cinematica,
o metoda de estimare a pozitiei relative a robotului prin integrarea in timp a miscarilor masurate
la nivelul fiecdrui modul Swerve. Cinematica robotului se bazeaza pe o dispunere simetrica a
celor patru roti, formand un patrat cu distanta de la centru la fiecare modul de 10 inci. Fiecare
modul este echipat cu doud motoare TalonFX (pentru tractiune si directie) si un encoder absolut
CANcoder.

Pentru a calcula vectorul de viteza al centrului de greutate al sasiului, definit prin
componentele vy, v, sivitezaunghiularaw, se utilizeaza un model cinematic direct (Forward
Kinematics) al platformei omnidirectionale. Cunoscand raza rotilor si rapoartele de transmisie,
vitezele unghiulare ale motoarelor sunt transformate in viteze liniare. Pozitia curenta a
robotului, definita de coordonatele (Xgopor Yrobot), €St€ actualizata iterativ prin integrarea
acestor viteze in raport cu timpul:

The first component of the localization system is kinematic odometry, a method of
estimating the robot's relative position by integrating the movements measured at each swerve
module over time. The robot's kinematics are based on a symmetrical layout of the four wheels,
forming a square with a distance of 10 inches from the center to each module. Each module is
equipped with two TalonFX motors (for drive and steering) and a CANcoder absolute encoder.

To calculate the velocity vector of the chassis' center of gravity, defined by the
components v,,v, and the angular velocity ®, a forward kinematics model of the
omnidirectional platform is utilized. Knowing the wheel radius and gear ratios, the angular
velocities of the motors are transformed into linear velocities. The current position of the robot,
defined by the coordinates (xzopot, Yrobot ) 18 iteratively updated by integrating these velocities
with respect to time:

X¢ = Xp—q + (VxCOSARopor — VySiNARopor )AL (19)

Vi = Yi—1 + (VxSinQropor — vycosaRobot)At (20)

To mitigate error accumulation caused by traction loss, the software preventively limits
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the stator current of the drive motors. Although this mechatronic limitation significantly
reduces slippage, cumulative errors still require absolute corrections, periodically supplied by
the camera system.

5.3. Computer Vision System Based on Fiducial Markers

To compensate for cumulative odometry errors, the system utilizes a computer vision
network composed of three Limelight 4 smart cameras. These are mounted on three of the four
sides of the chassis to maximize the field of view and minimize blind spots.

Because the chassis rotates independently to orient the collection mechanism, the
extended visual coverage guarantees that, regardless of the robot's angle, at least one camera
maintains a line of sight with the fiducial markers (AprilTags) fixed on the target or in the
surroundings.

Fig. 5.1 ApriTag Fig. 5.2 Limelight4 Camera

Each camera processes video frames to identify these tags, whose global coordinates
are precisely predefined. By analyzing the perspective of the tag in the image, the cameras
generate absolute estimates of the robot's position in space. These independent measurements
serve as references that negate the drift of the internal odometry.

5.4. MegaTag2 Algorithm and Data Fusion

The system utilizes the MegaTag2 algorithm to extract global coordinates. Unlike
classical Perspective-n-Point (PnP) methods, which deduce camera orientation purely visually
and are vulnerable to mathematical ambiguities, MegaTag?2 integrates the orientation and
angular velocity read directly from the IMU sensor. This constraint on the rotation axis
generates a much more precise and stable 3D position estimation [2].

Visual data is integrated into the odometry via a state filter. The confidence level of the
measurements is dynamically computed: it is penalized by an increase in distance (over 5
meters) and linear velocity, but it benefits from the simultaneous detection of multiple markers.
To ensure stability, measurements are rejected if marker ambiguity is high or if the robot is
rotating aggressively, a situation that introduces optical distortions (motion blur).

Finally, data fusion includes processing latency compensation. Using the timestamp of
each video frame, the algorithm retroactively corrects the position history. Consequently, the
launching system benefits from a continuous and perfectly synchronized position with the
physical movement of the chassis.

6. Conclusions

This paper highlighted the complexity of designing an autonomous robotic system,
offering a practical perspective on how mathematical modeling can translate unpredictable
physical processes, such as ballistic trajectories, into precise control algorithms. A fundamental
takeaway was the necessity of adjusting theoretical models using experimental correction
coefficients, a method that allows compensating for factors difficult to quantify (friction,
compression) to achieve the required accuracy under dynamic operating conditions.
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At the same time, the project demonstrated the importance of data fusion from multiple
sensors (odometry, IMU, and computer vision) to solve the global localization problem;
integrating them through algorithms like MegaTag2 showed how absolute visual data can
cancel out the cumulative errors of internal sensors. Ultimately, correlating the localization
system with the launch system confirmed that the success of an autonomous mobile platform
resides in the perfect synchronization between the robot's kinematics and the mathematical
model of the work task.
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ABSTRACT: This paper presents the development of an automated storage system for
robotics components, based on RFID technology for identifying and confirming system
positions. The experimental platform reproduces, at a reduced scale, the principals of an
AS/RS system used in industrial logistics, demonstrating how technical components can
be stored, retrieved and handled automatically. The system integrates a three-axis
mechanical structure, a control panel, sensors and a SCADA interface. Through
calibration, return-to-HOME, retrieval and storage commands, the platform allows the
simulation of an automated storage flow. The paper highlights the importance of
automation, traceability and digital integration in the future development of logistics
Systems.

KEYWORDS: AS-RS, RFID, SCADA, Arduino
1. Introduction

The automation of storage and retrieval processes represents one of the important
development directions in modern industrial logistics. In an environment where material flows
are becoming increasingly faster, and where requirements related to traceability, accuracy and
reduced operating times are becoming more demanding, automated storage systems can
contribute to a more efficient organization of workspaces and to the reduction of repetitive
manual interventions. This direction is relevant not only for large industrial warehouses, but
also for laboratories, technical workshops, production areas and spaces where small-sized
components are handled.

In the case of robotics components, the correct organization and identification of parts
are important because these components may include various elements, such as sensors,
electronic modules, actuators, mechanical components and subassemblies used in technical
projects. Manual storage of these components can lead to identification errors, time lost
searching for parts and difficulties in tracking the position of each item. For this reason, the use
of an automated storage system, supported by an identification technology such as RFID, can
represent a practical solution for increasing control over the component flow.

This paper presents the development of an automated storage system for robotics
components based on RFID technology. The proposed system is built as an experimental
AS/RS platform, which reproduces, at a reduced scale, the principles of an automated storage
and retrieval system. The platform consists of a three-axis mechanical structure, an RFID
identification system for position confirmation, a control panel with an Arduino Mega-based
control unit and a SCADA interface developed in Django and running on a Raspberry Pi 5.

The main objective of the paper is to design and build a functional platform capable of
performing calibration, positioning, retrieval and storage operations in locations defined by
levels and columns. Through this approach, the paper aims to demonstrate how an AS/RS
solution can be adapted to an experimental scale while preserving the essential elements of an
automated logistics system.

By developing this system, the paper highlights the connection between industrial
logistics, automation, applied robotics and digital identification. The platform is not intended
to replace a complete industrial system, but to provide a functional and educational prototype
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through which the principles of automated storage can be studied. At the same time, the project
shows how accessible technologies, such as microcontrollers, RFID and web interfaces, can be
integrated into a system that is useful for understanding the future of intelligent logistics.

2. Overview of Existing AS/RS Solutions

At present, automated storage and retrieval systems have become an important
component in the development of industrial logistics, especially in fields where large product
volumes, small parts or containers are handled. These systems are used to reduce search times,
increase storage density, improve traceability and reduce dependence on repetitive manual
operations.

Modern AS/RS systems are no longer limited to mechanisms that move between storage
racks. They are integrated assemblies that include storage structures, robots, sensors, control
software, monitoring systems and operator interfaces. Depending on the application, they can
be used in warehouses, production areas, pharmacies, the automotive industry, spare parts
logistics or in the storage of small-sized components.

2.1. AS/RS Solutions Used in Industry

In the industrial field, there are several types of automated storage systems, each
adapted to a specific type of load, available space and logistics flow. These systems can be
found in warehouses, distribution centers, factories, the automotive industry, electronics, e-
commerce and spare parts management.

Modern industrial solutions are usually complex systems, integrated with management
software, sensors, automated handling mechanisms and operator interfaces. They are designed
for high productivity and continuous operation, but they involve high costs and are more
difficult to analyze completely in an educational environment. Some relevant examples are
presented in the following table.

Table 1. Examples of AS/RS solutions used in industry
System / platform Description
AutoStore A compact AS/RS system based on a grid structure, where bins are
stored vertically and robots move on top of the structure to retrieve
products (Fig. 1).

Kardex AS/RS Automated storage and retrieval solutions used to optimize space,
reduce costs and coordinate materials through WMS-type software
(Fig. 2).

Daifuku Mini Load An automated system designed for the fast storage and retrieval of

AS/RS containers, boxes and other small loads (Fig. 3).

Modula Lift An automated vertical storage system used for industrial products,

semi-finished goods, spare parts and items that need to be stored in an
organized way and accessed quickly (Fig. 4).
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Fig. 1. Representative image of the AutoStore Fig. 2. Representative image of a Kardex
system AS/RS solution
Source: StrongPoint Product Review [1] Source: Kardex Website [2]

e

Fig. 3. Representative image of the Daifuku Mini Fig. 4. Representative image of the Modula
Load AS/RS system Lift system

Source: Daifuku Intralogistics Solutions [3] Source: Modula Vertical Lift Product [4]

2.2. Educational and Experimental Platforms
In addition to industrial systems, there are also educational and experimental platforms
developed for studying logistics automation, RFID technology and the principles of Industry
4.0. These systems are used in universities, laboratories and technical environments where the
focus is placed on the practical understanding of automated system operation.
Educational platforms have the advantage of allowing direct observation of the
relationship between mechanics, sensors, control, actuators and software. However, many of
these platforms are predefined commercial solutions, where the user mainly interacts with an
already developed system rather than designing and building one from the ground up. For this
reason, developing an experimental platform brings important practical value, because it makes
it possible to go through the entire process: design, assembly, integration, programming and
testing.
Table 2. Examples of educational and experimental platforms
System / platform Description
Festo Didactic CP-F-ASRS32-P An educational AS/RS platform for pallets, equipped
with a Cartesian robot for automated storage and
retrieval (Fig. 5).
SMC LOG-200 RFID Logistics Trainer A didactic platform focused on the study of RFID
technology in a logistics application (Fig. 6).
Festo CP Lab / CP Factory A modular educational system for learning the
principles of Industry 4.0, automation and connected
production (Fig. 7).
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Fig. 5. Festo Didactic

CP-F-ASRS32-P Flg..6.'SMC LOG—2OO RFID Fig. 7.'Festo CP Lab / CP Factory
. Logistics Trainer platform educational system

educational platform

Source: Festo CP-F- ) . . Source: Website Festo Didactic

ASRS32-P Manual Source: Website SMC International [7]

[5] Training [6]

Table 3. Comparison between existing AS/RS solutions and the proposed experimental platform

Criterion Industrial AS/RS systems Educational Proposed AS/RS platform
platforms

Purpose Industrial operation Technical training ~ Applied research

Size Industrial scale Laboratory scale Laboratory scale

Handling type  Robots, lifts, shuttles Didactic stations Three-axis mechanism

Identification WMS, codes, sensors RFID, PLC, RFID for C1-C6 and L1-
sensors L5

Control Programmable systems Educational Arduino Mega
modules

Interface Industrial software HMI / web server SCADA interface

From the comparison presented above, it can be observed that the proposed AS/RS
platform is not intended to compete directly with industrial systems, as these are designed for
high productivity and continuous operation. The role of the developed platform is experimental
and educational, being oriented toward the practical understanding of how an automated
storage system can integrate mechanics, RFID identification, device control and a SCADA
interface. Therefore, the project takes the general principles of industrial AS/RS systems and
adapts them into an accessible form for study, testing and validation within an applied research

paper.
3. Proposed Experimental Platform

This paper proposes the development of an experimental AS/RS platform for the
automated storage and retrieval of robotics components. The system was designed to
reproduce, at a reduced scale, the principles of an automated storage system used in industrial
logistics, while preserving the essential functions: location addressing, controlled movement
on axes, position identification, retrieval/storage of load units and operation monitoring
through a digital interface.

Unlike the industrial systems presented previously, the developed platform is not
intended for operation in a real warehouse, but for the experimental validation of AS/RS
principles in a controlled environment. The value of the project lies in the practical integration
of several subsystems: mechanics, electronics, control program, RFID and software interface.
Thus, the platform allows direct observation of how a command transmitted by the operator is
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transformed into mechanical movement, RFID confirmation and state update in the SCADA
interface.

The useful storage capacity of the platform can be expressed as the product between the
number of levels and the number of normal rack columns:

N =nL-nC =5-5 = 25locations (1)

where nL represents the number of levels, and nC represents the number of columns used for
storage. Position C6 is not included in the calculation, because it is reserved for the HOME
position, defined as L2C6.

3.1. General System Architecture

The system architecture is organized on several functional levels. The operator interacts
with the SCADA interface, which transmits commands to the Arduino Mega through serial
communication. The Arduino Mega interprets the commands, controls the drivers and motors,
receives information from the RFID readers and sends the system status back to the interface.

The AS/RS platform (Fig. 8) is organized into several functional layers, from the
operator’s interaction with the SCADA interface to the physical control of the mechanism (Fig.
9, 10). The relationship between the main components of the system is presented in (Fig. 11).

Fig. 8. Physically developed experimental AS/RS platform
Source: own photography
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“CALTBRARE") {

orated) {

{
STEMUL NU A FOST CALTBRAT. CALIBREAZA-L INTAL.");

{
(“SISTEMUL MU A FOST CALIBRAT. CALIBREAZA-L TNTAL.");

Fig. 9. Fragment of the control
program for interpreting the serial
commands of the AS/RS platform
Source: own contribution

("SISTEMUL MU A FOST CALTBRAT. CALIBREAZA-L TNTAI.");

L2C6

const int MAX_RACK_LEVEL
const int MAX_RACK_COL
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const int HOME_LEVEL
const int HOME_COL
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Fig. 10. Fragment of the control program defining the
logical geometry of the AS/RS platform

Source: own contribution

Operator AS/RS

Program de control

Fig. 11. General hardware-software architecture of the AS/RS platform

Source: own contribution

3.2. Main Subsystems of the Platform
The platform can be divided into several subsystems. Each subsystem has its own
role, but the operation of the system results from their integration into a common architecture.

Table 4. Main subsystems of the AS/RS platform

Subsystem Role within the platform

Mechanical Supports the motion axes, the storage area and the retrieval mechanism.

structure

Horizontal axis Moves the mechanism between the rack columns.

Vertical axis Moves the mechanism between the rack levels.

Depth axis Allows the mechanism to enter and retract from the rack location.

RFID system Confirms positions on the horizontal and vertical axes through RFID tags.

Control panel Groups the power supply, protection elements, drivers, relays and
connections.

Arduino Mega Controls the movements, interprets the commands and manages the main
logic.

Raspberry Pi 5 Runs the SCADA interface developed in Django.
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SCADA interface ~ Allows command, monitoring, status display and event tracking.

3.3. Mechanical Structure and System Positions

From a mechanical point of view, the AS/RS platform is built as a three-axis handling
system. The horizontal axis allows movement between columns, the vertical axis allows
movement between levels, and the depth axis allows the mechanism to enter and retract in
relation to the rack. By combining these movements, the system can reach a defined location
and perform a retrieval or storage operation.

The storage locations are defined by combinations of the form LxCy, where Lx
represents the level and Cy represents the column. For the experimental rack, the normal
locations are defined by levels L1-L5 and columns C1-C5. Position C6 is reserved for the
special HOME position, defined as L2C6, and is not treated as a normal location (Fig. 10).

3.4. Role of RFID Technology

RFID technology is used to confirm the positions of the mechanism. The RFID tags are
mounted along the travel paths of the axes, with each tag being associated with a logical
position in the system. For the horizontal axis, tags are used for columns C1-C6, while for the
vertical axis, tags are used for levels L1-L5 (Table 5.).

Position confirmation can be expressed through a logical validation condition. A
position is considered correct if the level and column read through RFID correspond to the
commanded level and column:

Pvalid = (Lgrip = Leommandea) N (Crrip = Ccommandea)

where L RFID and C RFID represent the level and column read through RFID, while
L commanded and C_commanded represent the level and column requested through the

command.
Table 5. Role of RFID tags in the AS/RS platform

RFID area Identified positions Role

Horizontal RFID Cl1,C2,C3,C4,C5,C6 Confirms the current column on the horizontal axis.
Vertical RFID L1,L2,L3,L4,L5 Confirms the current level and the HOME level.
HOME position L2C6 Represents the reference position of the system.

3.5. Main System Commands

The platform is controlled through a set of serial commands transmitted from the
SCADA interface to the Arduino Mega. The main commands are used for calibration, return
to the HOME position, positioning, retrieval, storage and stopping.

Table 6. Main commands used in the AS/RS platform

Command Role

CALIBRARE Initializes the system and establishes the reference position.
ACASA Sends the system to the HOME position.

PREIA LxCy Executes the retrieval operation from the selected location.
PUNE LxCy Executes the storage operation in the selected location.
POS? Requests the current position of the system.

STOP Stops the current operation in a controlled way.

SS Activates the logical safety stop.

The PREIA and PUNE commands are accepted only for normal rack locations, namely
L1-L5 and CI1-C5 (Fig. 10). Position C6 is reserved for HOME and is not used as a normal
storage position. From a logical point of view, the PREIA and PUNE commands are accepted
only for normal rack locations:
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L €{1,2345},C € {1,2,34,5} )

Through this rule, position C6 is excluded from storage and retrieval commands,
being reserved exclusively for the HOME position.

3.6. Difference from the Analyzed Platforms

The proposed platform differs from the analyzed systems because it is not a ready-made
commercial system, but a prototype designed, built and integrated as part of the paper.
Compared to industrial systems, the platform has reduced dimensions and an experimental
purpose. Compared to commercial educational platforms, the system offers the advantage that
each subsystem was selected, assembled, connected and tested within the project (Fig. 5, 6, 7).

This difference is important because it allows a complete understanding of the
development process of an automated system: from mechanical design and component
selection to motion control, RFID reading and the development of the SCADA interface. In
this way, the paper does not present only the use of an existing piece of equipment, but the
development of a functional experimental platform adapted to the storage of robotics
components.

4. Tests and Results

Within this paper, the testing of the AS/RS platform was carried out in order to verify
the integrated operation of the mechanical, electrical, electronic, control and software
subsystems. Since the system has an experimental character, the tests focused on confirming
the main commands, verifying the HOME position, reading the RFID tags and observing the
behavior of the platform in stopping or logical blocking situations (Fig. 12).
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715 ® !:! ® o 0 o ‘

Fig. 12. Functional representation of the movement path toward location L4C2
and of the stopping elements of the AS/RS platform
Source: own contribution

Testing was organized in stages, starting from simple calibration and positioning
commands and continuing with automatic retrieval and storage sequences. In this way, it was
possible to observe whether the SCADA interface correctly transmits the commands to the
Arduino Mega, whether the control program interprets the received commands and whether the
mechanism executes the movements in the established order (Fig. 11).

Table 7. Testing scenarios for the AS/RS platform

No. Scenario Command Expected result
1 System calibration CALIBRARE Return to the HOME position = L2C6.
2 Return to HOME ACASA Controlled positioning in L2C6.
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3 Movement to a location LxCy Position confirmed through RFID reading.

4 Retrieval from a location PREIA LxCy  Retrieval of the experimental load unit.

5 Storage in a location PUNE LxCy  Storage of the experimental load unit.

6 Controlled stop STOP Cancellation of the current command via
software.

7 Logical safety stop SS Stopping and logical blocking of the system.

5. Conclusions

The paper presented the development of an automated storage system for robotics
components, based on RFID technology. The system was developed as an experimental AS/RS
platform, which reproduces, at a reduced scale, the principles of an automated storage and
retrieval system used in industrial logistics.

The main contribution of the paper consists in the integration of a functional physical
platform, composed of a three-axis mechanical structure, a control panel and a SCADA
interface. Through this integration, the commands transmitted by the operator can be
transformed into real movements of the mechanism, while the positions are confirmed through
RFID tags.
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SUMMARY: This paper presents a study of warehouse navigation methods based on the
Hilbert Curve and the Snake path approach. The Hilbert curve was analyzed as a
structured and scalable trajectory for efficient space coverage, while the Snake path was
evaluated as a simpler and more intuitive alternative. A comparative analysis between the
two methods was performed based on efficiency, adaptability, and implementation
complexity. To support the study, a C++ program was developed for generating and
calculating Hilbert trajectories, allowing the simulation of robot movement in a logistics
warehouse. The results highlight the advantages and practical applications of both
approaches in automated logistics systems.

KEYWORDS: Hilbert Curve, path, displacement, optimization.

1. Introduction

Within logistics warehouses, the movement of products, operators, or automated
systems represents an important part of the activities carried out daily. The way in which routes
are selected and organized can directly influence working time, resource consumption, and the
overall efficiency of logistics processes. With the development of automation technologies and
the emergence of mobile robots, finding increasingly efficient movement methods has become
a topic of growing importance.

In this paper, several movement methods that can be used in a logistics warehouse were
analyzed, with a particular focus on the Hilbert curve and the Snake-type path. The aim was to
present how the Hilbert curve works, why it can be useful in such an environment, and what
its main advantages are compared to other traversal methods. At the same time, a comparison
was also made with the Snake path and graph-based movement, in order to observe more
clearly in which situations each method may be more suitable.

To better understand the practical applicability of the Hilbert curve, a program written
in C++ was also developed, allowing the generation of routes for different curve orders and
providing a visual representation of the curve. In this way, it becomes easier to observe how
such a method could be implemented in a real warehouse environment.

In the final part of the paper, several possible development directions were also
included, such as the analysis of crowded areas within a warehouse using heatmaps and their
integration with the Hilbert curve and QR codes, for a more efficient organization of
movements and better coordination of logistics systems.

2. Current state of research

At present, within logistics warehouses, the movement of products and automated
systems represents an important part of operational processes. With the development of

automation, more activities such as internal transport, product scanning, stock

verification, and picking are carried out using automated mobile robots (AMR), AGVs, and
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other intelligent systems. For this reason, choosing an efficient movement method inside the
warehouse has become an important issue.

In practice, for point-to-point movement between two locations, static algorithms or
graph-based methods are frequently used, since they allow the calculation of a minimum route
between different points within the warehouse. This approach is useful when a system must
quickly reach a specific destination or when certain areas need to be avoided.

At the same time, for activities that involve complete or repeated traversal of the
warehouse, such as scanning, verification, or inventory operations, other types of routes are
also used. One of the simplest methods is the Snake path, which allows the entire space to be
covered in an intuitive and easy-to-implement manner.

In addition to these methods, this paper also analyzes the method based on the Hilbert
fractal curve, which offers a different way of organizing movement. This method allows the
continuous traversal of all points within an area, without intersections and without unnecessary
returns, each location being visited only once. Due to this property, the Hilbert curve may
represent an interesting solution for automated warehouses, especially in repetitive operations
or in situations where complete space coverage is required.

Furthermore, the use of heatmap-based representations can contribute to a better
organization of movements by providing information about product locations, crowded areas,

and work priorities within the warehouse.

3. Movement Methods and Algorithms in a Logistics Warehouse

Within a logistics warehouse, there are various movement methods. These include [1]:

. Single Order Picking: This is the simplest method, in which an operator (picker) or
an automated system handles a single order and collects it from the warehouse.

. Batch Picking: This method involves selecting products for multiple orders
simultaneously, grouping them into batches or containers to reduce travel time.
. Zone Picking: The warehouse is divided into zones, and each operator or automated

system is responsible for a specific area, collecting products from that zone for the corresponding
orders.

. Task Interleaving: This is an optimization technique managed by a WMS
(Warehouse Management System), which combines tasks, for example combining a picking
operation with a relocation task, in order to reduce empty travel time and increase operational
efficiency.

For most types of movement, the graph-based method is the most efficient way of
navigating through a warehouse, since it calculates the exact minimum path required for the
operator or automated system responsible for performing the necessary action in the shortest
possible time. However, there are situations in which the entire warehouse must be traversed,
and the use of graph-based methods is no longer strictly necessary.

In such situations, there are several alternative traversal methods, which are presented
below.
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v" Hilbert Curve - This is a method based on the well-known Hilbert fractal, discovered
in 1891 by the mathematician David Hilbert [2].

A fractal represents a geometric structure characterized by the repetition of similar
patterns at different scales. This property, called self-similarity, allows the description of
complex forms encountered both in mathematics and in nature.

The Hilbert curve, introduced by the mathematician David Hilbert, is a fractal space-
filling curve. It transforms a linear path into a structure that systematically traverses a two-
dimensional surface, being used in fields such as computer science, robotics, and route
optimization.

Fig. 1. The formation of the 2™ grade of Hilbert Curve

An important detail related to the Hilbert curve is that it attempts to preserve spatial
proximity, meaning that points that are close in physical space also tend to be close in its
traversal order. This method is particularly useful when accessing local areas or in applications
where reducing unnecessary movement is important.

v" Snake Curve - The Snake curve is a space traversal method based on sequential
movement, in which the path follows parallel lines and changes direction at the end of each
line, similarly to the way a snake moves [3].

Below, a graphical representation of the three algorithmic warehouse traversal
methods is provided: the graph-based method, the Hilbert method, and the Snake curve.

HILBERT

NOT the fastest method for route traversal within a warehouse The fastest method for point-to-paint

movement within a warehouse (or in
any other location)

Movement methods within a warehouse, used when we want to perform
inspections or operations throughout the entire warehouse (picking, full warehouse
scanning, etc.)
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Fig. 2. A visual comparison of the 3 warehouse navigation methods [4]
4. Comparative analysis between Hilbert and Snake Methods

Within intelligent logistics warehouses, the selection of an efficient movement method
directly influences traversal time, resource consumption, and operational efficiency.

In this chapter, two modern space traversal methods are analyzed, namely the Hilbert
method and the Snake method (a variation of it), to highlight the characteristics of each
approach, as well as their advantages, limitations, and differences.

Similarities between the 2 methods:

¢ Both methods are warehouse spatial traversal methods
¢ Both methods can be divided into 4 quadrants (each containing 4 points, as shown in
the example above)
v' Bottom left

v' Top left
v" Bottom right
v' Top right

e Both paths can traverse each point exactly once

¢ Both paths can be adapted to changes in the warehouse layout, such as addition of new
nodes or modifications to its dimensions.

Differences in which the Hilbert Curve has clear advantages:

e The Hilbert path presents smoother direction changes and better movement continuity,
which allows easier access to certain portions of the route without requiring
unnecessary traversal through other areas.

o The Hilbert curve preserves spatial proximity, meaning that the points within each
quadrant are traversed consecutively while maintaining the same visitation order for
each subdivision.

e Scalability can be increased or decreased very easily by using mathematical formulas.

e The space is covered in a more balanced and compact manner, without excessive
concentration on certain rows or columns.

Differences in which the Snake Path has clear advantages:

e The Snake path is easier to implement, consisting of simple vertical lines connected at
the ends.

e It is easier to follow visually.

e It is well suited for small warehouses, where the use of the Hilbert method may not
necessarily be justified.

e The method is intuitive.

e Traversal time may be shorter due to the lower number of turns.

Example of traversal time calculation for the example presented above. A distance of
15 units and a speed of 1 unit/s are considered.
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= 5 + Nr.turns + Ty + N7.Stops * Tgg (D
Thitvere = 1je+ 11+ 1+16+5 =15+ 11+ 80 = 106 s )
TSnake=%+6*1+16*5=15+6+80=1018 3)

In conclusion, both traversal methods present advantages as well as disadvantages. Therefore,
if a simple and easy-to-understand algorithm is required, the Snake method would be the preferred
choice. On the other hand, if a more complex algorithm with better scalability and improved space
coverage is desired, the Hilbert method would be more suitable.

5. Implementation of Hilbert Curve using a C++ program
Within this chapter, a complete C++ program is presented, which takes the algorithm used for
generating the Hilbert Curve and optimizes it so that the user can choose to traverse only a specific
portion of the entire route, while the program also generates a realistic representation of the obtained
path. [5], [6]

Fig. 3. Implementation of Hilbert Curve using a C++ program

In the program presented in Figure 3, several important functions are used, which are
necessary for generating the Hilbert path, namely:

4 The rot() function is responsible for rotating or mirroring the coordinates of a
point, depending on the quadrant in which it is located. This transformation is necessary in
order to preserve the correct shape of the curve at each level.

v The d2xy() function converts a Hilbert index (d) into a pair of coordinates (X,
y). In practice, it determines the position of a point within the grid.
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4 The xy2d() function performs the reverse operation, transforming the
coordinates (x, y) into a Hilbert index. In this way, the position of a point in the traversal order
can be identified.

4 The afiseaza() function traverses all the points of the curve and displays the
corresponding coordinates for each Hilbert index.
4 The deseneaza traseu linii() function builds the visual representation of the

path by connecting consecutive points in order to highlight the shape of the curve.

311 It newSize - size /25

314 if (cadran
316 | offsetY = offsetY + newSize;
317 b3

318 else if (cadran == 2)

20 | offsetk - offsetd + newSize;
21 offsetY = offsety - newsize;

 (cadran == 4)

OffsetX = offsetX + newsize;

334 int main() //Programul principal

341 int size = 1

343 explore(n, size, @, 8);

345 eturn @;
348

Fig. 4. Implementation of Hilbert Curve using a C++ program

4 The traseu_d() function displays a selected portion of the Hilbert curve between
two indices chosen by the user and can also graphically represent the path between them.

4 The traseu() function allows the user to choose the starting and ending points,
either through coordinates or through Hilbert indices.

4 The explore() function manages navigation between the levels of the fractal.
The user can select one of the four quadrants, while the program automatically updates the
analyzed area.

v The main() function represents the starting point of the program. Here, the curve
level is introduced, the grid size is calculated, and the explore() function is called.

[Nivel total n: 2

. 0)
. 0)
1)

1)
0)
Q)

rei sa vezi traseul in format grafic? (1/0): 1

1 - Coordonate
2 - Indici Hilbert

Optiune: 2

...Program finished with exit code 0

Fig. 5. The C++ implementation for generating the Hilbert Curve. Results

The developed program operates as follows: the user initially selects the level of the
Hilbert curve (n) and based on this value the size of the grid in which the curve is generated
(27n) is determined. Afterwards, the user can choose to display the Hilbert indices (d) together
with the associated coordinates and can also select the graphical representation of the chosen
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path.

Furthermore, the user has the possibility to recursively explore the lower levels of the
fractal. If descending to a lower level is selected, the user can choose one of the four quadrants
of the fractal structure, while the program automatically updates the grid size and the
coordinates corresponding to the newly selected area.

6. Implementation of the QR codes in a Hilbert Curve-Based Path

The implementation of QR codes in such a system, based on the Hilbert fractal curve,
can be successfully achieved, especially when the goal is to analyze the traceability of a
particular automated system or to use an intelligent database.

Such a QR code may contain essential information about products, such as their exact
location, batch number, expiration date, last scanning time, operational status, and other
relevant data.

In addition, a heatmap-based diagram could be very useful within a Hilbert-type path,
especially when the route is divided into multiple quadrants and each quadrant is accessed by
a different automated system (AS/RS, AGV, etc.). Therefore, simply by scanning a QR code
located at each point where an automated system operates, human operators would be able to
identify exactly which points are more crowded or where operational issues might occur, such
as expired products, areas with very high waiting times, problems related to product retrieval,
or frequently accessed zones.

e

1111

TLLULTT T T

NSNS EE]

Fig. 6. An example of a heatmap linked to a Hilbert Curve system that can be used in an automated
warehouse

The figure above represents a heatmap that may illustrate the congestion level within a
logistics warehouse. The 8 rectangles correspond to the 8 points of the Hilbert curve, while 4
adjacent rectangles form one quadrant of the curve.

If the Hilbert-type algorithm were applied within this logistics warehouse, it could be
considered a second-order Hilbert curve, which can be divided into 4 equal curves, each having
the size of one quadrant. In this scenario, an automated system could scan the QR codes of the
products located within its corresponding quadrant, and the product scanning process would
generate this heatmap, highlighting the most frequently accessed areas of the warehouse or the
zones where delays may occur.

Thus, if a certain quadrant records a higher number of QR scans within a short period
of time, the heatmap may indicate intense activity in that area. This may suggest, for example,
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a high demand for certain products, long waiting times, or the need to redistribute the logistics
flow.

In the figure above, it can be clearly observed that there is a significant concentration
of products in the fourth quadrant, suggesting that urgent intervention or the addition of a
second automated system may be necessary in order to reduce congestion in that area.

AMR/AGV - QR Code Scan - Data Base = Generation of the Heatmap = Future
Optimization

TAKE ACTION - s

Fig. 7. An example of an automated system that uses QR codes and Heatmaps
7. Conclusions

Within this paper, different movement methods used in logistics warehouses were
presented, such as the method inspired by the Hilbert curve and the Snake-type movement
method. These two movement methods were compared with each other, while also highlighting
their differences compared to the graph-based method. In addition, the Hilbert fractal method
was analyzed in greater detail through a C++ program capable of calculating the fractal path
and generating a graphical representation of the type of route selected by the user.

Finally, a possible implementation of QR codes within such a warehouse environment
was also discussed, in which a Hilbert-based algorithm is already implemented and can be
scaled and divided into multiple quadrants, each of them being autonomous and requiring its
own operational analysis.
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ABSTRACT: This study present a case analysis of the GD MC1-V Voyager Combiner used
in the manufacturing process of heated tobacco products, emphasizing its functional role
and optimization potential within an industrial production line. The research focuses on
the performance of optical inspection systems responsible for detecting the position of the
metallic strip inside the tobacco rod. A detailed evaluation of rejection data revealed a
high proportion of false — positive rejects generated by a specific vision camera. Targeted
electronic parameter adjustments and mechanical improvements to the lighting conditions
were implemented. As a result, rejection rates were significantly reduced, process stability
was improved, and manual operational cost savings of approximately 75.000 Euro were
achieved.

KEY WORDS: Manufacturing efficiency, Operational optimization, PMI, Vision cameras
1. Introduction
The heated tobacco industry has developed based on the heat-not-burn principle, which involves
heating tobacco at temperatures below combustion, with the aim of avoiding its burning, a process
responsible for generating most of the toxic substances found in cigarette smoke. Through this
approach, heated tobacco products occupy a distinct position within the tobacco and nicotine product
market, being mainly addressed to adult smokers who cannot completely give up consumption [1],
[7].
From a technological point of view, heat-not-burn products use electronic devices that heat processed
tobacco, producing an aerosol that contains nicotine, but without smoke and ash. The specialized
literature and data reported by manufacturers indicate a significant reduction in the levels of certain
harmful chemical substances compared with traditional cigarettes, although these products are not
risk-free and maintain nicotine addiction. In this context, the heated tobacco industry is positioned at
the intersection of technological innovation, the commercial strategies of major companies in the
field, and scientific debates regarding the potential role of these products in reducing the risks
associated with smoking [1], [6], [7].
At European and national level, heated tobacco is integrated into a regulatory framework specific to
“new” tobacco products, being subject to strict requirements regarding notification, labeling, and
commercialization. The rapid development of this segment reflects not only the industry’s adaptation
to legislative and social changes, but also the increasing role that alternative products may have in the
future structure of the tobacco market [2], [8].
The present paper aims to highlight the position occupied by Philip Morris International factories
within the heated tobacco industry, analyzed both from the perspective of the product portfolio and
through a case study applied to the equipment used in the cigarette forming process, namely the
Combiner GD MC1-V Voyager, mentioned in the title of the paper. At the same time, this study
represents a continuation of the scientific research approach initiated in the previous paper, in which
the manufacturing process of products based on tobacco heating technology was presented at a
general level, from the receipt of raw material (tobacco leaves) to packaging and compliance with
legal requirements in order to be distributed to consumers.
2. PMI positioning compared with competitors and the dynamics of the heated tobacco
market

Philip Morris International (PMI) holds a dominant global position in the heated tobacco products
industry, a position supported mainly by the performance of the IQOS brand. According to estimates
made by Tobaccolntelligence, IQOS accounts for approximately 75% of the global heat-not-burn
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product market volume, placing PMI significantly ahead of all direct competitors [3], [9].

The main competitors, British American Tobacco (BAT) and Japan Tobacco International (JTI),
occupy secondary positions, with BAT (GLO) having an estimated share between 10—15%, while JTI
(Ploom) has a global share between 5—10%, with a predominant concentration on the Japanese
market. This significant difference in shares highlights a high degree of market concentration, in
which PMI acts as the main leader in this field [3].

At the same time, this position is also indirectly confirmed by the financial data reported by the
company, which indicates that smoke-free products, dominated by IQOS, generate over 40% of PMI’s
total revenues, with the heat-not-burn category representing the company’s main growth driver at
global level [4], [9].

The evolution of the heated tobacco products market supports this favorable positioning. The report
published by Grand View Research highlights, through the market analysis chart (Fig. 1. Market
analysis of heated tobacco-based products), an accelerated and clearly visible increase in the value of
the global market, which reached approximately USD 49.1 billion in 2024. Also, the upward
trajectory shown in the chart indicates the rapid expansion of the segment, driven by increasingly
strict restrictions applied to conventional cigarettes, by changes in adult consumer preferences, and by
the strategic investments made by industry leaders [5].

Heated Tobacco Products Market
Size, by Product, 2020 - 2030 (USD Billion)

‘- lIII

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

@ Stick Leaf

Fig. 1. Market analysis of heated tobacco-based products [5]

Therefore, it can be stated that the future of digitalization and automation of industrial processes
remains favorable, given that organizations aim to increase operational efficiency, optimize
production flows, and use available resources as efficiently as possible. In a context where higher
volumes and performance are desired with limited resources, automation solutions contribute to
reducing operational costs, decreasing errors generated by human intervention, and carrying out
activities more rapidly.
Following the aspects presented above, the analysis will focus on the Combiner GD MC1-V Voyager
equipment, through the practical identification and evaluation of optimization solutions for its
operating mode, with the main objective of reducing the number of nonconforming products resulting
from the process, as well as increasing the overall productivity of the equipment.
3. The functional role of the equipment within the production flow of heated tobacco
cigarettes
The GD MC1-Voyager Combiner brings together, within an integrated technological
flow, all types of semi-finished sticks required to obtain the double heat stick, using both
flavored and non-flavored components, in accordance with the specific requirements of the
manufacturing process. The technological line processes the CLT tobacco stick, which includes
a metallic susceptor in its structure, together with the T-HAT, HAT, FP, and MPF sticks, which
contribute to the final configuration of the product. These semi-finished products are transported
by compressed air from the forming machines to the receivers, which take them over and
subsequently introduce them into the dedicated functional modules of the equipment, presented
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later in the next chapter. Within the process, semi-composite stick paper is used as wrapping
material for the component structure, while tipping paper ensures the formation of the double
stick.

At the end of the forming process, the double sticks are automatically transferred to the
cutting equipment and then to the packaging line, where the packs are formed successively, the
cigarettes are inserted into the packs, the cartons are formed, the packs are loaded into cartons,
and finally the cartons are inserted into cases.

WRAPPING PVA
THAT ROD HAT ROD TOB ROD FPROD - )
Paper adeziv
|
v - v ! v
Derulare tai
Taiera Taiere Taiere Taiere erlu an:e ere
sl aplicare
v L L
Transport si Transportsi Transport si Transport si ) - Rotire si
) . 1= . ) = ) ) B \ ) =+ Prima rulare Talere -
insertie | insertie insertis insertie transport
]
v
Tralnspnrl sl | Indepaﬂlare | A dous rulare | Perforare |, Bedost dubly Ridicare si
insertie goluri laser \ Heatstick fransport
& A
Derulare til
Tilere er_u arg lere
si aplicare
& &
MPF ROD Tipping Pw_‘
paper adeziv

Fig. 2. Technological process for producing the double stick
4. Operational functioning of the Combiner GD MC1-V Voyager equipment

The T-HAT (Thin Hollow Acetate Tube) and HAT (Hollow Acetate Tube) semi-
finished sticks, corresponding to sections G2 and G3, are fed from external shooter-type units,
being taken over by the feeding system called filter receiver and subsequently directed to the
main hopper of the equipment.

The CLT (Cast Leaf Tobacco) tobacco sticks, corresponding to section G4, are supplied
by an external filter elevator unit and transported by means of a conveyor belt to the hopper,
from where they are transferred into a mini-hopper with adjustable capacity. The resulting
composite segments are extracted from the transport drum by the separation drum and
transferred to the pitch-changing drum of the next module. The transfer module, corresponding
to section Cl1, is equipped with two optical inspection cameras, which monitor the internal
geometry of the product in real time, with the objective of verifying the positioning of the
tobacco stick inside the semi-composite structure, as well as performing additional checks
regarding the presence and position of the metallic susceptor.

In parallel, the FP (Front Plug) and MPF (Mouthpiece Filter) semi-finished sticks are
fed through external shooter-type units, being taken over by the same filter receiver system,
according to an identical dispatching and receiving process also used for the T-HAT and HAT
sticks, and directed to the dedicated hoppers. The semi-composite stick wrapping paper,
corresponding to section R1 and supplied by the external RF20 unit, is pneumatically
transported to the equipment, where it is unwound, tensioned, and temporarily stored as a
reserve by means of a pneumatic system. To obtain the double stick configuration, the tipping
paper, corresponding to section R2, is fed from an external unit, passes through the pulling
roller, and is subsequently guided to the corrugator, the pre-unwinding rollers, and the driven
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roller, which ensures retroactive adjustment of the material tension.

The double sticks obtained are successively transported between the guide drums and
directed to the laser perforation drum, corresponding to section L1, where perforation is
performed by controlled burning of the paper, using a laser beam focused on the outer surface
of the filter, in the T-HAT segment area. This stage leads to obtaining ventilated double sticks.
The laser beam, generated by the dedicated source, is directed to the optical perforation head
through a system of mirrors and lenses, while the synchronization of the head movement with
the transport drum allows the repeated and precise execution of the perforations.

The following chapter focuses on the filter-combiner module of the equipment,
respectively on the C1 transfer section, with emphasis on the optical inspection area dedicated
to detecting and analyzing the internal structure of the semi-composite stick. The analysis
mainly targets the operation of detection systems based on a set of 4 cameras, used to monitor
the positioning of the CLT stick inside the semi-composite structure.

5. Presentation of equipment optimization opportunities for reducing rejects and
associated costs

As previously mentioned, in the continuation of the paper, attention is directed toward
the transfer area of the equipment, respectively toward the MS-VIU optical inspection systems.

The role of these cameras is to identify the presence and positioning of the metallic strip inside

the tobacco stick.

Y
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- |
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Fig. 3. Optical inspection area — location within the equipment

Based on the rejection reasons associated with this group of cameras, a detailed analysis
of optimization opportunities was carried out. This was based both on the high level of rejects
generated during equipment operation and on the significant economic impact of the resulting
losses.

The analysis aimed to identify the main causes contributing to the generation of
rejections, as well as to evaluate the process and inspection parameters that can be adjusted in
order to improve system performance.
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Fig. 4. Chart associated with the rejections generated by
equipment
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The decision to focus was based on a structured analysis of the rejection causes, carried
out in stages, starting with the identification of the main reasons generating losses in the process.
Following this evaluation, visible in Fig. 5. Analysis performed according to rejection reasons,
the reason “Invalid Strip Paper Distance” was highlighted as one of the major contributors to
the total rejection rate of the equipment. This type of defect is associated with improper
positioning of the metallic strip in relation to the outer edge of the tobacco stick, indicating a
deviation of the internal structure of the semi-composite stick from the accepted parameters.
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Fig. 5. Analysis performed according to rejection reasons

Subsequently, the analysis was extended to the level of the production lines and the
related detection systems, in order to determine the production area/line with the highest impact.
The results showed that the highest rejection percentage associated with the previously
identified reason is found within production line number 9 (Figure 6).
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Fig. 6. Analysis performed according to rejection reasons associated with the production lines

Starting from these preliminary results, the analysis is deepened by focusing on the
specific component identified as responsible, namely the inspection camera. The adopted
approach involves concentrating on a single control point, with the aim of clearly defining its
influence on the overall performance of the system.

This focus allows a detailed investigation of the operating parameters and associated operational
conditions, facilitating the definition of targeted and well-founded corrective actions. At the
same time, the approach reduces the complexity of the analysis by eliminating multiple variables
and allowing a more precise evaluation of the impact of each implemented measure.
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Fig. 7. Analysis performed at the level of the detection systems recording the highest percentage
of rejections due to the “Invalid Strip Paper Distance” reason

After identifying the camera responsible for the highest percentage of rejections, a
systematic analysis process was initiated, oriented toward identifying opportunities to optimize
its performance. This stage included a detailed evaluation of the operating mode, configuration
parameters, and operational conditions that may influence detection accuracy. All of these were
carried out using the 5 Why” method, based on repeated “Why?” questions in order to reach
the root cause of the problem, not only its symptom.

Following the investigations carried out, it was highlighted that approximately 21.5%
of the total rejections generated by this system were classified as false positives, based on a
sample of 200 sticks. This result indicates a high sensitivity of the inspection system in relation
to process or material variations, leading to the erroneous identification of conforming products
as nonconforming.

T
8o
40 7
Real rejection False rejection Others

Fig. 8. Analysis performed at the level of real and false rejection reasons
A false rejection refers to the situation in which the metallic strip is correctly positioned
and compliant with specifications inside the tobacco stick, but the optical inspection system
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cannot detect it properly, leading to the generation of erroneous rejections and implicitly to an
increase in the operational costs associated with equipment operation. In the images presented
below, the detection area of the analyzed camera is illustrated, while also highlighting the way
in which the stick is identified and framed by the visual system through a rectangular region of
interest used to evaluate the positional conformity of the metallic strip.

Calitate
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Fig. 9. Real detection image of the metallic Fig. 10. Erroneous/false detection image of
strip position inside the stick. the metallic strip position inside the stick.

To reduce the number of rejections associated with the visual inspection system, a series
of adjustments were investigated and applied both at the electronic level and at the mechanical
level of the camera.

Regarding the electronic adjustments, the analysis focused on the specific image
acquisition parameters, namely camera gain, camera exposure time, and pixel size. The camera
gain parameter represents a multiplicative amplification factor of the signal captured by the
sensor and is used in situations where the exposure time and LED current settings are not
sufficient to obtain the desired image brightness level; at the same time, increasing this
parameter also leads to the amplification of image noise, an aspect that may influence detection
accuracy. The exposure time (camera exposure time) defines the time interval during which the
camera sensor captures light, having a direct impact on the amount of optical information
recorded and on the clarity of the resulting image. The pixel size (pixel size), expressed in
millimeters, is used to convert units from pixels into real dimensions.

Complementary to the electronic adjustments, at mechanical level an improvement of
the lighting conditions was implemented by installing an additional light source in the camera
detection area, with the aim of increasing image contrast and improving the camera’s ability to
correctly identify the position of the metallic strip inside the tobacco stick.
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Fig. 11. Analysis performed at the level of rejection reasons after implementing the
improvements

A false rejection refers to the situation in which the metallic strip is correctly positioned
and compliant with specifications inside the tobacco stick, but the optical inspection system
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cannot detect it properly, leading to the generation of erroneous rejections and implicitly to an
increase in the operational costs associated with equipment operation. In the images presented
below, the detection area of the analyzed camera is illustrated, while also highlighting the way
in which the stick is identified and framed by the visual system through a rectangular region of
interest used to evaluate the positional conformity of the metallic strip.
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Fig. 12. Analysis performed at the level of real and false rejection reasons after implementing the
improvements
6. Conclusions

In conclusion, the results obtained clearly highlight the effectiveness of the implemented measures,
demonstrating a direct and measurable impact on process performance. The improvements made reflect
an effective optimization of the relationship between the sensitivity of the detection system and the
accuracy of identifying real defects, contributing to increased reliability and stability of the inspection.
From an economic point of view, these results translate into a concrete and quantifiable benefit,
estimated at a current saving of approximately 75,000 euros. This value confirms once again the
relevance and effectiveness of the applied interventions, supporting the need to maintain and extend
this type of approach within continuous optimization processes.
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ABSTRACT: This paper focuses on the implementation of Robotic Process Automation
(RPA) technology within an organization, where it plays an important role in automating
and optimizing logistics processes, as improving workflow efficiency directly influences
operational performance. The central element of this paper is the use of Microsoft Project
as the main project planning and management tool, facilitating the clear structuring of
project phases, task organization, the establishment of dependency relationships between
them, and the efficient allocation of resources. At the same time, this tool enabled a
detailed visualization of the entire project and continuous progress monitoring. Therefore,
this paper highlights the importance of using Microsoft Project in the management of
automation projects.

KEYWORDS: Robotic Process Automation (RPA), logistics processes, process
automation, Microsoft Project, project management.
1. Introduction
In the current context of digital transformation, organizations are increasingly focused on identifying
effective solutions to optimize operational processes and enhance competitiveness. Business process
automation represents one of the main development directions, contributing to the decrease of
operational costs, increased productivity, and the minimization of human errors.
The impact of these transformations is clearly reflected in logistics activities, which play an essential
role in ensuring operational efficiency and increasing customer satisfaction. Logistics involves
managing the flow of goods, information and resources, from procurement to final delivery to the
customer, which is a complex process that requires precise coordination and high accuracy [1]. For this
reason, the automation of logistics processes is becoming more important, as it enables the optimization
of repetitive tasks, reduces errors, and decreases reliance on human intervention.
Thus, Robotic Process Automation (RPA) technology has emerged as a modern solution for automating
repetitive and rule-based tasks, being increasingly used in various industries [2]. By implementing this
technology, organizations can improve the efficiency of time-consuming activities and enable
employees to focus on higher value-added tasks [2].
Moreover, the implementation of this technology within an organization does not represent only a
technological initiative, but a complex process of operational transformation that requires rigorous
planning, a detailed analysis of existing processes, and efficient coordination of the involved resources.
In this sense, the success of implementation directly depends on how the project planning is developed,
on the definition of implementation phases and tasks, required resources, and execution deadlines.
This paper aims to approach the RPA technology implementation process from a project management
perspective, using Microsoft Project as the main tool for planning, organizing and monitoring tasks.
The choice of this software is justified by its ability to support detailed project planning, efficient
resource allocation and real-time progress tracking.
2. Current stage of RPA technology implementation and market evolution
Currently, the RPA technology market is developing at a rapid pace, driven by fast technological
advancements and the increasing implementation of automation solutions across various sectors [2].
Globally, companies recognize the need to optimize their operations, increase efficiency and reduce
costs in order to remain competitive in today’s business environment. In this context, RPA is considered
an innovative technology capable of supporting organizations in achieving these objectives by
automating repetitive tasks and streamlining operational processes [3].
According to the study conducted by Precedence Research, the global RPA market size is estimated at
35.27 billion USD in 2026 and is expected to grow to approximately 247.34 billion USD by 2035 (Fig.
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1.), registering a compound annual growth rate (CAGR) of 24.20% over the forecast period [3]. This
growth is driven by the increasing integration of automation across various industries to improve
business process efficiency and enhance operational performance. In addition, the need to reduce
operational costs and increase productivity is driving the demand for RPA solutions [3].
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Fig. 1. RPA market evolution (in billion USD) over the period 2026 — 2035 [3]
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Considering the RPA market situation by region (Fig. 2.), North America dominates the global market
with a share of 38.92% [3]. This is due to the fact that in this region, companies are rapidly adopting
RPA technology, investing in automation and having a workforce familiar with digital solutions, which
leads to increased competitiveness of companies and, at the same time, generating employment
opportunities in other sectors. According to data provided by the Association for Advancing
Automation, since 2010 more than 180 thousand software robots have been implemented across various
American companies, contributing to the creation of over 1.2 million new jobs in the manufacturing
sector [3].

Europe ranks second globally, with a market share of 27.95%. This development is mainly driven by
the need to reduce high labor costs, reduce human errors and accelerate the processing of operational
tasks.

The Asia — Pacific region holds the third position with a market share of 24.72% and is expected to
record the fastest growth over the period 2025 — 2034. The rapid growth in this region is driven by the
increasing implementation of RPA technology in the pharmaceutical, retail, and manufacturing
industries [3]. Also, the increasing awareness of the benefits of RPA technology among various
industries and small and medium-sized enterprises is contributing to the expansion of the market in the
region [3].

Latin America, along with the Middle East and Africa (MEA), hold the lowest shares of 5.44% and
2.97%.

2.97%

® North America

® Europe

¥ Asia Pacific
Latin America

Middle East &
Africa (MEA)

Fig. 2. RPA market share by region (%) [3]

Therefore, we can say that the future of RPA automation remains promising, as companies aim to
increase productivity, accelerate workflows, and reduce expenses [4]. As organizations seek to achieve
more with fewer resources, RPA technology contributes to lowering operational costs, reducing human
errors, and enabling faster execution of tasks without the need to hire or allocate additional staff.
3. Project purpose and objectives

The purpose of the project is to implement RPA technology within an organization, using the Microsoft
Project tool, to automate repetitive and time-consuming computer-based processes, in order to increase
operational efficiency, reduce execution time, and minimize human errors.
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In order to achieve the proposed purpose, the following specific objectives were established:
Identifying at least 3 processes that can be automated, within 3 weeks from the project launch.
Evaluating at least 3 RPA solutions available on the market and selecting the right solution
within a maximum of 7 weeks from the project initiation.
Developing and testing at least 3 software robots that reduce processing time by at least 50%
and the error rate by 80%, within approximately 8 weeks.
Implementing RPA technology in the organization, within a maximum of 11 weeks from the
approval of the solution.
Organizing at least 2 training sessions for user instruction.
Monitoring the performance of the software robots for 3 months after implementation, focusing
on time savings and the minimization of errors.
The established objectives form the basis for structuring the project plan and will be converted into
tasks, durations, and dependencies within the Microsoft Project application. By clearly defining these
objectives, an efficient planning process for the implementation of RPA technology is ensured,
facilitating progress monitoring and compliance with the established deadlines.

4. Project implementation methodology
The implementation of RPA technology within an organization requires a structured project
management approach, considering the complexity of the processes involved and the need for rigorous
task planning. In this context, the methodology used in this project is based on the principles of project
management, namely the clear definition of phases, the establishment of tasks, resource allocation,
duration estimation, and the identification of dependencies between tasks.
The adopted approach is a sequential one, specific to technology implementation projects, in which
each phase must be completed before moving on to the next. This structure allows a better risk control,
progress monitoring, and compliance with the established deadlines.
For the planning and organization of the project tasks, the Microsoft Project tool was used, a specialized
project management software that allows the definition, structuring, and monitoring of tasks in an
efficient manner [5]. Additionally, it facilitates the graphical representation of the project plan in the
form of a Gantt chart, providing a clear overview of task durations, dependency relationships between
them, and the overall progress of the project [5].
Microsoft Project also enables the allocation of resources to each task, the estimation of execution
durations, and the identification of potential overlaps or conflicts within the planning process [5]. By
using this tool, the RPA technology implementation project can be managed in a structured, transparent,
and easily updatable manner throughout its execution.
Therefore, the implementation of RPA technology within the organization was planned using the
Microsoft Project application by structuring the tasks into phases, establishing execution durations,
defining dependencies between tasks, and allocating the necessary resources. In this context, the project
was divided into several main phases, as follows:
The first phase, project initiation, has a duration of one week and includes tasks such as defining the
project purpose and objectives, forming the project team, and approving the budget. This phase is
essential for establishing the general framework for the project execution.
The second phase, process analysis, lasts three weeks and involves identifying repetitive and time-
consuming processes, collecting and documenting information regarding existing processes, and
classifying them according to complexity and data volume. Finally, the processes to be automated are
selected.
The third phase, RPA solutions analysis, has a duration of three weeks and includes tasks such as
identifying solution providers, documenting their characteristics, conducting a comparative analysis,
and selecting the optimal solution for implementation.
The software robot design and development phase represents the most complex component of the
project, with a duration of eight weeks. This phase includes tasks related to structuring workflows,
designing the software robots, developing them, and testing them in various scenarios to ensure their
correct and efficient operation.
Furthermore, the phase of implementing RPA technology within the organization, with a duration of
three weeks, involves tasks such as installing the RPA platform, integrating the software robots into the
workflows, verifying their functionality, and optimizing their performance.
The user training phase, carried out over the course of one week, involves developing user guides,
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preparing training materials, and organizing training sessions in order to ensure the efficient use of the
implemented solution.

The final phase, post-implementation monitoring, takes place over a period of three months and aims
to evaluate the performance of the software robots. This phase includes tasks such as monitoring key
performance indicators (KPI), collecting user feedback, preparing reports, and identifying improvement
opportunities.

The planning of the project tasks was conducted and graphically represented using the Gantt chart,
specific to the Microsoft Project application. This provides an overall view of the entire project,
highlighting the duration of each task, the sequence of phases, and the dependency relationships
between them. Additionally, this representation facilitates the identification of potential delays and
allows the monitoring of project progress in relation to the established deadlines.

Within the project planning process, the allocation of the necessary resources for the tasks was also
performed. These were defined according to type (Fig. 3.), as follows:

» Work resources: include human resources and equipment that consume time in order to achieve
the objective of a task [6]. This category includes the project manager, responsible for
coordinating and monitoring the tasks, the financial and accounting manager, the RPA
consultant, the process analyst, the RPA solution developer, the IT specialist, the trainer, and
employees, as well as the laptop and the projector.

» Material resources: include consumable or usable resources required for the execution of tasks,
for which a unit cost is specified [6]. This category includes the RPA platform user manual.

» Cost resources: used to highlight the expenses associated with certain tasks [6]. Within the
project, such a resource is the training room, required for conducting the training sessions.

G Resource Name  ~ Type  ~ Material = Iniials + Group » Max  ~ Std.Rate v OvtRate v Cost/Use v Accrue ~ Base + | Code « | AddNew Column
1 Project Manager  Work PM 400%  100.00 RON/hr_60.00 RON/hr 0.0 RON Prorated  Calendar
2 Laptop Work L 400%  750.00 RON/yr  0.00 RON/hr 0.0 RON Prorated  Calendar
3 Financial and Work FAM 150% 110.00 RON/hr 70.00 RON/hr  0.00 RON Prorated  Calendar
Accounting
Manager
4 RPA Consultant  Work RPA Cons. 100%  125.00 RON/hr 80.00 RON/hr 0.0 RON Prorated  Calendar
5 Process Analyst  Work PA 200%  80.00RON/hr 50.00 RON/hr  0.00 RON Prorated Calendar
6 RPA Solution Work RPA Dev. 250% 110.00RON/hr 75.00 RON/hr  0.00 RON Prorated  Calendar
Developer
LT IT Specialist work IT Spec. 100%  80.00 RON/hr 50.00 RON/hr 0.0 RON Prorated Calendar
g8 Trainer work T 105%  85.00 RON/hr 55.00 RON/hr  0.00 RON Prorated  Calendar
woo RPA Platform User Material  pcs. RPA UM 30.00 RON 0.00 RON Prorated
< Manual
3w Employees Work E 200%  50.00 RON/hr 25.00 RON/hr  0.00 RON Prorated  Calendar
2 TrainingRoom  Cost ™® Prorated
P Projector Work P 100%  300.00 RON/yr  0.00 RON/hr  0.00 RON Prorated  Calendar

Fig. 3. Definition of the resources required for executing the tasks

This classification allowed a coherent organization of the resources and an effective alignment of
them with the project tasks.

The figures below present the overall structure of the project developed in Microsoft Project,
highlighting the previously mentioned phases and tasks, the dependency relationships between them,
the estimated durations, and the allocation of resources, along with the corresponding Gantt chart of the
project.

»

1 t: 4 Project intiation Adays Tue 3/17/26 Fri 3/20/26 m
EE m Defining the project  Lday Tue 3/17/26 Tue 3/17/26 Project Manager, Project Manager,Laptop
purpose Laptop
=0 Defining the project 1 day Tue 3/17/26 Tue 3/17/26 Project Manager, |Project Manager,Laptop
objectives Laptop
e = Forming the project 2 days Wed 3/18/26 Thu3/19/26 23 Project Manager, ¥ Project Manager,Laptop
team Laptop
B = Budget approval 1 day Fri3/20/26  Fri3f20/26 234 Project Manager,F  Project Manager, Financial and Accounting Manager,Laptop
. = + Process analysis 12 days Man 3/23/26 Tue 4/7/26 —
o By = Identifying repetitive 4 days Mon 3/23/26 Thu3/26/26 5 Project Manager, ‘s Project Manager,Process Analyst.Laptop
] and time-consuming Process Analyst,
E processes Laptop
2 By = Collecting information 3 days Tue 3/24/26 Thu 3/26/26 Process Analyst, Process Analyst,Laptop
9 about existing Laptop
processes
B s Documentingcurrent 3 days Fi3/f27/26  Tue3/31/26 78 Process Analyst, T. Process Analyst,Laptop
workflows Laptop
& = Classification of 3 days Wed4/1/26 Frid/3/26 9 Process Analyst, T Process Analyst, Laptop
identified processes by Laptop
data volume and
complexity
B = Selecting processes for 2 days Mon 4/6/26 Tue4/7/26 10 Project Manager, % Project Manager. Process Analyst,Laptop
automation Process Analyst,La
>4 »
Rea B a8 R B O- ] +
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Fig. 4. Overall project structure in Microsoft Project (phases 1 —4)
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of RPA solutions RPA Consultant,
offered by each Laptop
’E provider
] B = selecting the optimal 2 days Thu4/23/26 Friaf24/26 15 Project Manager,
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- e e Wind €11APIE Tin IAANIE
] »
Resdy  C3New Tasks : Auto Scheduled
= + Implementation of RPA 15 days Wed 6/24/26 Tue 7/14/26
technology within the
organization
B = Installing the RPA 3 days Wed 6/24/26 Fri6/26/26 21 IT Specialist,
platform in the RPA Consultant,
organization's Laptop
& infrastructure
S B m Implementing the 4 days Mon 6/29/26 Thu7/2/26 21,23 RPA Solution
E software robots within Developer
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Resdy  C3NewTask
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B s Preparing training 1 day Fri7/17/26  Fri7/17/26 29 Trainer,Laptop,
materials RPA Platform
- User training session 1 1 day Mon 7/20/26 Mon 7/20/26 29,30 Trai
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software robot Project Manager,
efficiency Laptop
B m Identifying 5 days Wed 9/23/26 Tue 9/29/26 34,35,36 Process Analyst,
improvement RPA Solution
oppartunities Developer
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Some relevant project monitoring reports are presented below:

» Cost overview (Fig. 6.): provides an overall view of the total project costs, including

v

d B e =8 OJ0-—+—-

Fig. 5. Overall project structure in Microsoft Project (phases 5 — 7)
5. Project monitoring reports

Project monitoring reports are essential tools for tracking and evaluating its progress, providing an

overview of the status of tasks, resource utilization, and adherence to the established budget [7].

Through the Microsoft Project, these reports are automatically generated based on the entered data,

facilitating the analysis of project performance and the identification of potential deviations from the

estimated costs, remaining costs, and project progress [8]. According to the generated
report, the total estimated cost of the project is 192909.42 RON, a value equivalent to
the remaining cost, indicating that the project has not yet been initiated and no actual
expenses have been recorded. At the same time, the report also highlights the
distribution of costs across the project phases.
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COST OVERVIEW
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Fig. 6. Cost overview report
» Resource overview (Fig. 7.): presents the allocation and utilization of resources within the
project, highlighting the workload level of each resource and the associated volume of work
[8]. In the case of this project, an uneven distribution of work can be observed, with certain
resources showing a higher level of utilization, such as the laptop and the process analyst, which
reflects their important role in the implementation of RPA technology.

RESOURCE OVERVIEW

Start Firish Remaining Work
Tue 3f17/26 Tue 9/22/26 ABAhrs

Tue 3/17/26 Tue 9/29/26 124015

faland Accounting Manager 111 3/211/76 fri 428126 2ahrs

L Wed 4/8/26 Thu 7/2/26 208hrs
Process Analyst Mon 3/23/26 ue /20126 784brs
e 9/29/26 1600
ue2/7/26 aghrs

Trainer Wed 7/15/26 Tue 7/21/26 a0hrs

APA Solution Developer Mon 4/27/26

T Specialist Wed 6/20/26

Employeys Mon 7/20/26 Toe /21126 16hrs

Projector MonT/2026  Tue?/21/26 16brs

Fig. 7. Resource overview report

» Resource cost overview (Fig. 8.): highlights the costs associated with each resource
used within the project and their contribution to the total cost [8]. The presented data
shows that the highest costs are generated by the resources directly involved in process
analysis and development, such as the process analyst, the RPA solution developer, and
the project manager, which is justified by the complexity of the tasks performed.
Furthermore, the report indicates that most costs are attributed to work resources, while
material and cost resources have a reduced contribution to the total project cost.
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RESOURCE COST OVERVIEW

L0100 RO/
750,00 RON/yr
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80.00RON/hr
110.00 RON/he

a000RON/

ELD0RON/AT
employees. Ohrs 0.00R0N SO.00RON/AT
Projector Ohrs 0.00RON 2300.00 RON/yr

Fig. 8. Resource cost overview report

»> Work overview (Fig. 9.): presents the total work volume associated with the project,
highlighting the completed work, remaining work, and the overall progress of the
tasks [8]. According to the report, the total work volume of the project is 3256 hours,
entirely allocated as remaining work, indicating that the project has not yet been

initiated.

0 hrs
WORK OVERVIEW

® e Hemaining
Aailatsity (Laptog)

HBOD 000 KA HADD hrs

wility fo k

Fig. 9. Work overview report

Overall, these reports provide a clear overview of the project planning from the perspective of costs,
resources, and work volume, while also enabling effective tracking of its progress and supporting
decision-making based on objective data.
6. Final conclusions

The use of Microsoft Project played an essential role in achieving a coherent and well-structured
planning process for the implementation of RPA technology, providing support in organizing project
phases and tasks, setting durations, and efficiently allocating resources. Through its functionalities, such
as the Gantt chart and automatic report generation, it was possible to obtain a clear visualization of the
entire project, the relationships between tasks, and overall progress, which contributed to a better
understanding and control of its execution. Thus, Microsoft Project proved to be an indispensable tool
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in project management, ensuring rigorous planning, effective monitoring, and optimal coordination of
all resources involved in the implementation process.
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ABSTRACT: This paper explores the applicability of Virtual Reality (VR) technology in
the field of industrial logistics, with a special emphasis on the development of software
solutions using the Unity engine. In the context of the transition to Industry 4.0, traditional
planning and training methods are becoming insufficient. The paper proposes and
analyses two main directions for VR implementation: the creation of "Digital Twins" for
optimizing the layout of factories and warehouses, and the development of immersive
simulators for training operators in complex or hazardous scenarios. The research results
demonstrate that the use of virtual environments reduces testing costs, prevents logistical
bottlenecks, and increases workplace safety, providing a controlled and interactive
environment for evaluating operational decisions.

KEYWORDS: VR, Digital Twin, Unity 3D, Immersive Simulation, Logistics 4.0

1. Introduction

In the context of globalization and accelerated digitalization, the logistics sector is
undergoing continuous transformation. The concept of Logistics 4.0 requires the integration of
advanced technologies to increase efficiency, reduce costs, and minimize human errors [1].
Although Augmented Reality (AR) has gained ground in active operations (such as order
picking), the technical challenges related to hardware implementation in the real environment
make Virtual Reality (VR) remain the ultimate solution for the planning, simulation, and
training stages [2].

Unlike AR, which superimposes digital elements onto the physical environment, VR
completely immerses the user in a synthetic, computer-generated environment. This
decoupling from the physical world eliminates spatial and safety constraints, allowing the
testing of logistical scenarios that, in reality, would be extremely costly, dangerous, or time-
consuming [3]. The present paper aims to analyse how game development platforms,
particularly Unity 3D, can be used as serious tools (Serious Games) for industrial engineering,
focusing on simulators and Digital Twins.

2. Current state

2.1. The evolution and adoption of digital twins in logistics

As 0f2025-2026, the concept of the "Digital Twin" in logistics has surpassed the static
3D modelling phase, transforming into a dynamic ecosystem based on real-time data
synchronization. According to recent market reports, the global digital twin market in logistics
is undergoing accelerated expansion, with an estimated compound annual growth rate (CAGR)
of over 25% for the 2025-2030 period, driven by the acute need for operational visibility and
transparency [3], [4].
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Adoption rates Key purchase criteria
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Fig. 1. Customer Landscape of Digital Twin In Logistics Industry [14]

A major identified trend is the integration of Artificial Intelligence (Al) and predictive
analytics directly into the structure of Digital Twins. This technological convergence allows
systems not only to reflect the physical state of the warehouse but also to actively orchestrate
inventory movements, autonomously allocate tasks (Agentic Al), and anticipate equipment
failures (Predictive Maintenance) [3], [5]. A concrete example of industrial-level
implementation is the DP World project in Dubai (from May 2025), where a high-definition
digital twin was integrated into the BoxBay automated storage system, allowing operators to
manage and optimize container movements in a fully 3D environment [3].

Global Digital Twin In Logistics Market Size
2020 - 2030 (USD Million)

809.6

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

7 24.4% Acceleratin

D—ﬂﬂ 2026 Yet;r—over—Year (07\ Growth momentgm
7 26.3% USD 4.12 Bn
1 | CAGR (2025-2030) Incremental growth

between 2025 and 2030

Source: technavio.com

Fig. 2. Global Digital Twin in Logistics Market Size [14]

2.2. The integration of graphic engines (unity) in logistics simulation

To bring these Digital Twins to life, the logistics industry is increasingly relying on
Real-Time 3D graphic engines, such as Unity. Through recently emerged dedicated platforms,
like Unity Industry and Unity Studio, developers can directly import complex CAD data and
IoT (Internet of Things) data streams from warehouses to create highly precise physical
simulations [6].

Recently published academic research highlights the importance of integrating logistics
process simulation with Fully Immersive VR technology. Studies show that the use of VR
headsets (HMDs) in logistics modeling exponentially increases the level of engagement and
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spatial understanding of engineers compared to traditional 2D monitors [7], [8]. Through
virtual environments created in Unity, companies report up to a 40% reduction in the time
required to configure technological flow simulations, accelerating strategic decisions regarding
warehouse layout and resource allocation [3].

Fig. 3. Unity Industry [15]

2.3. VR simulators for industrial training and safety

The third pillar of the current state of the art is the use of virtual environments for
workforce training (VR Training). In the context of a fluctuating labor market, conventional
training methods (which require stopping real machinery) are being replaced by immersive
platforms that offer safety, cost efficiency, and evaluation based on precise performance data
[9].

Research from the 2024-2026 period demonstrates that VR is essential not only for
learning standard operating procedures but especially for managing crisis situations.
Simulators allow operators to be trained for interventions in case of critical incidents (e.g.,
major conveyor belt failures, incorrect handling of hazardous materials, fires), providing
realistic interaction without endangering personnel's lives [9]. Spatial tracking technology and
interactive feedback integrated into Unity-based simulators allow operators to experience
situational stress in a safe environment, with their decisions being subsequently corrected and
analyzed.

Fig. 4. Fire extinguishing in Virtual Reality [16]
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3. Digital twins in logistics

The concept of a Digital Twin represents an accurate and interactive virtual replica of
a physical system, whether it is a piece of machinery, a production line, or an entire warehouse
[10]. In industrial logistics, Digital Twins developed in Unity allow engineers and managers to
visualize and interact with the warehouse before it is built or modified.

Fig. 5. Simulation of a warehouse

By importing CAD (Computer-Aided Design) models of racks, conveyor belts, and
equipment directly into Unity, a 1:1 copy of a warehouse can be built. Using VR headsets,
decision-makers can "step" inside this virtual warehouse. This true-to-scale immersion allows
for the immediate identification of ergonomic issues: whether an aisle is too narrow for a
forklift, if the shelves are too high for operators, or if material flows intersect dangerously [2],
[10]. Modifying the layout in Unity takes a few minutes and costs nothing, unlike the physical
relocation of racks in reality.

BB bR

Fig. 6. Simulation of a robot cell using realvirtual.io [17]

Using Unity's physics and scripting (C#) capabilities, mass flow scenarios can be
programmed. For example, inbound and outbound goods algorithms can be simulated to
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visually observe where bottlenecks form on sorting conveyor belts during peak periods. Thus,
Unity acts not only as a 3D visualizer but as a process validation tool [10].

4. VR Simulators for training, logistics scenarios and their integration in unity

In addition to planning, the second major utility of VR in logistics is workforce training
(VR Training). The high staff turnover in warehouses requires fast, standardized, and safe
training methods.

Operating a forklift in a crowded warehouse involves a high risk of accidents and
material damage. A simulator created in Unity allows new employees to familiarize themselves
with the controls and physics of the machinery in a virtual environment [10]. Using realistic
physical interactions, Unity can calculate the weight of the pallets and the machine's center of
gravity; if the operator takes a turn too sharply with the forks raised, the virtual forklift will tip
over, providing a valuable lesson without any real cost or risk of injury.

Another implementable scenario is training for order preparation (Order Picking). The
player (operator) receives an order list on a virtual tablet and must navigate through the 3D
warehouse to collect the correct products [1]. The system records reaction times, the chosen
route, and the errors made. Repeating these scenarios creates "muscle memory" and spatial
orientation, so that, on their first day in the field, the employee already knows the layout of the
warehouse [13].

Quiye ©uis

® O % + .

v 0

bmu....n..ﬂmﬂ@m

Fig. 7. Application prototype for order pickin

VR excels in preparing for rare but critical situations. Scenarios such as a fire breaking
out in the battery charging area or a chemical spill from a container can be created in Unity.
The operator is trained on how to use a virtual fire extinguisher, how to activate alarms, and
what the evacuation routes are—things that are impossible to reproduce realistically and safely
in everyday life [10].

To bring these concepts to life, the Unity engine provides specific tools. The XR
Interaction Toolkit package facilitates the addition of locomotion mechanics (teleportation or
continuous movement) and object manipulation (grabbing boxes, pressing buttons on a control
panel). High-fidelity graphics, achieved through the Universal Render Pipeline (URP) lighting
systems, ensure the visual immersion necessary to avoid inducing motion sickness.
Furthermore, Unity allows Digital Twins to be connected to external databases or servers,
transforming the simulation from a static game into a live dashboard connected to the
company's WMS (Warehouse Management System) [11], [12].
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5. Conclusions

Virtual Reality technology, propelled by accessible and powerful graphic engines such
as Unity, represents an essential pillar for the future of Logistics 4.0. The transition from 2D
blueprints and paper training manuals to Digital Twins and interactive VR simulators brings
undeniable benefits: reducing design costs, increasing efficiency through comprehensive
layout testing, and, most importantly, exponentially increasing the safety of human operators.
Although technical implementation requires modeling and programming skills, the return on
investment (ROI) in industrial VR applications is rapid, confirming the fact that the virtual
space is the best testing ground for the real world.
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ABSTRACT: This paper presents the integration of Industry 4.0 concepts into the
production of "DarBee" beeswax food wraps, transitioning from an artisanal model to a
Smart Factory environment. By implementing Cyber-Physical Systems (CPS), Industrial
Internet of Things (IloT), and advanced robotics, the manufacturing process achieves
high-level optimization and scalability. Key results include a 10% reduction in raw
material waste through automated dosing, a 15% increase in productivity via digital
parameter tuning, and a 20% decrease in unplanned downtime through predictive
maintenance. The study demonstrates that digital connectivity and data-driven
management effectively replace subjective manual methods, ensuring a sustainable,
efficient, and high-performance industrial ecosystem.

KEYWORDS: Industry 4.0, Cyber-Physical Systems, Industrial Internet of Things (IloT),
Cloud Manufacturing, Big Data
1. Introduction
In the contemporary industrial landscape, the food packaging sector represents one of the
major sources of polymer pollution worldwide, exerting severe pressure on terrestrial, aquatic, and
atmospheric ecosystems [1]. Dependence on single-use solutions, such as plastic stretch films and
aluminum foils, has generated a significant environmental crisis, driven by the extremely slow
degradation rate of these materials and the complexity of their recycling process when contaminated
with organic residues.

In response to this issue, beeswax food wraps have emerged as a sustainable alternative;
however, their production is currently limited to an artisanal manufacturing model. Although effective
for local niche markets, manual production methods cannot provide the output volume required for
large-scale market penetration.

Therefore, the transition toward Smart Factories, the central pillar of the Fourth Industrial
Revolution (Industry 4.0), has become imperative. By integrating advanced technologies such as the
Internet of Things (IoT), Cloud Manufacturing, Big Data, and autonomous robots [2], the
manufacturing process of beeswax food wraps can be optimized and scaled to industrial levels. Such
an approach not only enhances process efficiency but also democratizes consumer access to
environmentally friendly products, actively contributing to global awareness regarding environmental
protection.

2. Current state of art

2.1. General overview of beeswax food wraps

Beeswax food wraps, marketed under the DarBee brand, represent an innovative and
environmentally friendly solution in the field of active packaging. They are designed to
replace single-use packaging materials by providing a natural protective barrier that allows
food products to "breathe," thereby extending their freshness [1]. The material consists of an
organic cotton fabric base impregnated with an optimized blend of beeswax, pine resin, and
jojoba oil. The synergy of these ingredients provides natural antibacterial and antifungal
properties, transforming the product into a biodegradable and reusable packaging solution.
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Fig. 1. Beeswax food wraps [3]
2.2. Fundamentals of Industry 4.0 and the Smart Factory concept
The Fourth Industrial Revolution brings the concept of the Smart Factory to the forefront,
defined by the integration of physical and cyber systems [4]. Unlike conventional automation, Smart
Factories employ technologies such as the Internet of Things (IoT) for data acquisition and Cloud
Computing for processing large volumes of information [5].

In the case of DarBee production, the implementation of these technologies enables the
monitoring of critical parameters, such as the melting temperature (optimized at 62°C), thereby
ensuring consistent product quality.

2.3. Logistics 4.0 and intelligent resource management

Logistics 4.0 transforms industrial equipment into autonomous entities capable of self-
optimization and mutual communication [6]. Using the Digital Twin simulations, processes can be
virtually tested before physical execution. For the present project, this translates into predictive
inventory management, reducing material waste by approximately 10% and increasing overall
productivity by 15% through equipment optimization.
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Fig. 2. Workstations within the automated logistics flow

Table 1 Workstations within the flow

Crt. Nr. Name of the workstation
1 Raw material preparation and fabric unwinding
2 Fabric impregnation
3 Preparation of beeswax, pine resin and jojoba oil mixture
4 Excess material removal
5 Fabric drying
6 Product cutting
7 Packaging
8 Palletizing
9 Stretch wrapping
10 Storage

3. Detailed analysis of workstations from the perspective of intelligent automation

Within the Industry 4.0 paradigm, the production process of DarBee wraps ceases to be a
sequence of mechanical operations and becomes a Cyber-Physical System (CPS). This implies a
symbiotic integration of physical and digital components. The integrated technological process for
DarBee wrap production is structured into ten interdependent workstations, where the concepts of the
Internet of Things (IoT) and Cloud Manufacturing ensure efficiency and traceability.

The Cyber-Physical Systems (CPS) concept involves the close integration of physical
processes with computational networks and control algorithms. Unlike traditional automation
(Industry 3.0), where machines perform predefined tasks without contextual awareness, a CPS
monitors physical processes, creates their digital representation, and makes decentralized decisions in
real time [7].

The manufacturing process of beeswax food wraps begins with a critical stage for the
integrity of the final product, namely the unwinding and positioning of the cotton fabric. Within the
Industry 4.0 framework, this workstation is no longer a simple mechanical unwinder but a predictive
control node. Using advanced field sensors, the system continuously monitors the fabric tension force.
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A frequency converter adjusts motor speed in real time to maintain a constant line speed of 0.5 m/s.
This digital precision eliminates tension fluctuations that, in manual production, often lead to fiber
deformation, thereby ensuring a perfectly flat surface for the impregnation stage. The interoperability
between sensors and actuators transforms this workstation into a solid foundation for the entire
logistics flow.

The technological core of the Industry 4.0 implementation lies in the impregnation process,
where the fabric is saturated with the beeswax, resin, and oil mixture. Here, the Industrial Internet of
Things (IIoT) becomes a reality through multiparameter monitoring: the mixture is maintained at the
critical temperature of 62°C and an injection pressure of 2 bar. These parameters are managed by a
CPS that continuously senses production line speed and autonomously regulates pump flow rates.
Rather than relying on fixed dosing, the system employs adaptive dosing: if sensors detect changes in
textile density, the PLC instantly recalculates the required pressure to guarantee uniform absorption.
This distributed intelligence ensures consistent antibacterial properties while simultaneously reducing
raw material waste by 10% through the elimination of overdosing.

Following impregnation, the product undergoes cooling and drying stages, where thermal
stability is monitored using Edge Computing technologies. Instead of transmitting data to a remote
server, processing occurs locally, enabling the drying tunnel to adjust ventilation and maintain a
temperature of 25°C within milliseconds. This rapid response prevents premature wax crystallization,
preserving material flexibility. Excess material is removed at a controlled pressure of 1 bar, while the
data collected during this phase are stored as Big Data for energy performance analysis. This
approach transforms a passive stage (drying) into a digitally optimized process capable of self-
regulation according to ambient factory conditions.

The peak of automation is achieved in the cutting and sorting stations, where
software-based analysis converges with high-speed execution. A Cognex In-Sight 2000-100
vision sensor inspects each wrap cut by the Festo pneumatic motor, verifying dimensions and
alignment at a line speed of 0.5 m/s. Artificial Intelligence plays a crucial role at this stage: the
sensor not only measures but also determines product conformity.

In-Sight 2000

Fig. 3. Vision Cognes In-Sight 2000-100 Sensor [§]

If a component is validated, the PLC commands Delta Robots to initiate the pick-and-
place sequence. Delta Robots, symbols of agility in Industry 4.0, employ Conveyor Tracking
algorithms to manipulate products without stopping the conveyor belt. This synergy between
Al and parallel robotics eliminates human error and increases productivity by 15%,
representing the core element that justifies the technological investment in the DarBee project.
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The final stages of packaging, palletizing, and storage integrate the physical product into the digital
ecosystem through Logistics 4.0. Each pallet (organized into 24 boxes) becomes a data node within an
extensive network. By creating a Digital Twin of each production batch, the system stores its
complete manufacturing history. This full traceability enables not only efficient inventory
management but also predictive maintenance of the entire production system. By monitoring
component wear during operation, the system can anticipate maintenance requirements, reducing
downtime by 20% and ensuring the long-term sustainability of the business.

4. Logistics flow management and economic analysis within the Industry 4.0 ecosystem

The objective of the project is to digitalize the DarBee production line in order to increase process
efficiency and sustainability through Industry 4.0 solutions. To evaluate the success of this
implementation, the following Key Performance Indicators (KPIs) have been established:

e Reduction of raw material consumption by 10% within 6 months through the
implementation of an automated monitoring system for the dosing of the heated
mixture of beeswax, pine resin, and jojoba oil.

e Increase in production line productivity by 15% within 8 months through
optimization of equipment operating parameters.

e Reduction of unplanned downtime by 20% within 12 months through the
implementation of an IoT sensor-based predictive maintenance system.

The implementation of Smart Manufacturing concepts within the DarBee production line required a
complete restructuring of logistics flows, from the procurement of organic raw materials to the storage
of finished products. Flow management was achieved through rigorous activity planning, ensuring
interoperability among analysis, digital design, and execution stages. Each logistics task was
scheduled to minimize downtime, enabling a seamless transition between the impregnation area and
the SCADA-controlled cutting station.

Resource management within the DarBee production line is based on the interoperability concept,
transforming the production flow into a Cyber-Physical System. According to the Resource Overview
report, optimization no longer focuses solely on manual labor but rather on the digital synchronization
of equipment to enable decentralized decision-making. Consequently, the system monitors raw
material consumption in real time and adjusts production flow to maintain a speed of 0.5 m/s without
continuous human intervention.

This proactive organization enables the transition from traditional maintenance to predictive
maintenance, utilizing process data to anticipate equipment wear and reduce downtime by 20%. The
integration of resources into a unified digital network is the key factor justifying the investment of
RON 289,777.80, ensuring maximum utilization of production capacity and a 10% reduction in
losses.
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Fig. 5. Resource Overview

The total budget of RON 289,777.80 reflects the complexity of integrating advanced technologies.
Financial flow management was segmented to identify the contribution of fixed costs (Festo
equipment, Cognex sensors) and variable costs (raw materials and energy). This detailed analysis
demonstrates that the Industry 4.0 investment is justified through long-term operational cost

reductions, achieved by decreasing material waste by 10% and optimizing wax and resin consumption

through intelligent dosing.
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Fig. 6. Cost Overview

The efficiency of logistics management in the digital era is measured through performance indicators
(KPIs) correlated with financial stability. The projected Cash Flow demonstrates the sustainability of
the project throughout the eight-month implementation period. By achieving the objective of
increasing productivity by 15% and implementing predictive maintenance (20% downtime reduction),
the system ensures accelerated return on investment, transforming the DarBee factory into a
successful model for the circular and digital economy.
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Fig. 7. Cash Flow

5. Conclusions
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The implementation of Industry 4.0 concepts in the manufacturing process of beeswax food
wraps marks a fundamental transition from artisanal production, based on intuition and manual labor,
to an intelligent and predictive industrial ecosystem. Whereas product quality in the manual approach
depended exclusively on operator experience and subjective visual inspection, digitalization now
enables continuous monitoring of every stage, eliminating variability and human errors that frequently
resulted in raw material waste.

The transition from manual manufacturing to the Industry 4.0 model represents the shift from
a craft-based process characterized by human errors and inefficiencies to a data-driven Smart Factory.
While product quality was variable under traditional conditions, the integration of digital technologies
now enables complete control of the production flow, transforming the manufacturing line into a
system capable of real-time self-optimization.

In essence, the adoption of Industry 4.0 concepts demonstrates that efficiency no longer
derives from physical effort but from connectivity. The transition to a digital ecosystem ensures a
level of precision and sustainability unattainable through conventional methods. Consequently, the
project confirms that the future of engineering lies in complete digitalization, the only approach
capable of guaranteeing maximum performance with minimal resource consumption.
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ABSTRACT: This paper presents a techno-scientific analysis of multilayer polymer
structures widely used in the high-barrier food packaging industry. The primary objective
of the research is the comparative evaluation of the rheological, thermomechanical, and
barrier behavior of polymer combinations successively subjected to industrial coextrusion
and thermoforming (vacuum or plug-assisted) processes.

The results reveal the critical importance of layer compatibilization through the use of tie
layers and highlight the optimal processing windows required to prevent structural
defects, such as delamination or excessive localized thinning in the corner zones of deep-
drawn thermoformed packaging.

KEYWORD: Multilayer, Coextrusion, Thermoforming, EVOH.

1. Introduction

The modern polymer packaging industry faces a dual challenge: on the one hand, the
need to extend the shelf life of perishable products by providing superior barrier properties to
oxygen, water vapor, and aromatic compounds; on the other hand, the imperative to reduce the
carbon footprint and optimize material consumption by reducing structural weight. Classic
monolayer polymers (such as plain polyethylene or polypropylene) cannot simultaneously
meet all these strict requirements. For this reason, the predominant technological solution is
the use of flexible or rigid multilayer structures.

Multilayer structures allow the synergistic combination of properties specific to each
polymeric component. For example, polyolefins offer an excellent moisture barrier and very
good thermal weldability, while specialized polymers such as ethylene-vinyl alcohol or
polyamide provide an exceptional gas barrier and increased mechanical strength. The
integration of these materials into a single film is achieved through the coextrusion process,
often followed by a thermoforming step to obtain trays, blisters, or three-dimensional
containers.

2. Current state

A complex multilayer structure is designed geometrically and functionally according to
the final application of the packaging.
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— T

Outer layer: strong, printable surface, e.g. PET

— \7
Tie layer: e.g. PU
/ N
\ Barrier layer: gas barrier, e.g. PVdC or aluminum
cn—

> Tie layer

Abrasion resistant layer, e.g. PA

Food contact layer: strong, heat sealable,
moisture barrier, e.g. PE, PP

Fig. 1. Schematic diagram of the cross-section through a 5-layer film [8]

A top industrial example is the asymmetric structure of the type: Polyethylene
terephthalate (PET) / Polyurethane (PU) / Polyvinylidene chloride (PVdC) / Polyurethane (PU)
/ Polyamide (PA) / Polypropylene (PP). The component layers of this configuration can be
generically classified according to their technological role [3].

Table 1 Classification and Architecture of Multilayer Polymeric Materials

Layer Type Polimer Utilizat | Functie Principala in Structura
Exterior Polyethylene Mechanical impact resistance, high thermal resistance upon
Structural terephthalate contact with sealing jaws, gloss, and print support.
(PET)
Adhesive Polyurethane Tie layer is applied by lamination to ensure strong interfacial
(PU) adhesion between the structural layers and the barrier layer.
Gas and Polyvinylidene | Blocking the penetration of oxygen and carbon dioxide; unlike
Moisture chloride (PVdC) | other polymers, it retains its barrier properties even at 100%
Barrier humidity.
Intermediate Polyamide (PA) | Ensuring puncture resistance, high elasticity, and uniform
Structural distribution during the deep thermoforming process.
Sealing / Polypropylene Inner layer that comes into direct contact with the product;
Bonding (PP) ensures hermetic thermal welding and withstands sterilization
temperatures of over 121°C.

3. Rheological and thermomechanical properties of polymer melts

The behavior of polymers during coextrusion is dictated by their rheological properties
in the molten state. Polymer melts are non-Newtonian fluids, exhibiting pseudoplastic
behavior, where dynamic viscosity decreases with increasing shear rate. For modeling the flow

in the channels of the extrusion die, the power-law equation is used:
Power-law equation
T=K-(4)"
( )]

Where:

T = Shear stress [Pa]
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K = Fluid consistency index [Pa x s"]

v = Shear rate [s™']
n = Flow behavior index / Rheological behavior index (n <1 for polymers)

When different polymers flow together in a laminar regime, if the viscosity ratio
between two adjacent layers exceeds a critical value (ni/n2> 3.0 or ni1/n2< 0.3), the phenomenon
of encapsulation of the more viscous layer by the more fluid one or wave-type interfacial
instability occurs, a defect that destroys the optical uniformity of the film [1].

&
Newtonian region n=

3

& Transition region

Power-law region
() ki

log(viscosity)

log(shear rate)
Fig. 2. Rheological graph of polymers [6]

Viscosity also depends on temperature according to the Arrhenius-type equation for
semi-crystalline polymers at temperatures well above Tr:

Arrhenius-type equation for semi-crystalline polymers
1 = 1o - €Xp ( Ea )
= T -
R.-T
()

Adjusting the temperatures in the zones of each individual extruder represents the main
industrial method for equalizing viscosities at the meeting point of the flows in the coextrusion

feedblock [1].

4. The multilayer polymer coextrusion process

Coextrusion represents the primary technology by which two or more polymer melts
originating from independent extruders are combined into a single fluid geometry before
solidification. There are two established methods in the industry: cast film coextrusion and

blown film coextrusion [1], [3].
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4.1. Cast film coextrusion

In flat film production, the combined polymer melts stream exits a wide, rectangular
slot die (commonly referred to as a coat-hanger die) designed to distribute the multi-layered
fluid uniformly across the entire web width.

Upon exiting the die lips, the molten curtain is immediately drawn down and
"quenched" against a highly polished, internal water-cooled steel cylinder known as the chill
roll, typically maintained at a controlled temperature range of 20°C to 40°C. To ensure uniform
heat transfer and prevent defects like gauge variations or surface blemishes, the molten web
must be tightly pinned to the chill roll. This is industrially achieved using one of two primary
methods:

Air Knife: A high-velocity jet of controlled air presses the melt against the roll
immediately at the point of contact.

Vacuum Box: Draws out the air trapped between the molten film and the roll surface
from the underside, preventing air bubbles and ensuring excellent surface replication. [1].

Cooling / Idler Roll

Nip Rolls ‘
Collapsing Frame
Inspectlon of

double layer film

Film Bubble ‘ Idler Roll ' Slitter
Resin

Inspection of
single layer films

Elg—nﬁ
[

® O
® °

Preparation

Air Ring
Die (rotating)
Extruder
Winding of
Finished Film
Fig. 3. Cast Film Coextrusion [5]

4.2. Blown film coextrusion

In the blown film process, the melts are directed into a concentric circular die. The film
emerges as a tube that is inflated with compressed air to form a bubble and, simultaneously, is
pulled upwards by a pair of nip rollers, achieving a balanced biaxial molecular orientation in
both the machine and transverse directions. This provides excellent puncture resistance, an
essential property for flexible packaging intended for hard or frozen foods. [3].
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Fig. 4. Blown Film Coextrusion [4]

5. The thermoforming process of multilayer films

Thermoforming is a secondary process in which the flat coextruded film is reheated to
an optimal processing temperature, located in the thermomechanical plastic deformation
window of the material, and then molded onto a die by applying pressure or vacuum [2].

5.1. The Thermoforming Window

For multilayer structures, determining the optimal temperature is complex because
each layer has different glass transition (Tg) and melting points (Tm). The optimal window is
defined by the equation:

Thermoforming window equation

IHaZ{{Tg.i] < TI}m{:es < IIliIl{Tm_j}

3)

For a polypropylene/ethylene-vinyl alcohol/polypropylene structure, the film
temperature must be strictly maintained between 145°C and 155°C, otherwise resulting in
either excessive rigidity and internal stresses or an uncontrolled gravitational sagging of the
hot film [2], [3].

5.2. Biaxial Stretching Mechanics and Plug Assistance

During deep-draw thermoforming (draw ratio H/D > (.5), simple compressed air cannot
ensure uniform thickness because the material first touches the upper edges of the mold where
it cools instantly, leaving the lower corners very thin. To solve this problem, a mechanical
assist plug made of materials with low thermal conductivity is used. The plug mechanically
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pushes the center of the hot film into the mold, pre-distributing the material before applying
the final jet of compressed air at 6-7 bar [2].

ST 1T
® \/ ® \/

- ™M ﬂ/,T\:q

N

S D= -

[ ;ﬂ_rﬁ-l_+ ] E?EE(EBHE FORMING

(:'Dn Im%’lﬁ
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b _L/-., =
A H
T — VACUUN 2! —

Fig. 5. Four-step schematic of the plug-assisted thermoforming process [7]

6. Comparative Performance Evaluation of Polymer Structures

Within the research, three major multilayer polymer architectures used in the packaging
industry were comparatively evaluated, each having distinct permeability and structural
resistance characteristics [3].

o Polypropylene / Tie layer / Ethylene-vinyl alcohol / Tie layer / Polypropylene:
Designed for ready-meal trays, subjected to thermal sterilization at 121°C. It offers an
excellent water vapor barrier and an outstanding oxygen barrier, but processing is
difficult and requires mandatory mechanical assistance [3].

o Polyethylene / Tie layer / Polyamide / Ethylene-vinyl alcohol / Polyamide / Tie
layer / Polyethylene: Used for deep vacuum or modified atmosphere packaging of
cheeses and fresh meat. The polyamide layers structurally protect the barrier layer
against micro-cracking, offering high elasticity and maximum gas isolation [3].

e Amorphous polyethylene terephthalate / Tie layer / Polyethylene: Used for
pharmaceutical blisters and rigid transparent trays. It presents a medium to good barrier
but behaves excellently in thermoforming due to the wide highly elastic state range of
the amorphous polyester [2], [3].

Table 2. Comparative Technical Permeability Data
Packaging Structure | Total Oxygen Permeability | Water Vapor Impact
Thickness (cc/m2-zi-bar) at Permeability Resistance
(g/m2-zi) at
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(um) 230C,0%RH 380C,90%RH N)

Polypropylene / 400 <04 0.2 22
EVOH/
Polypropylene

Polyethylene / 150 <0.1 0.9 45
Polyamide / EVOH /
Polyethylene

Polyethylene 350 12.0 2.1 31
terephthalate /
Polyethylene

7. Defect Analysis in Multilayer Processing and Predictive Methods

The integrated processing of coextrusion and thermoforming can generate unique
defects caused by the heterogeneous nature of the combined material [4], [3].

7.1. Interfacial Delamination

Tie layers typically maleic anhydride-grafted polyolefins act as essential molecular
bridges to stabilize the immiscible polymer boundaries within a multilayer film. The
functionalized anhydride groups form strong covalent and hydrogen bonds with polar barrier
resins like EVOH or polyamide, while the polyolefin backbone co-crystallizes and entangles
with non-polar structural layers such as polyethylene or polypropylene. This combined
chemical and physical interlocking is what prevents the distinct material phases from
separating under normal processing conditions.

The development of this interfacial bond strength is strictly dependent on maintaining
optimal thermal conditions during the coextrusion process. If the melt temperature drops below
the critical chemical activation threshold of the grafting agent, the interfacial reaction fails to
go to completion, resulting in poor molecular interlocking across the layers. This leaves the
film with a sub-standard interfacial strength, causing the peel adhesion force to drop
significantly below the critical industrial safety limit of 200 N/m. [1], [3].

7.2. Barrier Layer Rupture (Pinholing Formation)

Because ethylene-vinyl alcohol is a high-crystallinity polymer, its hot elongation at
break is lower than that of polyethylene. During rapid thermoforming, if the deformation rate
exceeds a critical speed, the barrier layer ruptures microscopically on the inside, forming
pinholes. The defect is invisible to the naked eye but destroys the oxygen barrier. The
probability of microscopic structural defects occurring depending on applied stress can be
modeled by the Weibull reliability function:

Weibull reliability function
o i)
R(og) = exp | — (—)
agn

Where o is the applied biaxial tensile stress, oo represents the characteristic rupture

“4)
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stress of the barrier layer, and f is the shape parameter of the structural defect [4].

8. Sustainability and Recyclability Considerations

While multilayer films efficiently extend food shelf life, their material heterogeneity
severely complicates post-consumer recycling. Automated Near-Infrared (NIR) sorting
facilities identify only the majority surface polymers, causing complex films to be misrouted
into monolayer recycling streams. During mechanical re-extrusion, the incompatible embedded
barrier polymers separate, leading to thermal degradation and contamination of the recycled
resin. To mitigate stream contamination, current European circularity guidelines dictate a strict
transition toward mono-material packaging:

The 95% Rule: Packaging is classified as recyclable only if at least 95% of its total mass
consists of a single structural polyolefin (PE or PP).

Barrier Cap: Functional barrier layers (like EVOH) are strictly limited to a maximum
of 5% of the total packaging mass.

Molecular Compatibilization: To safely process this 5% barrier fraction without ruining
the secondary recycling, tie layers must contain sufficient reactive grafting agents. During
recycling, these agents act as compatibilizers, emulsifying the barrier remnants evenly into the
new polyolefin matrix. [3],[10].

9. Case Study: Wall Thickness Optimization of a Barrier Tray

A comparative experimental study was carried out on an industrial line for
manufacturing a rectangular tray with dimensions of 200 x 150 x 50 mm, using two distinct
structures with the same initial film thickness of 400 um [2], [3].

Scenario 1 (Polypropylene/EVOH/Polypropylene without mechanical assistance -
vacuum only): The nominal thickness of the tray bottom dramatically decreased to 35 um, and
in the lower corners, the barrier layer fell below 1.2 pum. Tests indicated high localized
permeability, reducing the product's shelf life from 21 days to just 6 days [3].

Scenario 2 (Polyethylene/Polyamide/EVOH/Polyethylene using plug-assisted
mechanics): Due to the presence of elastic polyamide layers and the use of a plug heated to
80°C, the thickness distribution was uniform. The minimum thickness at the corners was 120
um, and the barrier layer was maintained above the critical safety limit of 4.8 um, preserving
optimal isolation properties [2], [3].

The technological efficiency of the process was calculated using the formula:

Thermoforming technological efficiency index

G i i
Ere{:h . ( : minim ) . 100 [1:‘{.'
T ol

)

In Scenario 1, Ewcn = 8.75%, while in Scenario 2 (optimized), Ewen = 30.0%,
demonstrating a massive structural improvement in the production process through the correct
use of mechanical parameters [2].

10. Conclusions
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The detailed comparative analysis within this project highlights that designing
multilayer polymer structures represents a complex balance between technical barrier
requirements, industrial processing capacity, and stringent economic and ecological
sustainability norms.

Each analyzed system finds its optimal applicability zone: polypropylene-based
structures are ideal for rigid packaging subjected to severe heat treatments (sterilization), while
flexible systems based on polyamide and polyethylene offer the elasticity and crack resistance
necessary for forming deep bags. The success of the integrated extrusion and thermoforming
process depends directly on the rigorous control of flow parameters at the interfaces and the
careful design of thermomechanical windows, paving the way to produce high-performance
packaging.
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12. Notations
The following symbols are used in this paper:

AsL = lateral surface area [mm?];
A = total area [mm?]
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ABSTRACT: The transition to Industry 5.0 and stricter environmental regulations requires transparent
and verifiable Product Carbon Footprints (PCF). Current industrial software mainly uses static Life
Cycle Assessments (LCA) and historical averages, which can differ from real manufacturing emissions.
This paper proposes a hybrid dynamic PCF model for Virtual Industrial Enterprises, combining
ERP/PLM data, [oT sensor telemetry, and real-time energy grid carbon intensity to generate an accurate
Digital Product Passport (DPP). A case study on a CNC-milled automotive suspension control arm
shows that dynamic scheduling and real-time monitoring can reduce Scope 2 manufacturing emissions

by up to 46% compared to traditional static methods.

KEYWORDS: Product Carbon Footprint, Dynamic LCA, Virtual Enterprise, loT
1. Introduction
The Virtual Industrial Enterprise (VE) represents a dynamic organizational paradigm based on the
temporary cooperation of independent entities (nodes) to respond rapidly to market opportunities. In
the context of Industry 5.0, this model faces a critical new constraint: verifiable sustainability.
Delivering a product rapidly and cost-effectively is no longer sufficient; it must be accompanied by a
transparent ecological passport [1]. The Product Carbon Footprint (PCF) has emerged as the dominant

non-financial Key Performance Indicator (KPI) across global supply chains.

However, recent literature and industrial practice highlight a major discrepancy between the carbon
footprint estimated during the initial design phase and the actual emissions generated during the
physical execution phase [2]. By transitioning from retrospective, static estimations to dynamic, sensor-
driven measurements, this research aims to provide an operational framework for accurate PCF

assessment within distributed manufacturing networks.

1.1.Research Objectives and Hypothesis
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The primary objective of this paper is to develop a hybrid mathematical and architectural model capable
of transitioning PCF assessment from a static approximation to a dynamic measurement, specifically

tailored for the interoperability requirements of a Virtual Enterprise. The specific objectives include:

Fusing static design data (BOM from PLM/ERP) with dynamic, high-frequency shop-floor telemetry
(IoT/MES).

Integrating real-time fluctuations of national energy grid carbon intensity into the footprint calculation.

Structuring the output into a verifiable Digital Product Passport (DPP).

Hypothesis: It is hypothesized that by replacing annual grid averages and theoretical machine
consumption with dynamic, time-integrated measurements (Dynamic LCA), the calculated Scope 2
manufacturing emissions will show significant variance compared to traditional static accounting.
Furthermore, leveraging this dynamic data through a Digital Twin will enable smart scheduling,

potentially reducing the operational carbon footprint.

2. State of the Art

To ensure scientific validity, carbon management systems must align with international standards,
notably ISO 14067 [3]. Within a Virtual Enterprise, the most relevant system boundary is the "Cradle-
to-Gate" approach. This encompasses the extraction of raw materials, transportation, and the

manufacturing process up to the factory gate, preparing the component for B2B delivery [4].

Sistem Boundaries in the Product Carbon Footprint (PCF)
of Industrial Manufacturing
Cradle-to-Grave (Full Life Cycle) Cradle-to-Gate (B2B Focus)
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Fig. 33 Visual representation of System Boundaries: Cradle-to-Gate vs. Cradle-to-Grave

Currently, the industrial software market integrates sustainability modules into PLM platforms [5].

Notable examples include:

Siemens NX (Sustainability Impact Analysis): Utilizes Al algorithms and databases to provide early
feedback during the CAD phase. While excellent for mass reduction, its calculations remain theoretical

and ignore specific machine efficiency [6].

PTC Windchill: Focuses on the "Green BOM" and supply chain aggregation. It standardizes data across

an extended enterprise but acts as a management tool rather than a physical measurement system [7].

The primary gap identified in current literature is the reliance on static data [8]. Traditional software
assumes a milling process consumes a fixed X KWH/ KG. Consumption depends on tool wear,

material hardness, and the dynamic "energy mix" manufacturing at night using wind energy has a

fundamentally different footprint than daytime production using coal.

3. Proposed Hybrid Architecture and Methodology

To address the limitations of static LCA, this paper details a hybrid mathematical model and technical
architecture [9]. The goal is to create an uninterrupted "Digital Thread" between theoretical design data

and physical shop-floor execution.

3.1.Data Fusion Architecture

The proposed system fuses data from three distinct informational tiers [10]:

Static Planning Level (ERP/PLM): Extracts the Bill of Materials and standard emission factors

associated with raw material extraction (Scope 3 upstream) [11].

Dynamic Internal Level (IoT/MES): Utilizes high-frequency current sensors on CNC panels. Data is

transmitted via MQTT and OPC UA protocols to measure exact energy consumption [12].

Dynamic External Level (Energy Grid API): Interrogates national energy grid APIs (e.g., ENTSO-E)

to retrieve real-time carbon intensity I-o, in gCO,e/kWh [13].
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To bridge the semantic gap between these heterogeneous data sources, the architecture utilizes Asset
Administration Shells (AAS) as standardized digital representations of the physical assets. This ensures
that energy data from a CNC machine in one node of the Virtual Enterprise is immediately interpretable
by the central ERP system of the integrator, regardless of the hardware manufacturer. Furthermore, the
integration of IDS Connectors ensures that raw operational data remains under the supplier's control,
sharing only the calculated carbon result, thus protecting industrial intellectual property within the

collaborative network.

Energy Network
Cloud
gCO,/kWh gCO,/kWh
BOM & YV V
M t Materials iy .
bl gtlad >l Hybrid PCF JSON Digital
Systems > Calculation Passport
(ERP/PLM) e=iin T Engine
Materials A A A
kWh & kWh &
Timestamp Timestamp
Shop Floor
(loT)

Fig. 34 Data Fusion Architecture Diagram

3.2.Mathematical Formulation

The total carbon footprint of a manufactured part (PC Fyp¢q;) is calculated as:

PCFiota1 = Emat + Empg + Equx (1)

The Static Component (Materials): Unlike simplified models, our approach mandates the use of gross

mass (M brut_ j) to account for the ecological impact of machining waste:

Emat = Z;’n=1(Mbrut_j ) EFextraction_j) (2)
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The Dynamic Component (Manufacturing): The core innovation is transitioning to a temporal

integration method [13]. The footprint of each operation is the integral of absorbed power multiplied

by the carbon intensity at time €. Using a Riemann sum approximation for discrete IoT intervals (A t):

Epmpg = Xiz1 Y1 (Pi(ty) - Icoz (tx) - A) (3)

4. Comparative Case Study: Static vs. Dynamic PCF Evaluation

The case study demonstrates the applicability of the proposed model using literature-based and
representative industrial data. The objective is to explicitly compare the carbon footprint results

obtained via the traditional Static LCA method versus the proposed Dynamic loT-based method.

4.1. Component Specification and Data Provenance

The selected part is an Automotive Lower Suspension Control Arm, CNC-machined from a solid billet

of Aluminum 7075-T6. Input data is grounded in established industrial databases:

Material Profile: The emission factor (1 1.2 KGCO,g /KG) is sourced from the Ecoinvent 3 database

[11]. Gross mass (Mp,,¢) is 2.5 kg; net mass (M,0¢) is 1.5 kg.

Machine Power: Average power draw values for Band Saw cutting, 3-Axis CNC Milling, and CNC

Drilling are derived from technical specifications of standard industrial equipment.

Grid Carbon Intensity (I-p5): The static baseline uses 280 GCO,, /KwH (annual European average

via ENTSO-E). The dynamic hourly values (140 — 290 GCO, /KWH) represent real-world API

fluctuations during off-peak night shifts.
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FIG. 35 TYPICAL COMPLEX GEOMETRY OF A CNC-MILLED AFTERMARKET
ALUMINUM LOWER CONTROL ARM, HIGHLIGHTING WEIGHT-REDUCTION
POCKETS

FIG. 35 illustrates the intricate geometry required for an automotive lower control arm. The component
features deep weight-reduction pockets, contoured structural ribs, and high-tolerance mounting bores.

This specific topology explains the significant material removal rate (MRR) necessary to transition from
a 2.5 kg raw rectangular billet (M brut) to the 1.5 kg finished part (Mnet)- The generation of 1.0 kg

of aluminum swarf represents a 40% material waste ratio that directly justifies the extended 45-minute

CNC milling cycle and the high energy consumption (6.15 kWh) allocated to this single operation.
Furthermore, visualizing the removed material reinforces the mathematical necessity of using Mp ;¢

in Equation (2); the embodied carbon of the 1.0 kg of chips must be accounted for in the ecological

footprint, even if it does not end up in the final vehicle.

4.2.Methodology: Static vs. Dynamic Execution

Method A (Static LCA): The ERP multiplies the total estimated energy (7.316 kWh) by the fixed annual
grid average (280 GCO,/kWh).

Method B (Dynamic Hybrid): The Digital Twin schedules the energy-intensive CNC Milling during a
nighttime window with high wind energy penetration (140 GCO, / k Wh).

The integral formula calculates the footprint interval by interval.
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Table I Process Telemetry and PCF Calculation (Static vs. Dynamic)

Operation | Energy | Static Grid Dynamic Grid | Static PCF | Dynamic
(kWh) | (gCO,/kWh) (gC0,) (9gC0,) | PCF
(9C02)
Cutting 0.416 | 280 290 116.6 120.8
Milling 6.150 | 280 140 1722.0 861.0
Drilling 0.750 | 280 160 210.0 120.0
TOTAL | 7.316 |- - 2048.6 1101.8

B Static Model [ Dynamic Model

Material Emissions
(Scope 3)

2.048

Manufacturing

Emissions (Scope 2) 1101

- . 500
Auxiliary Emissions

(Allocated) 500

0 10.000 20.000 30.000

Fig. 36 Chart comparing Static vs Dynamic Manufacturing Phase Only

Analyzing the data visualized in FIG. 36, which completely isolates the Scope 2 manufacturing

emissions, the stark contrast between the static and dynamic models becomes apparent. The heavy 3-

axis milling operation consumes over 84% of the total manufacturing energy (6.15 kWh out of 7.316
kWh). In the static model, the ERP system uniformly applies the 280 g Cco, / kW h penalty, treating

energy as a flat variable. However, the dynamic model leverages the Digital Twin to act as an active

energy broker. By shifting this specific 45-minute intensive block to a "green window", where excess
wind generation pushed the grid intensity down to 140 g Cco, / kKWh , the emissions for this

bottleneck operation were cut by exactly 50%. The chart clearly validates the core hypothesis: static
averages mask severe operational inefficiencies and hide high-impact optimization opportunities on the

shop floor.

4.3. Analysis of the Comparative Results
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The dynamic approach slightly penalized the cutting operation due to a momentary spike in grid

intensity. However, because the heavy milling operation was dynamically scheduled during a low-

carbon window, the specific emissions for that step were halved.

Table 2 Final PCF Composition and Variance

Emissions Category Static Model Dynamic Model Variance
(kgCO,) (kgC0y) (%)

Material Emissions (Ejp,q¢) 28.000 28.000 0.0%
Manufacturing Emissions 2.048 1.101 -46.2%
(Emfg)
Auxiliary Allocated (Eg,,) 0.500 0.500 0.0%
Total PCF (PCF,ota1) 30.548 29.601 -3.1%

100%

™% +

50% +

25%

0% - Chart Data 2: Cutting (Band Saw) Milling (3-Axis CNC) Drilling (CNC)
Manufacturing Phase
Only (gCO2)

Fig. 37 Total PCF Breakdown

FIG. 37 provides a holistic, proportionate view of the Total PCF breakdown, revealing what can be

termed the 'manufacturing carbon paradox' within Virtual Enterprises. The stacked bars demonstrate
how different scopes interact. From the perspective of the shop-floor manager, implementing the loT
dynamic model yielded a massive 46.2% reduction in Scope 2 emissions (the visible shrinking of the

red bar in the manufacturing phase). This is a significant operational improvement.

However, from a broader Product Lifecycle perspective, this shop-floor victory only translates to a
marginal 3.1% reduction in the Total PCF (dropping from 30.548 to 29.601 k gCO0,e ). The visual

dominance of the material emissions segment in Figure 4 highlights that the embodied carbon of the

aerospace-grade aluminum overwhelmingly dictates the part's footprint. This analysis scientifically
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validates the mathematical model's insistence on tracking Mp,¢. It proves that while IoT energy

optimization is vital for accurate B2B reporting and reducing direct energy bills, the most significant
ecological gains must be addressed during the initial design phase, for instance, utilizing generative
design algorithms to reduce the initial billet size, or shifting the supply chain to source secondary

(recycled) aluminum alloys, which have an emission factor up to 80% lower than primary extraction.

While the dynamic approach achieved a 46.2% reduction in Scope 2 manufacturing emissions, the

overall reduction of the Total PCF was only 3.1%. This validates the mathematical model's insistence
on tracking M, ¢, proving that while IoT energy optimization is vital, the most significant ecological

gains must be addressed during the initial design phase (e.g., using recycled alloys).

4.4. Application of the Digital Product Passport (DPP)

To ensure interoperability and prevent greenwashing, the calculated dynamic data is packaged into a
JSON format serving as the Digital Product Passport, secured by Blockchain technology [14]. Below is
the applied DPP output for the analyzed Control Arm:

"product_id": "AL-7075-LCA-001",
"manufacturing_node": "VE-NODE-RO-01",
"timestamp_production”: "2026-05-14T02:30:00Z",
"pcf_total_kg_co2e": 29.601,

"breakdown_scope": {
"E_materials_upstream_scope3": 28.000,
"E_manufacturing_dynamic_scope2": 1.101,
"E_auxiliary_allocated": 0.500

|y

"data_quality_indicator": {
"measured_data_iot_percent": 86.5,
"dqi_score": "A-"

P

"security_and_compliance": {

"methodology": "ISO 14067 Hybrid Dynamic LCA",
"signature_hash_sha256": "f3alc844298fc1c149afbf4c89961fb92427ae41e4649b"

}
}

This structure guarantees that an OEM integrating this part into a vehicle can automatically parse the

high-resolution carbon data, trusting its authenticity through the cryptographic hash [15].

Discussion and Limitations

The proposed hybrid architecture successfully demonstrates the mathematical and architectural

requirements for real-time PCF assessment. However, it is essential to acknowledge that this research
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presents a conceptual framework. The case study relies on literature-based simulation to prove

applicability.

Real-world implementation of the I[oT layer faces several limitations: severe electromagnetic
interference on the shop floor can lead to sensor data packet loss; integrating edge gateways with legacy
CNC machines requires high upfront capital costs; and API latency for grid data can complicate exact
timestamp synchronization. Future research directions must focus on the physical deployment of
hardware (e.g., Rogowski coils) on active production lines and the development of robust data-
imputation algorithms to handle sensor disconnections.

Conclusions
This research addresses the critical need for verifiable sustainability within Virtual Industrial

Enterprises. The formulated hybrid model demonstrates that interoperability between PLM, MES, and
IoT networks is essential for generating accurate Digital Product Passports. The comparative analysis
confirms the hypothesis: static LCA methodologies blind manufacturers to potential operational

optimizations. By adopting dynamic tracking, manufacturers can capture up to a 46% reduction in
Scope 2 emissions through smart scheduling. Acknowledging its current conceptual nature, the model

lays the rigorous mathematical foundation necessary for the next generation of Industry 5.0 eco-

transparent supply chains.

5. References

[1] European Commission, "Ecodesign for Sustainable Products Regulation", 2024.

[2] C.Herrmann et S. Kara, "Sustainable manufacturing and Life Cycle Engineering", CIRP
Annals, vol. 68, n° %12, pp. 605-626, 2019.

[3] ISO, "ISO 14067:2018 - Greenhouse gases — Carbon footprint of products",
International Organization for Standardization, 2018.

[4] World Resources Institute & WBCSD, Product Life Cycle Accounting and Reporting
Standard, Washington, DC: Greenhouse Gas Protocol, 2011.

[5] M. Eigner et C. Muggeo, System Lifecycle Management: The Future of PDM/PLM,
Berlin: Springer Vieweg, 2021.

[6] Siemens Digital Industries Software, "Sustainability Impact Analysis in NX: Optimizing
Design for Environmental Performance", Siemens, Plano, TX, 2023.

[71 .PTC, "ZF Friedrichshafen AG: Driving Sustainability with PLM", 2022.

[8] L.Bank et S. Wenninger, "Dynamic Product Carbon Footprints: A review of the state of

the art and future research directions", Journal of Cleaner Production, vol. 416, p.
137839, 2023.

[9] T. Stock et G. Seliger, "Opportunities of Sustainable Manufacturing in Industry 4.0",
Procedia CIRP, vol. 40, pp. 536-541, 2016.

[10] F. Tao, H. Zhang et Q. Qi, «Digital Twin-driven product design, manufacturing and

service with big data, "The International Journal of Advanced Manufacturing
Technology", vol. 94, p. 3563-3576, 2019.

226



Research on Hybrid Carbon Footprint Evaluation for Virtual Industrial Enterprises

[11] G. Wernet, C. Bauer et B. Steubing, "The ecoinvent database version 3 (part I):
overview and methodology", The International Journal of Life Cycle Assessment, vol.
21,n° %19, pp. 1218-1230, 2016.

[12] S. B., "Empowering Sustainability: The Crucial Role of loT-Enabled Distributed
Learning Systems in Reducing Carbon Footprints", IEEE Xplore, 2025.

[13] S. ACS, "Toward Standards-Compliant Dynamic Life Cycle Assessment: Harnessing
Digital Innovations for Climate", ACS Sustainable Chemistry & Engineering, 2026.

[14] J. Leng, G. Ruan, P. Jiang et Q. Liu, "Blockchain-secured smart manufacturing in
industry 4.0: A survey", IEEE Transactions on Systems, Man, and Cybernetics:
Systems, vol. 50, n° %19, pp. 1-14, 2020.

[15] L. AVL, "ESPR & the Digital Product Passport: A Roadmap to Sustainable
Competitiveness", AVL Insights, 2025.

6. Abbreviations

The following abbreviations and symbols are used in this paper:

B2B = Business-to-Business

BOM = Bill of Materials

CNC = Computer Numerical Control

DPP = Digital Product Passport

DQI = Data Quality Indicator

ERP = Enterprise Resource Planning

IoT = Internet of Things

LCA = Life Cycle Assessment

MES = Manufacturing Execution System

OEM = Original Equipment Manufacturer

PCF = Product Carbon Footprint

PLM = Product Lifecycle Management

VE = Virtual Enterprise
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ABSTRACT: This paper presents the design, implementation, and experimental
validation of a low-cost smart glove for natural VR interaction with haptic feedback.
The system integrates four flex sensors through an ADS1115 16-bit ADC, an MPU-
9250 9-axis IMU, a thumb button, and a DRV2605L haptic driver, coordinated by an
ESP32 microcontroller. A Mahony complementary filter estimates hand orientation,
while data are streamed at 50 Hz via USB serial or BLE. The software includes
embedded firmware, a Python/OpenGL calibration visualizer, and a Unity module for
hand animation and object interaction. Tests on 100 packets and 50 flex-angle samples
per finger showed 21.4 ms average latency, P95 = 29.6 ms, flex-angle MAE between
2.8° and 4.2°, and 93.3% success rate, with an hardware cost of approximately
160EUR.

KEYWORDS: smart glove, virtual reality, flex sensors, haptic feedback, Unity.
1. Introduction

Traditional VR input devices introduce a barrier between the user’s intent and the resulting virtual
action, reducing immersion [1]. Instrumented gloves with flex sensors and IMUs allow direct capture
of hand gestures without external tracking hardware. Commercial data gloves range from several
thousand euros to over 10,000 USD, depending on sensing accuracy, haptic capabilities and tracking
ecosystem [2], while academic prototypes often suffer from connectivity, accuracy or computing-
power limitations [3].

Problem statement. Existing academic and DIY data-glove projects rarely combine, on a single
low-cost platform: (i) calibrated flex sensing with a 16-bit ADC, (ii) IMU-based orientation tracking
with on-board sensor fusion, (iii) closed-loop haptic feedback driven by a programmable library of
effects, and (iv) a complete software pipeline from firmware to Unity.

Aim and objectives. The aim of this paper is the development and experimental validation of a
low-cost smart glove for VR interaction with haptic feedback. The objectives are: (O1) hardware
integration of flex sensors, IMU and haptic driver on a single I?C bus; (O2) orientation estimation
using a Mahony complementary filter; (O3) per-sensor flex calibration; (O4) integration with Unity
through a modular event-driven architecture; (O5) experimental evaluation of latency and accuracy.

The proposed system, built around an ESP32, has an estimated total hardware cost of
approximately 160 EUR (Section 9, Table 3). The main contributions are: (1) integration on a common
I2C bus of ADS1115, MPU-9250 and DRV2605L; (2) a Mahony filter with per-sensor individual
calibration running at 50 Hz; (3) a Python/OpenGL diagnostic visualizer with automatic calibration;
(4) an event-driven Unity architecture with a bidirectional haptic channel.

2. State of the Art

A. Gloves with flex sensors
Instrumented gloves appeared with the DataGlove (VPL Research, 1987) [4]. Dipietro et al. [1]
classified sensor technologies and their applications. Resistive flex sensors offer the best
cost/performance ratio for prototyping, but suffer from non-linearity and thermal variability [3]. Bouzit
et al. [S] showed that per-channel calibration reduces systematic errors to below 4°.

B. Inertial sensor fusion
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Gyroscope drift is the central problem in orientation tracking. Mahony et al. [6] proposed a non-
linear complementary filter on SO(3) formulated in quaternions, with low computational complexity,
an essential advantage on embedded targets. Madgwick et al. [7] offer an alternative based on gradient
descent with more intuitive parameterisation. The Mahony filter was selected here because of its faster
convergence under abrupt disturbances.

Haptic feedback and recent smart-glove research

Haptic feedback synchronised with virtual contact events reduces grasping task completion
times by up to 30% [8]. The DRV2605L (TI) [10] allows playback of 123 pre-defined effects via I>C,
which is clearly superior to a simple uncontrolled ERM motor. Recent work has pushed the field
forward. Zhu et al. [14] presented a haptic-feedback smart glove based on triboelectric sensing as a
creative HMI for VR/AR applications. Wu et al. [15] proposed a soft closed-loop glove that combines
gesture sensing with vibrotactile feedback for real-time human—machine interfaces. A 2024 study by
Chen et al. [16] describes an intelligent glove interface integrating perceptual simulation and motion
tracking for enhanced virtual interaction. In 2023, Iop et al. [17] reported a smart haptic-glove pilot
study for VR neurosurgery training, with measurable training benefits. Commercial products such as
the SenseGlove Nova 2 (2024) [18] confirm that wireless gloves with IMU-based tracking are reaching
the prosumer market.

Compared with these works, to the authors’ knowledge, no open-source academic system
identified in the reviewed literature combines, on a single I?C bus, a calibrated 16-bit ADC flex stage,
IMU sensor fusion, 123-effect haptic playback and a complete Unity integration at a total hardware
cost approximately 160 EUR. The novelty of the present work is the systems-level integration and
end-to-end validation rather than a single sub-component innovation.

3. System Architecture

A. Overview

l FLEX X4 }—{ ADS1115 ‘
MPU-9250 I—1 ESP32 H USB/BLE H PC
DRV2605L l
BUTON

USB SERIAL / BLE NUS

VIZUALIZATOR PYTHON/OPENGL UNITY:GLOVE RECEIVER — HAND ANIMATOR — GRAB CONTROL

Fig. 1. System overview.

B. Hardware components
—ESP32-WROOM-32: dual-core 240 MHz processor, 520 KB SRAM, integrated BLE, hardware
I2C bus on GPIO 21/22.
— ADS1115: 16-bit sigma-delta ADC, 4 single-ended channels, configured at 475 SPS.
—MPU-9250: 9-DOF IMU integrating accelerometer, gyroscope and magnetometer
—DRV2605L: I?C haptic driver with an internal library of over 100 predefined haptic effects,
compatible with ERM and LRA actuators.
— Flex sensors: 4.5 cm flexible resistors, 47 kQ voltage divider.

4. Firmware Implementation
A. Project structure
The PlatformlO/Arduino firmware uses the Adafruit ADS1X15 and hideakitai/MPU9250

libraries. The modular C++ classes FlexSensors, IMU, SerialTransport and BLETransport are
orchestrated by main.cpp.

229



Optimized VR Interaction with Haptic Feedback Using a Validated Smart Glove

B. Finger flex reading
The four ADS1115 channels are read sequentially (~8.5 ms/cycle at 475 SPS). The voltage is
linearly mapped to an angle:
6:=(Vi—V flati) / (V_bent,i — V flati) x 180°
(D
C. Inertial fusion
The Mahony filter updates the orientation quaternion at 50 Hz:

G=%gQwc wc=wg+kPe+kIledt )
withk P=0.5and k 1=0.01[6].
D. Communication protocol
A JSON packet of approximately 85 bytes is sent every 20 ms simultaneously on USB serial
(115200 baud) and on BLE NUS:
{"f":[12.3,45.0,87.1,30.2],"q":[0.9900,0.0100,-0.0200,0.0000],"b":0,"t": 12345}
A3)

The BLE RX channel receives haptic commands from Unity.
5. Haptic Feedback Integration

The DRV2605L plays effects from its internal library by writing the WAVESEQ registers via
I?C and issuing the GO command. Three scenarios are implemented: (1) Grasp confirmation: effect 1,
on collision with a grabbable object in Unity; (2) Limit warning: effect 47, on exceeding the maximum
flex angle; (3) Release: effect 48, when the thumb button is released. The haptic loop latency (Unity —
serial - ESP32 — actuator) was measured at 12 ms. This value was measured as the elapsed time between
issuing the haptic command in Unity and receiving the ESP32 acknowledgement after triggering the
DRV2605L GO command.

6. Visualizer and Calibration
The Python application (pyserial + pygame + PyOpenGL) renders at 60 FPS a 3D model of the

hand (palm plus four fingers x three phalanges), rotated by the IMU quaternion converted into a
column-major matrix for gIMultMatrixf. The R key captures the reference orientation.

Fig. 2. Screenshot of the diagnostic visualizer showing quaternion-based hand orientation and flex
values
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The calibrate.py script collects 80 samples per finger in the extended and bent positions, applies
trimmed averaging and saves calibration.json, which is automatically loaded by the visualizer and by
the Unity module.

Output: calibration.json

You will be puided through TWO positions for each finger:
1. Finger fully FLAT (extended)
2. Finger fully BENT (curled into palm)

Press Enter to begin...|J]

Fig. 3. Screenshot of the calibration procedure.
7. Unity Integration

Four independent MonoBehaviour components are implemented:
— GloveReceiver: serial thread + ConcurrentQueue<GloveData> — OnData event on the main thread.
— Hand Animator: flex — Quaternion. AngleAxis on three phalanges per finger, with configurable Slerp.
— GloveOrientation: IMU quaternion relative to a resettable reference — root hand transform;
an axisRemapEuler corrects the ESP32/Unity convention discrepancy.
— GrabController: Physics.OverlapSphere — FixedJoint on button press; sends the haptic command
on release.

Fig. 4. Unity hierarchy and components used for glove interaction
8. Experimental Methodology and Validation

A. Setup
Two right-handed adult subjects (M.Sc. students, ages 23 and 25, hand circumference 19.5 cm
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and 20.5 cm), recruited by availability among Master 2 colleagues and without any pre-existing motor
impairment, participated in the tests. Each subject performed three sessions in a Unity scene containing
rigid bodies of three sizes (3, 6 and 10 cm cubes/spheres). No financial or academic incentive was
offered.

Fig. 5. Unity test scene used for grasp-success validation

B. End-to-end latency
“End-to-end” latency is defined as the elapsed time between two consecutive identifying
packets observed at the Unity layer, including the sensor read on the ESP32, JSON serialisation, USB-
serial transmission at 115200 baud (or BLE NUS), deserialisation in C# and dispatching to the main
thread. The measurement was repeated 100 times during continuous streaming, using a millisecond-
resolution System.Diagnostics.Stopwatch in the Unity GloveReceiver script, after a 5-second warm-
up period.

Table 1. End-to-end latency (ms), N = 100
measurements.

Mean Std. Dev. Max. P95

21.4 4.2 48.7 29.6

C. Flex accuracy
Each finger was positioned at 0°, 30°, 60°, 90° and 120° using a 3D-printed jig, with 10 samples
collected per angle (50 samples per finger, 200 total). The mean absolute error was computed as

MAE; = (1/N) 2 |G,k — 0 _ref)k|. 4)
Table 2. Flex estimation MAE (degrees), 50 samples/finger.
Finger MAE (°) Std. Dev. (°) Max. (°)
Index 3.2 1.8 7.4
Middle 2.8 1.5 6.1
Ring 3.6 2.0 8.3
Little 4.2 2.4 0.1

D. IMU drift and grasp success rate
The Mahony filter exhibited a yaw drift of 0.6°/min during a 60-second immobility test (subject
standing still with the hand in a neutral pose). The grasp success rate, defined as the ratio between
successful grasp-and-release cycles and the total number of attempts, was 93.3% over 90 attempts (30
per object size). 84 successful grasp-and-release cycles out of 90 attempts. A grasp was counted as
successful when the object remained attached through the FixedJoint without slippage for at least Is.

9. Bill of Materials and Cost

Table 3 summarises the estimated bill of materials and the resulting hardware cost, which is
approximately 160 EUR for a single glove. Prices are based on EU retail availability in 2026; bulk
academic procurement (e.g. AliExpress) lowers the total to approximately 120 EUR.

Table 3. Estimated bill of materials and hardware cost

(EUR).
Component Qty. Unit price Subtotal
ESP32-WROOM-32 dev. board 1 12 12
ADS1115 16-bit ADC module 1
MPU-9250 9-DOF IMU module 1 14 14
DRV2605L haptic driver 1 9 9
ERM coin vibration motor 1 4 4
Flex sensor 4.5" 4 14 56
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47 kQ resistors, wiring, PCB — — 12
Glove substrate, Velcro, casing — — 25
3D-printed calibration jig 1 6 6
LiPo battery 3.7 V, 500 mAh 1 9 9
Misc. (connectors, headers) — — 5
Total 160

10. Limitations

The present evaluation has the following limitations: (1) the user study sample is restricted to
two subjects; (2) no comparison group using a traditional VR controller (e.g. Meta Quest 2 controller)
was included; (3) only four flex sensors are integrated and no dedicated sensor measures thumb
flexion, which is currently captured only by a digital button; (4) the Mahony filter exhibits a small but
measurable yaw drift (0.6°/min) when the magnetometer is not recalibrated; (5) BLE testing was limited
to short-range (~3 m) line-of-sight conditions and no formal co-existence test with 2.4 GHz Wi-Fi was
performed.

11. Conclusions and Future Work

This work presents a complete VR smart-glove system with a hardware cost approximately 160
EUR (Table 3), real-time latency compatible with VR requirements (mean 21.4 ms, P95 29.6 ms over
100 measurements) and flex-angle estimation accuracy with MAE between 2.8° and 4.2° (maximum
9.1° for the little finger), sufficient for grasping gestures tested in the current Unity scenario. (93.3%
success rate over 90 attempts). The main contributions are the modular firmware running at 50 Hz,
the per-sensor automatic calibration, the 3D diagnostic visualizer and the Unity architecture with a
bidirectional haptic channel. Future directions: (1) a dedicated flex sensor for the thumb; (2) automatic
adaptive calibration; (3) a fully BLE-only communication path validated against 2.4 GHz Wi-Fi co-
existence; (4) a formal user study versus a traditional VR controller with a larger sample (> 15
subjects); (5) an on-device gesture classifier running on the ESP32
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ABSTRACT: This paper presents an LED-based test bench designed to qualitatively
demonstrate the influence of 3D-printed conductive path length on circuit behaviour. A set
of six conductive paths made from ProtoPasta conductive PLA filament, with lengths from
60 mm to 260 mm, was used to build simple LED circuits. The brightness of the LED
connected to the longest path was monitored for 50 h using a photoresistor. The results
showed that longer conductive PLA paths produced visibly lower LED brightness at a fixed
5 Vsupply. The time evolution of the photoresistor signal showed an initial transient phase
followed by a stable plateau, which was consistent with previous observations on the time-
dependent behaviour of conductive PLA. The proposed test bench provides an accessible
tool for visualising the electrical limitations of conductive PLA and for integrating 3D-
printed conductors into student projects where embedded wiring and low currents are
acceptable.

KEYWORDS: conductive PLA, ProtoPasta, 3D-printed electronics, demonstrator, process
parameters
1. Introduction

Nowadays, material extrusion additive manufacturing (MEX) can be used not only to produce polymer
components, but also to fabricate simple functional parts with embedded electrical paths made from
conductive thermoplastic filaments [ 1]. Conductive filaments are commonly based on a polymer matrix,
such as PLA, filled with conductive particles, most often carbon-based fillers [2-3]. As a result, they
can conduct electrical current, but their resistance remains much higher than that of metallic wires.
These materials allow the direct 3D printing of contacts, conductive tracks or simple circuit elements
inside or on the surface of 3D-printed parts [4-5]. In this sense, conductive PLA filaments, such as
ProtoPasta, can be used for building educational and low-power demonstrative applications as they can
be used on conventional 3D printing equipment, at low costs and without requiring specific skills or
operating conditions. However, the electrical properties of the prints will strongly depend on the object
geometry, as well as on the 3D printing process parameters settings [6-7].
In prior work [8], a comprehensive factorial study on ProtoPasta conductive PLA quantified how
printing temperature, speed and layer height influence the apparent resistivity, repeatability and time-
dependent drift over the first 50 h after printing. Thus, it was shown that nozzle temperature is the
dominant factor for resistivity, while the layer height becomes critical for long-term stability, and that
the electrical behavior stabilizes after about 50 h. In order to practically test these results, the present
paper focuses on the effect of printed conductive path length on a simple LED circuit, aiming to connect
quantitative resistivity data with a clear, visually interpretable demonstrative case study.
There is scarce work that links the resistivity characterization with demonstrative setups that can be
used in teaching or in student projects to visualize how conductive PLA behaves in real low-voltage
circuits. The present study addresses this gap by combining prior resistivity analysis of ProtoPasta
conductive PLA with a LED-based test bench, in order to qualitatively validate the impact of path length
on LED brightness and to provide an accessible platform for future student applications.

The main objective of this research was to design and evaluate an ESP32-based LED test bench in
which six conductive PLA paths of different lengths were powered in parallel from a regulated 5 V
supply, while the brightness of the LED connected to the longest path was monitored over 50 h using a
photoresistor inside a dark space/enclosure.
2. Materials and methods
The conductive specimens were manufactured using a Comgrow T300 FDM 3D printer and
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ProtoPasta conductive PLA filament with a diameter of 1.75 mm. Previous measurements on

the same material showed that printed paths made from this filament have relatively high

apparent resistivity and measurable time-dependent drift, which limits their practical use mainly

to low-current applications [8-9].

For the LED test bench, six separate straight conductive paths were 3D-printed as
parallel rectangular bars, each with a cross-section of 2.4 mm x 1.2 mm, matching the geometry
used in the previous resistivity study. The lengths of the paths were set to 60, 100, 140, 180,
220 and 260 mm (see figure 1), respectively, so that each bar provided a distinct conductive
path between its end contacts. In this way, the influence of conductor length on LED behaviour
could be evaluated using individual printed tracks with identical cross-section and process
parameters.
pr==

N

o & o a o

100

140

180

220

260

Fig. 1. Dimensions of conductive paths

All paths were printed with identical process parameters, selected close to the
configuration that previously provided a favourable combination of low resistivity and good
stability. The main settings were: nozzle temperature 230 °C, printing speed 80 mm/s, layer
height 0.4 mm, nozzle diameter 0.4 mm, bed temperature 60 °C, line infill pattern with 100 %
infill, fan speed 100 %, flow rate 100 %, one top and bottom layer, three perimeters, and
longitudinal orientation of the filament roads relative to the direction of current flow.

The LED test bench consists of two electrically separate subsystems (Figure 2): a5V
LED supply with 3D-printed conductive paths, and a photoresistor measurement circuit
connected to an ESP32 DevKitC board. A Plusivo PS-305D laboratory power supply is used in
constant-voltage mode to provide a regulated 5 V output for the LED branch. In the LED
subsystem, the six 3D-printed conductive paths were wired as individual branches between the
5 V supply and ground. Each branch consists of a conductive PLA path of a given length in
series with a 3 mm red LED, so that the printed path acts simultaneously as conductor and series
resistor limiting the LED current.

| || FExperimentalbench subsystem

Monitoring subsystem

Fig. 2 Electrical diagram
Fig.2. Electrical diagram
The measurement subsystem used an ESP32 DevKitC board to sense the light level
produced by the LED corresponding to the longest path. A 5 mm photoresistor was placed
facing this LED at a distance of approximately 5 mm inside an opaque box, which shielded the
sensor from ambient light and from the other LEDs. The photoresistor formed a voltage
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divider with a fixed 1.2 kQ resistor; the divider was powered from the 3.3 V output of the
ESP32, and the voltage at the midpoint was connected to the ADC input GPIO39.

Commercial Wago connectors and screw terminals were used to connect the printed
paths to the LEDs and to the power supply, while standard insulated wires connected the
divider and ESP32.

3. Results

When all six LED branches were connected, there was a clear visual difference in
brightness between the shortest and longest conductive paths (Fig. 3). For the 60 mm path placed
on the left side of Figure 3, the LED was bright and comparable to a typical red LED driven
from a modest series resistance at 5 V. At the same time, for the 260 mm path, placed on the
right side of Figure 3, a dimmer light was visible, indicating a smaller current through the
branch. The intermediate lengths shown in Figure 3 produced brightness levels that decreased
progressively with increasing path length. These changes were clearly noticeable with the naked
eye, without measuring the LED flux in lumens.

Fig. 3. LED brightness for different conductive path lengths (far left: 60 mm path; far

right: 260 mm path)

This behaviour qualitatively confirmed that the high resistivity of conductive PLA
produced significant voltage drops along longer printed paths. It should be mentioned that,
except for path length, the conductive samples were printed in similar conditions, i.e. on the
same 3D printer and with the same process parameters, while the cross-sections were also
similar. In practice, the printed path had the role of a series resistor whose value scales with
length according to the relationship for a homogeneous conductor, where the resistance is
proportional to length and inversely proportional to cross-sectional area.

Figure 4 shows the filtered ADC curve recorded by the photoresistor for the LED
connected to the 260 mm path. The curve presents a characteristic transient followed by a stable
plateau. Initially, the ADC value was slightly higher, which corresponded to a higher light
intensity, and then it gradually decreased over the first part of the run until it reached a nearly
constant level. Afterward, the curve remained approximately flat for the rest of the 50 h interval,
with some small fluctuations around the plateau level.

The initial decrease in ADC value was interpreted as a moderate reduction of LED
brightness over time, which was in line with the gradual increase in the effective resistance of
the conductive PLA path as the polymer matrix relaxes and the conductive network stabilises.
This interpretation is linked with prior measurements on ProtoPasta conductive PLA [8-9],
where apparent resistivity could be noted to drift during the first hours after printing, before
stabilising. There were no spikes or sudden jumps in the filtered curve, which suggests that no
major disturbances occurred during the experiment.
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Fig. 4. ADC graph with 3000 moving average filter applied

4. Discussion and limitations
During research, the LED test bench went through three experimental iterations before obtaining a
reliable dataset along 50 h of monitoring. In the first attempt, the experimental stand included a higher
fixed DC voltage to power the LED branches, and this made the setup more sensitive to variations in
the main supply. Thus, during the night, a change in the grid conditions produced an observable shift
in the LED brightness, and in the recorded photoresistor signal, and it could not be attributed to the
conductive paths themselves. Therefore, the whole dataset from this attempt was discarded.
In the second attempt, a power supply with adjustable output was configured for 5 V, but its output
voltage was found to drift slowly over time. Periodic visual inspection and voltage checks indicated a
global reduction in LED brightness across all branches, which affected the entire circuit in a similar
way, making it difficult to separate the effect of conductive PLA from the effect of the supply. As a
result, the second dataset was also considered unreliable for long-term analysis in the context of this
study.
In the third attempt, a regulated 5 V output from the Plusivo PS-305D supply was used in constant-
voltage mode (Fig.5-6). The output was verified with a handheld multimeter at the beginning, and at
the end of the 50 h experiment. The measured voltage remained within the accuracy limits of the
instrument, and there were no records of sudden changes in the ADC signal. This indicated that the
supply and wiring were stable. The dark box in which the circuit was placed was kept closed, and the
test bench was not disturbed during the run, and this contributed to the smooth evolution of the
filtered curve.

Fig. 5. Setup with fixed DC voltage power supply
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Fig. 6. Setup with power supply

The results of this demonstrative setup highlight several important aspects for students and practitioners
who wish to use conductive PLA in embedded electronics. First, the strong dependence of LED
brightness on conductive path length shows that, for a given cross-section and supply voltage, there are
practical limits to how long printed conductors can be before the voltage drop becomes unacceptable.
Second, the time evolution of the photoresistor signal reinforces the observation from previous work
that conductive PLA does not reach its final electrical state immediately after printing, but requires a
settling period on the order of tens of hours for the resistivity to stabilize.

5. Conclusions
This paper presented a case study on the impact of 3D-printed conductive PLA path length on LED
brightness in a simple demonstrative test bench. Six conductive paths with identical cross-section and
lengths ranging from 60 mm to 260 mm were printed from ProtoPasta conductive PLA using process
parameters previously identified as favourable for low resistivity and stability. The paths were
integrated into LED branches powered from a 5 V regulated supply, while the brightness of the LED
associated with the longest path was monitored over 50 h using a photoresistor and an ESP32
microcontroller.
The qualitative observations showed a clear decrease in LED brightness with increasing path length,
consistent with the high resistivity of conductive PLA and with the proportionality between resistance
and conductor length for a fixed cross-section. The long-term photoresistor measurements for the
longest path exhibited an initial transient and a subsequent plateau, echoing earlier findings that the
apparent resistivity of this conductive filament stabilises after tens of hours. Despite its simplicity, the
test bench captures key electrical behaviours of conductive PLA in a form that is easy to demonstrate
and to reuse in student projects.
Future work could extend this case study by including direct resistance measurements for each path
length, monitoring multiple LEDs simultaneously, or integrating the test bench into more complex
printed assemblies, such as wearable structures or soft robotic components. In addition, systematic
variation of path cross-section and geometry could be used to build design charts that guide the practical
use of conductive PLA in low-power circuits.
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ABSTRACT: This paper proposes a verifiable virtual reality training scenario for
hardware servicing operations, applied to the replacement of a conveyor sprocket wheel.
The procedure is structured as a sequence of component identification, access
preparation, tool selection, disassembly, replacement, refitting and final inspection. The
implementation is illustrated through Process Simulate VR screenshots and interaction
settings, including controller-based hand interaction, object grasping and snap-location
validation. The scenario was validated with five users by recording completion time,
errors, incorrect steps, autonomy level and subjective feedback. The results show that all
users completed the task, while the main difficulties were associated with locking order
and extraction direction.

KEYWORDS: virtual reality, conveyor, hardware servicing, sprocket wheel, procedural
training

1. Introduction

Conveyor equipment is used in production lines, packaging systems, warehouses,
robotic cells and palletising applications. Its hardware includes belts or chains, support rollers,
end drums, sprocket wheels, guides, guards, fasteners, tensioning modules, supports, motors,
gearboxes and coupling elements. During operation, these parts may require inspection,
adjustment or replacement.

Training personnel for these interventions is difficult when the real equipment is
unavailable, components are heavy, or the procedure must be repeated before the operator
becomes autonomous. Technical documentation explains the operation, but it cannot fully
reproduce access constraints, tool use, extraction direction and the relation between adjacent
components.

This paper proposes a VR training approach focused on hardware servicing of conveyor
equipment. Servicing is defined as identifying parts, removing protective or fixing elements,
extracting a worn component, positioning a new part, refitting fasteners and performing a final
visual check.

The main objective is to convert real replacement procedures into clear, repeatable and
evaluable VR scenarios. The practical scenario is the replacement of a sprocket wheel, with the
expected learning outcome being correct recognition, manipulation and refitting of physical
components.

2. Current state of the field

Virtual reality is increasingly used in industrial training because it represents equipment
in three dimensions and allows direct interaction with digital objects. Compared with static
images or videos, VR lets the trainee inspect assemblies from multiple angles, select
components, use virtual tools and repeat procedures until the correct order is understood.

Recent literature on assembly and disassembly training highlights active learning,
procedural feedback and performance indicators such as completion time, number of errors and
usability [1]. Studies on engine assembly and disassembly training show that replaceable parts,
reusable tools, guidance interfaces and modular architectures support technical learning [2],
[3].

Tool realism, collaboration, user performance analysis and interaction interface
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techniques are important for technical VR training, because the trainee must learn not only the
target component but also the correct access, release, movement and verification sequence [4],
[5], [6].

Conveyor maintenance research shows that belt splicing, belt damage, mistracking and
real-time maintenance management are relevant operational issues for conveyor systems [7],
[8], [9]. Safety rules also require guarding of danger zones and secure positioning of rollers
and wheels, which supports the inclusion of guards, sprockets and access constraints in the VR
scenario [10].

Recent conveyor studies also treat health monitoring, predictive maintenance, thickness
diagnosis and roller damage detection as measurable maintenance problems [15], [16], [17],
[18]. These works support the decision to evaluate the training scenario through observable
indicators such as time, errors, incorrect steps and autonomy rather than only through
subjective feedback.

The use of VR as an industrial training method has been assessed through task
execution indicators and comparative training studies [11], [19]. Transfer of learning from
virtual to physical assembly tasks has also been investigated, which is important when VR
training is expected to prepare users for real industrial servicing operations [12], [20].

3. Proposed methodology for VR hardware servicing

The proposed methodology transforms a real replacement procedure into an interactive
VR scenario. Development begins by selecting the servicing operation, defining the replaceable
parts and establishing the required level of detail for each component.

The first stage is selecting the training subassembly. In the conveyor case, possible
operations include replacing a sprocket wheel, removing a guard, adjusting a guide, replacing
a belt section or changing a fastener. The second stage is hardware decomposition: the model
is organised into individual components so that serviceable parts can be selected, moved and
validated separately.

The third stage defines interactions: grasp points, allowed movement directions, target
placement zones, assembly conditions and visual feedback. For example, the sprocket wheel
can be released only after locking elements are removed, and the replacement part is accepted
only when aligned with the correct shaft position and snap location.

The fourth stage builds the scenario with objectives, spare parts, virtual tools,
disassembly steps, assembly steps and final checks. The fifth stage evaluates observable
criteria: correct part selection, correct tool use, correct order, validated positioning, refitted
fasteners and final inspection.

VR methodology stages for hardware servicing

1. Assembly 2. Hardware 3. Interactive 4. Replacement 5. Procedural
selection decompeosition VR model procedure evaluation
> » »
conveyor, subassembly, parts, fasteners, manipulable parts, removal, replacement, sequence, correctness,

component to replace tools, access ssembly zones, guidanc refitting, alignment integrity, autonomy

Fig. 1. Methodological flow for developing VR training focused on hardware servicing

4. Practical case study: replacement of a sprocket wheel
The practical case study is the replacement of a sprocket wheel in a conveyor assembly.
The scenario was configured and illustrated in Tecnomatix Process Simulate VR, while the
same logic can also be implemented in Unity VR and follows the real sequence: gain access,
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identify the defective sprocket, remove it, position the replacement part, refit it and inspect the
final state.

In the VR scene, the conveyor is divided into manipulable parts and reference parts.
Manipulable parts can be selected, extracted, moved and refitted, while reference parts remain
fixed to clarify the relation between the sprocket wheel, shaft area, guards, guides, support
frame and drive module.

The sprocket wheel is marked as defective at the beginning of the exercise. The trainee
gains access, identifies and confirms the highlighted target, releases the old component,
extracts it along the allowed direction, selects the replacement sprocket and places it into the
validated snap location.

The system blocks physically impossible actions, such as extracting the sprocket before
releasing the locking elements or inserting the replacement part in the wrong orientation. The
images are presented as separate operational stages: gain access, identify, remove and replace.

Fig. 5. Replace the sprocket wheel and validate its final position

Table 1. Procedural steps for the sprocket wheel replacement scenario
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Step| User action |Acceptance condition| Possible error | Feedback provided
The user
. . approaches the |Accessible area remains
Gain access to  |Access zone visible . o
} " wrong side of the|highlighted and correct
1 |the sprocket and trainee positioned .
: conveyor or approach direction is
area near the mechanism T
cannot access the |indicated
target part
Identify the Highlighted sprocket |Neighbouring |Incorrect selection
2 |sprocket wheel |selected and confirmed [sprocket, shaft or rejected; target sprocket
to be replaced  |as target component  |support selected |remains highlighted
Locking condition Extraction Part remains locked;
Remove the o
. released and sprocket |attempted before |missing release
3 |defective . ] o
extracted along release or in condition and direction
sprocket wheel .S . )
allowed direction wrong direction |cue displayed
W .
Replacement sprocket ag)n\)%rip;are Snap point not
Replace the inserted into validated |P& > WIohe accepted; mounting
4 . . orientation or o !
sprocket wheel [snap location with . position remains
. . incomplete o
correct orientation . . highlighted
msertion
Incomplete final |Checklist shows
5 Verify the final |Sprocket aligned, fixed |position or remaining condition and
assembly and checklist complete missing fixing |local corrective
element feedback

5. Technical implementation

The VR scenario starts from conveyor documentation and from a CAD or simplified
3D model. Only elements that influence replacement must be represented with sufficient
fidelity: sprocket geometry, mounting location, fasteners, guards, access space and extraction
direction.

In Unity, the same logic can be mapped through XR Interaction Toolkit interactable
objects, sockets, snap zones and controller actions [13]. In Process Simulate VR, the stages can
be configured through Live Hands, grasp settings, object snap locations and constrained
movement [14]. Each action must be linked to a verifiable condition rather than being
represented only as a predefined animation.

The technical configuration used in the scenario is summarised in Table 2. The
configuration links each visual object to a specific user action and to a validation rule, allowing
the instructor to observe whether the trainee understands the mechanical order of the operation.

Table 2. Technical configuration of the VR scenario

Element Configuration

Simplified assembly with visible frame, belt area, shaft zone,

Conveyor 3D model guards and sprocket wheels

Marked as serviceable object; selectable, removable and

Interacti K
nteractive sprocket replaceable

Exercise starts with the transmission area highlighted and the

Access state ..
access zone visible
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Controller hand interaction enabled for the defective and

Grasping replacement sprocket

Validated mounting point on the shaft; accepts only correct final

Snap location ..
position

Extraction allowed only after release condition and only along the

Moti traint . .
otion constran defined direction

Local visual cues for wrong component, missing release, wrong

Feedback .. . . .
direction or incomplete insertion
Looei Completion time, errors, incorrect steps, autonomy level and
0gging .
feedback recorded by instructor
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o < /= L &, VR Configuration
“rue Virtual Export Augment
o 4 ding~ | Reality VR Scene Reality
Set Modeling  End e et smblomons SEie
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@ UPDATE AVAILABLE See the update release notes | Dow !
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Fig. 6. Process Simulate VR Live Hands and snap-location configuration used for implementation
6. Validation and performance assessment
The scenario was validated with five users. Each participant completed the same
sprocket wheel replacement task, while the instructor recorded completion time, number of
errors, incorrect steps, autonomy level and subjective feedback. The five users were students
with basic technical background but without prior training on the proposed VR scenario.

Table 3. Validation indicators for a pilot group of five users

User Com.pletlon Errors Incorrect Autonomy level Subjective feedback
time steps
Ul | 6min40s 2 1 Partial guidance Clear after warning
U2 | S5min55s 1 0 Independent Snap point helped assembly
U3 | 7min 20 s 3 2 As51st§ d Needs clearer locking order
execution
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U4 | 6min10s 1 1 Partial guidance Tool choice was clear

US | 5min35s 0 0 Independent Clear and repeatable

The pilot indicators show that the scenario can be assessed through concrete observations. The main
issues are the locking order and first use of the extraction direction, which can be improved through
clearer guidance and feedback.

Table 4. Summary of validation results

Indicator Result
Average completion time 6 min 20 s
Total number of errors 7 errors
Average errors/user 1.4 errors/user
Total incorrect steps 4 incorrect steps
Average incorrect steps/user 0.8 incorrect steps/user
Independent users 2 users
Users with partial guidance 2 users
Assisted users 1 user
Completion rate 100%

The summary confirms that all users completed the exercise. The average completion
time was 6 min 20 s, with 1.4 errors/user and 0.8 incorrect steps/user. Two users completed the
task independently, two required partial guidance and one required assistance, indicating that
the procedure is understandable but that the locking order still requires stronger visual
guidance.

7. Comparison with classical instruction

A small comparative check was added to compare classical written instruction with
VR-based execution. Two users followed a PDF maintenance procedure or written instructions,
while three users completed the same task in the VR scenario. The comparison focused on
completion time, average errors and autonomy.

Table 5. Preliminary comparison between classical instruction and VR training

. . . A A .
Training method No verage verage Observation
users time errors
PDF / written . 25 Users needed more external
2 7 min 10 s guidance for component order
procedure errors/user . ..
and extraction direction
0.7 Users corrected mistakes faster
VR scenario 3 5min 53 s ) due to local visual feedback and
errors/user .
snap validation

The comparison suggests that the VR scenario supports spatial and procedural
understanding more directly than a written procedure. The improvement is most visible in
fewer errors and faster correction, because the user receives immediate feedback when a wrong
component, order or insertion direction is attempted. Because the comparison group is small,
the result should be interpreted as a pilot observation rather than a final statistical conclusion.

The practical relevance of the proposed VR scenario is that it allows the trainee to repeat
the same maintenance operation without occupying the real conveyor equipment. This is
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important in industrial environments where stopping a conveyor line for training purposes can

generate production delays.

The scenario also reduces the risk of damaging real components during the learning
phase. By using visual cues, snap validation and local feedback, the trainee can understand not
only what action is required, but also why a certain order must be respected. For example, the
locking condition and the extraction direction become visible and testable inside the virtual
environment. This supports procedural learning before the operator performs the same task on
physical equipment. This approach is especially useful for rare maintenance tasks, where
employees may not have frequent opportunities to practise.

In addition, the instructor can use the recorded indicators to identify recurring mistakes
and adapt the training session. Therefore, the VR scenario should be considered not only a
visual simulation, but also a structured procedural training tool. Its value lies in combining
technical interaction, error prevention and objective performance assessment.

8. Limitations

The main limitations of the study are the reduced number of pilot users and the focus
on a single maintenance operation. The current scenario evaluates procedural correctness and
interaction coherence, but it does not yet measure long-term retention or transfer of learning to
a real conveyor maintenance task. Future work will extend the validation group, compare VR
training with classical instruction and include additional conveyor components such as guards,
rollers and belt sections.

9. Conclusions

The proposed VR scenario demonstrates that a conveyor maintenance procedure can be
transformed into a verifiable training exercise by linking each procedural step to user actions,
acceptance conditions, possible errors and local feedback.

The pilot validation with five users showed that the scenario can be completed by all
participants, while the main difficulties were associated with the locking order and extraction
direction. These results indicate that VR training is suitable for spatial and procedural learning
in conveyor hardware servicing, especially when the task requires correct access, controlled
manipulation and final assembly verification.

Future work will extend the scenario to additional conveyor components, include a
larger and more balanced validation group, and evaluate the transfer of procedural skills from
VR to real maintenance operations.
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This paper presents the development of the virtual prototype proposed system using
Blender and Unity. The main objective was to create a functional simulation environment
for testing the concept before physical implementation. The 3D modeling stage included
the development of the weapon, the operational framework, and the aerial drone used for
monitoring. After the modeling process, all components were integrated into Unity to
create an interactive virtual environment. The prototype allows the evaluation of system
functionality, interaction between components, and overall feasibility. The obtained results
demonstrate the usefulness of virtual prototyping in reducing development costs and
identifying potential improvements before real-world implementation.
Key words: military system, augmented reality, 3D modeling, virtual prototype, simulation
1. Introduction
In the context of rapid advancements in the field of modern military technology, augmented reality-
based systems are gradually becoming more and more important for improving the operational
efficiency in the combat field. Displaying real-time information directly in the user’s field of view can
increase reaction time, spatial awareness, and decision-making during critical circumstances
This paper presents the development of a concept called Integrated Optical Modular System (Sistem
Optic Integrat si Modular). The Romanian acronym is similar to hawk which represents the assist it
provides to the users, by suppling essential real-time information. The proposed system includes
features such as ammunition display, and mini-map visualization (provided by an aerial drone).

Fig. 1 Project Logo

The main objective of this paper is to develop a virtual prototype capable of simulating the system’s
functionality before creating a physical implementation. To achieve this objective, the 3D software
Blender was used for creating the assets and game engine Unity for creating the virtual environment
and testing the proposed functionalities.
The paper aims to demonstrate the feasibility of the concept and highlighting the advantages of virtual
prototyping.

2. Current State
Augmented reality systems have experienced rapid development in both military and civilian
industries. For quite some time, in aviation, head-up displays are commonly used to provide pilots
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with critical flight information. This technology has migrated to the car industry and is used on newer
cars to provide information about the road.
In the defense sector, Microsoft has developed the [1] Integrated Augmentation System, which
integrates thermal vision, navigation systems and communication tools.
Unmanned aerial vehicles (UAVs) are continuously more used in surveillance missions due to their
ability to provide real-time aerial information.
Despite the current technological advancements, many systems remain expensive, complex and
difficult to scale. The proposed concept focuses on creating an alternative which is modular and more
accessible.

3. 3D Modeling Process

The development stage has started with modelling the 3D assets required for the virtual
environment using [2] Blender. This software was chosen because it’s very user friendly and
easy to understand and learn to create complex geometry.

The weapon model was developed to simulate firing functionality and ammunition
tracking. The weapon module, the one that calculates the ammo count, is mounted on the upper
rail and connected to the reset button on the lower one. It has been modeled with special
attention to maintain realistic proportions and functional design, and also to keep the poly count
so the simulation could run smoothly.

Fig. 2 The gun model in Blender Layout view

Other 3D assets represent the aerial drone to simulate reconnaissance support and overhead
monitoring and the training environment to simulate operational movement and interaction scenarios.
4. Virtual Environment Integration and System Parameters.
After completing the 3D models in Blender, all assets imported into [3] Unity where the
virtual training environment was created. All assets were imported using .fbx format to keep all
information about geometry and textures applied to them.
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Fig. 3 Scene view in Unity

At this stage, several functional parameters were defined in order to simulate realistic
human interaction within the [1] virtual space. These parameters include [5] hand movement
tracking, [6] spatial movement of the user inside the playable area, [7] object manipulation
mechanics, and positioning of virtual object required for creating a tactical training scenario.

Transforms

E% ~ Animate Hand On Input (Script)

Hand Animator * Left Hand (An )
Fig. 4 Hand movement parameters configuration in Unity
A control system attached to the user’s left hand was implented to simulate interaction with the
command module, which is situated on the left forearm [9]. Through this interface, the user can
activate or deactivate specific features during the simulation.
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Fig. 5 Control System mounted on the forearm
Additionally, [8] a mini-map system was implemented using the visual feed of a second camera
mounted on the aerial drone positioned high above the training ground. This feature allows
improved situational awareness by offering an overhead perspective of the operational area. At
this stage, the drone is considered to be controlled by a different person so the soldier can focus
only on the visual feed that is provided into his headset.
5. System Scripting and Functional Implementation
The scripting was developed for implementing the functional logic of the virtual protoype using C#
scripts in Unity. These scripts were created to define the weapon firing mechanics, ammunition
tracking, object interaction and hand-based controls.

Fig. 6 The Script for hand input

The weapon system decreases ammunition values after each shot and allows to reset the count through
a dedicated button mounted on the lower rail of the gun.
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source = gameObject.AddComponents<

firePoint.position,
firePoint.rotation

rb = bullet.GetComponent<
(rb 1= )

rb.linearVelocity =

(clip !=

source.Pla

Destroy(bullet, bulletLifetime);

Fig. 7 The gun script
6. System Functionality Testing
The developed prototype allows testing multiple functionalities within the virtual environment.
The weapon simulates firing actions and ammunition consumption during the user’s testing. The drone
provides continuous visual information to the headset as it’s flown around the area.
As he is navigating through the virtual training area, the user can interact with all the systems
simultaneously. This allows the evaluation of how the multiple features operate within a single augment

reality platform.

Fig. 7 POV of the user when starting the simulation

7. Results and Discussion

254



VIRTUAL PROTOTYPE OF INTEGRATED OPTICAL MODULAR SYSTEM

The prototype successfully integrates multiple systems into a unified virtual platform.
The simulation validates the interaction between the weapon model, drone support system, mini-map
interface and hand-based controls. These features demonstrate that virtual prototyping can
significantly reduce development costs while allowing early identification of design limitations.
One major limitation is represented by the absence of physical augmented reality hardware
integration. The current version focuses exclusively on software validation.
Future improvements may include smart glasses implementation, sensor integration and physical
prototype.
8. Conclusions
This paper presented the development of a virtual prototype for an augmented reality military
assistance system.
The original contribution added to this project consist of creating most of the 3D assets used in the
simulation, developing the virtual training environment, and integrating multiple functional systems
such as hand-controlled interactions, ammunition visualization and drone-based mini-map into a new
perspective in which the soldier becomes an active component of a mechatronic system that combines
human actions with real-time digital assistance.
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ABSTRACT:

This research focuses on the development of a smart platform prototype for evaluating
postural control, integrating the Nordic Thingy:53 inertial sensor and the Edge Impulse
ecosystem. The study demonstrates the technical feasibility of biomechanical data
acquisition (at a frequency of 20 Hz) on an unstable inverted BOSU surface. The major
theoretical contribution lies in the mathematical conceptualization of novel monitoring
metrics: the Spatial Stability Index (ISS), the Recovery Effort Index (IER), and the Kinetic
Efficiency Score (SEK). Furthermore, the paper proposes a standardized clinical testing
protocol. The developed digital tool establishes the necessary technological foundation for
future validation in patients with cerebral dysfunctions.

KEYWORDS: Cerebral dysfunctions, Inertial sensors, Postural control, Edge Impulse
1. Introduction

Objective monitoring as the foundation of evidence-based medicine
In the context of neurological rehabilitation, the success of a kinetic program is often evaluated by the
patient's functional progress. However, in traditional practice, this relies on visual observations or
qualitative scales (such as the Tinetti test or the Berg Balance Scale) which, although useful, suffer from
a lack of granularity. In an era of advanced medical technology, the need to quantify the Efficiency of
the Kinetic Program through precise biomechanical data has become a priority [1].
The BOSU platform, used in an inverted position (with the rigid base facing up), represents one of the
most challenging environments for the postural control system. This configuration induces
multidirectional instability, forcing the rapid integration of the visual, vestibular, and somatosensory
systems. For the physical therapist, the main challenge lies in demonstrating that, over the course of 10
or 20 physical therapy sessions, the patient’s stability parameters improve along a detectable learning
curve [2].
The evolution of research and the transition towards clinical validation
This paper represents Part III of the research initiated through hardware exploration and sensor
optimization.
. Paper 1 ("Balance Assessment Technologies: Integration of a Triaxial System') demonstrated
the technical feasibility of monitoring an unstable platform, laying the foundation for collecting force
and inclination data.
. Paper 2 ("System Optimization through IMU Integration") refined this data collection, utilizing
inertial units (Nordic Thingy:53) to achieve superior precision in capturing angular velocities and
accelerations, eliminating the limitations of purely resistive or capacitive systems.
In this third stage, the primary objective is to analyze the data and extract relevant conclusions
demonstrating the efficiency of the therapeutic program, specifically how a patient's 'stability footprint'
changes under the influence of therapeutic exercise.
Objective: Quantifying patient progress and validating the kinetic program
The central objective of this paper is the development and validation of a methodology for assessing
clinical progress, utilizing an inverted BOSU platform and the Nordic Thingy:53 sensor.
This objective is broken down into two areas of personal contribution:
1. The Real-Time Biofeedback System: Utilizing IMU data to provide the patient with a visual
reference of the center of gravity, accelerating the motor learning process [5].
2. The Kinetic Efficiency Score (SEK): The algorithm will generate a final report confirming whether
the applied exercise program produced a statistically significant improvement in postural control,
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providing the physical therapist with objective evidence of the intervention's success [6].

Integration of the Thingy:53 Sensor on the BOSU Platform

The Nordic Thingy:53 sensor was mechanically secured to the center of the rigid base of the BOSU
device. This positioning was chosen to ensure the correlation of the accelerometer axes with the
platform's inclination axes.

Monitoring Architecture: nRF Edge Impulse and Edge Impulse Studio

In the current phase of the research, a cloud-native data acquisition workflow has been implemented,
utilizing the synergy between the nRF Edge Impulse mobile application and the Edge Impulse Studio
analytics platform. This configuration enables the transformation of the BOSU device from a purely
mechanical piece of equipment into an intelligent assessment system, while maintaining scientific rigor.
Rolul aplicatiei mobile nRF Edge Impulse (Gateway)

The nRF Edge Impulse application installed on the mobile device served as the communication interface
and gateway between the Thingy:53 sensor and the virtual storage environment. Configuration was
performed based on the optimal parameters for balance biomechanics:

* BLE Connectivity: The sensor was identified via its unique hardware address, ensuring a stable
connection between the BOSU platform and the mobile device.

» Sensor Configuration: The 'Inertial' operating mode was selected, enabling sensor fusion between the
accelerometer and gyroscope to eliminate the noise errors identified in previous testing.

» Data Sampling: A sampling frequency of 20 Hz and a sample duration of 30 seconds were
established—values documented in literature as sufficient for capturing postural oscillations without
overloading data transmission.

Simultaneously, a laptop was used to access the Edge Impulse Studio platform. This interface enabled
enhanced data management, contributing to the originality of the proposed solution:

* Session Control (Data Acquisition): The sampling process was initiated from the laptop, with the
mobile application serving solely as a transmitter. This allowed the physical therapist to closely monitor
the patient's posture while simultaneously tracking signal quality on an extended display.

» Signal Visualization: The preview window on the laptop was utilized to analyze waveforms in real
time, allowing for the rapid identification of the subject's major biomechanical deviations on the
inverted BOSU.

Training Label Sample length (ms.)

testd 6nlicsid testd Today, 15:55:43 305
test4.6nhqre2
test4.6620/meo
test3.6615h7d1

test2.661rva0g

RAW DATA
testd.6nlicsid

test1.661rtrv8

unknown E611iSF

@ HWAJ\/MW/E"L\AAIE

)

Figure 1: Edge Impulse application settings on the laptop (Personal archlve)

Defining the Concept of the Kinetic Efficiency Score (SEK)

The Kinetic Efficiency Score (SEK) is defined in this paper as a composite numerical indicator designed
to objectively quantify a subject's postural stability on the inverted BOSU platform. Unlike traditional
clinical scales (such as the Berg Balance Scale or the Tinetti Test), which provide a discrete assessment
dependent on the examiner's subjective observation [1], KES represents a continuous measure derived
directly from the dynamics of forces and rotational moments captured by the inertial measurement unit
(IMU) [2].

257



INTELLIGENT BALANCE PLATFORM: AN INERTIAL APPROACH TO THE EVALUATION AND
TRAINING OF BALANCE

This score does not merely measure the presence or absence of imbalance at a specific moment, but
analyzes the overall quality of motor control: how rapidly postural deviations are detected and how
effective the applied neuromuscular micro-corrections are in maintaining the center of gravity within
the base of support [3].
The definition of SEK is based on the digital signal processing of samples collected over a standard 30-
second window (at a sampling frequency of 20 Hz). The algorithm utilizes the data provided by the
accelerometer and gyroscope of the Nordic Thingy:53 sensor to calculate two primary biomechanical
vectors, which are well-grounded in the specialized literature of stabilometrystabilometriei:

1. Spatial Stability Index (ISS)
The SSI is derived from the angular deviation of the platform along the sagittal (Pitch, ) and frontal
(Roll, ¢). To obtain an average of the deviation from the ideal horizontal plane, the root mean square
value is utilized:

ISS = \/%2?21(93 +0?) (1)

where N represents the total number of samples. From a clinical perspective, a high ISS value indicates
a wide 'stability footprint', suggesting a major deficit in postural alignment [5].

2. Recovery Effort Index (IER):

While the ISS measures the amplitude of motion, the IER measures its dynamics, being extracted
directly from the gyroscope data. The IER reflects the angular velocity at which the patient performs
compensatory corrections.

1
IER = \/ﬁ Y (02 + w2)) )

wherew, ;and w,, ; epresent the angular velocities along the sagittal and frontal axes at sample i. High
angular velocities (an increased IER) indicate jerky movements, characteristic of a proprioceptive
system that reacts late to balance perturbations, resorting to a 'hip strategy' or trunk movements, thereby
consuming a disproportionate amount of neuromuscular energy [7].

The SEK Equation:

The final score is calculated by normalizing these indices on a scale from 0 to 100, where the maximum
value represents theoretically perfect balance:

SEK =100x (1 _ ISSpatieint+k'1ERpatieint) (3)

Maxtheoretical

wherek represents a weighting coefficient that adjusts the importance of the reaction speed relative to
the oscillation amplitude, a mathematical model adapted from the kinematic assessment algorithms
proposed in the neuromotor rehabilitation literature [8].

Defining the value ranges for each indicator and correlating them with postural strategies established in
the literature

ISS quantifies the magnitude of the angular deviation (in degrees) of the center of mass. The maximum
physical value the BOSU platform can record before its rigid edge touches the ground is approximately
25°-30°, a point considered the 'fall limit' [9].

Clinical Interpretation of SSI Values
Table 1. Clinical Interpretation of SSI Values
ISS Interval ~ Rating Significance
1°-5° Optimal The sway area is minimal. The proprioceptive system maintains the
center of gravity strictly above the base of support. Indicates
excellent postural control and complete sensorimotor integration
[10].
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6° - 15°

> 15°

TRAINING OF BALANCE

Compensated Visible oscillations; the patient explores the limits of stability.

Deficient

Balance is maintained but requires continuous corrections.
Characteristic of the intermediate phases of neuroplasticity [11].
Large angular deviations that bring the platform close to its
mechanical tipping limit. Indicates a lack of motor control,
insufficient stabilizing strength at the ankle level, or severe
proprioceptive latency [9].

The IER quantifies the angular velocity (degrees per second, °/s) of compensatory movements.
According to studies based on inertial sensor fusion [8], the velocity of the corrections dictates the
type of motor strategy adopted by the central nervous system.

Clinical Interpretation of IER Values

IER Interval
5°/s - 20°/s

21°/s - 50°/s

> 50°/s

Strategy

Ankle
Strategy

Conscious
Effort

Hip Strategy

Table 2. Clinical Interpretation of IER Values
Significance

Fine, slow, and automatic postural corrections mediated by
myotatic (stretch) reflexes. Indicates minimal energy consumption
and optimal functioning of the muscle spindles [5].

Visible oscillations; the patient explores the limits of stability.
Balance is maintained but requires continuous corrections.
Characteristic of the intermediate phases of neuroplasticity [11].
Large angular deviations that bring the platform close to its
mechanical tipping limit. Indicates a lack of motor control,
insufficient stabilizing strength at the ankle level, or severe
proprioceptive latency [12].

The SEK integrates amplitude (ISS) and dynamics (IER) into a single percentage value (0 - 100),
providing a comprehensive overview of performance. The interpretation model was structured in
accordance with the scaling principles used in rehabilitation biofeedback [3].

Clinical Interpretation of SEK Values

SEK Interval
76 - 100

41-75

Standardized Testing Protocol

Table 3. Clinical Interpretation of SEK Values

Recovery Stage Physical Therapy Recommendation

Functional
Balance

Developing
Control

Therapeutic objective achieved. Corrections are automatic
(low IER) and the deviation amplitude is minimal (low
ISS). Progression to plyometric exercises or sports
reintegration is recommended

The patient exhibits instability but possesses the capacity to
right themselves (moderate/high ISS, but moderate IER).
The program requires continued stimulation on unstable
surfaces, alongside a gradual increase in cognitive difficulty
(e.g., dual-task training) [14].

High Fall Risk Characterized by a combination of extreme tilt (high ISS)

and stiffness/jerky movements (high IER). The inverted
BOSU exercise is too advanced. Regression to exercises on
a stable plane or the dome side of the BOSU (dome side up)
is recommended, under strict physical assistance [2].

To validate the accuracy of the Nordic Thingy:53 sensor and the clinical utility of the Kinetic Efficiency
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Score (SEK), a standardized testing protocol was designed and implemented. This protocol comprises
five specific tests executed on the inverted BOSU platform, designed to evaluate different components
of postural control: proprioception, directional precision, endurance, movement dynamics, and reaction
time.

To provide a quick visual reference of how biomechanical parameters respond within each clinical test,
the evaluation matrix below was developed. This matrix facilitates the interpretation of data extracted
from the Edge Impulse platform by specialized medical personnel.

Table 4. Clinical Assessment via the Edge Impulse Ecosystem

Clinical Test
Name

1. Modified
Romberg

2. The "Clock"
(Weight
Transfer)

3.Single-Leg
Stance
(Duration: 30
seconds)

4. Dynamic
Squat

5.Reaction to
Perturbations
(External
Impulse)

Clinical Parameter

Sensorimotor
integration and visual
dependency.

Voluntary directional
control

Local muscular
endurance and fatigue
detection

Strength symmetry
within a closed kinetic
chain.

Recovery time of
postural reflexes

Reference Range

ISS: < 10° (eyes
closed)

IER: < 30°/s

SEK: Maintained > 70

ISS: 10° - 15°
(intentional tilt)

IER: < 20°/s (smooth
movement)

SEK: N/A (amplitude
test)

ISS: < 8° (in the first
20s)

IER: No sudden
"spikes"

SEK: > 65 throughout

ISS: 0° - 3° (no lateral
deviation)
IER: Constant, < 25°/s
SEK: > 80

IER: Permissible (>
60°/s) at impact
Stabilization time: < 3
seconds to return to
SEK > 75
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(Normal vs. Pathological)

Normal: Minor increase in sway
area upon removal of visual input;
proprioception compensates
effectively.

Pathological: Massive increase in
ISS (> 15°) and a collapse of the
SEK. Indicates a major
proprioceptive or vestibular deficit
(high visual dependency).
Normal: The patient achieves the
required amplitude (visible ISS)
with a low recovery velocity,
maintaining smooth motor control.
Pathological: Very high IER (>
50°/s). Movement is jerky and
rigid; the patient resorts to sudden
jerks to avoid losing balance.
Normal: Stable, constant values
maintained through the fine ankle
strategy.

Pathological (Fatigue): Values are
initially optimal, but during the
final 10 seconds, the REI suddenly
spikes, indicating muscle spindle
exhaustion and the triggering of
gross compensations.

Normal: The center of gravity
descends perfectly along the
vertical axis; the frontal axis ISS
(left-right / Roll) remains close to
0°.

Pathological: An increase in Roll
ISS indicates compensation via the
dominant lower limb (due to
strength asymmetry or fear of
loading the affected limb).
Normal: The nervous system
promptly detects the impulse and
restores the platform to a stable
state in under 3 seconds.
Pathological: Prolonged
stabilization time (> 5 seconds) or
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an absolute inability to right
oneself (fall). Indicates an elevated
risk of falls in daily life.

In conclusion, the system architecture proposed in this work provides a solid technological
foundation, equipping the field of rehabilitation engineering with an instrument ready for extensive
clinical testing and validation within evidence-based medicine protocols.
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This study examines the current level of aquatic accessibility in Romania for individuals
with mobility issues and proposes an integrated SPA center concept located near the
seaside. The research combines theoretical analysis of physical and informational
barriers, evaluation of national balneological resources, review of assistive access
technologies, and a questionnaire applied to 20 participants with various locomotor
limitations. Findings reveal structural and systemic deficiencies in existing facilities,
despite the well-documented therapeutic benefits of aquatic environments. The study
demonstrates the feasibility of implementing a sustainable, user-centered model that
integrates inclusive design, safety systems, and modern transfer technologies. The concept
aims to enhance autonomy, rehabilitation efficiency, and quality of life.
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1. Introduction and theoretical foundation

Access to the aquatic environment represents not only a recreational activity but an
essential therapeutic tool for numerous categories of people. This paper substantiates the need
for an accessible therapeutic aquatic space, aiming at the rehabilitation and social inclusion of
individuals with mobility difficulties, a broad category that includes both wheelchair users and
people with temporary or age-related motor limitations. 1 deliberately opted for the phrase
"mobility difficulties" instead of terms like "handicap" or "special needs". In the applied
questionnaire, the use of this neutral phrasing favored obtaining more responses, eliminating
the initial reluctance observed among the majority of respondents. In the case of neurological,
degenerative orthopedic, or post-traumatic conditions, aquatic therapy contributes to reducing
pain, relieving stiffness, increasing mobility, improving balance, and regaining independence.
Their access to recovery facilities is severely restricted. This research direction is motivated by
experience in physiotherapy, the direct confrontation with local infrastructure deficiencies
experienced within the family environment, as well as the observation of international good
practices (Switzerland, Spain, Tiirkiye, Greece) regarding universal accessibility.

Building on the international study conducted by Eleni M. and Sarah J. Hilton, which
demonstrated that the SPA industry ignores the needs of people with reduced mobility, and
expanding the original sample from 9 to 20 participants, the current paper examines the 4 major
categories of barriers identified by the authors. Informational barriers consist of the absence of

precise data on websites regarding the accessibility level of locations and the inadequate
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communication of the staff, generating anxiety and abandonment right from the travel planning
phase. Physical barriers represent the most restrictive obstacle, including unadapted
environmental and architectural elements, such as non-compliant ramps, narrow doors,
inaccessible furniture, and the absence of adapted restrooms. Social barriers stem from the
staff's lack of training and empathy, who often address companions instead of speaking directly
to the affected person, with negative attitudes frequently generating humiliating experiences
for the beneficiaries. Finally, intrinsic barriers are dictated by individual physical and
psychological limitations, where chronic pain, dependence on companions, and the fear of
hostile environments discourage participation in recovery programs [1].

These theoretical concepts are confirmed by the reality of the Romanian seaside and
urban space, documented through the testimonies of a wheelchair user, Alina P. Her accounts
demonstrate that, although a theoretical legislative framework exists, local infrastructure is
characterized by ramps built exclusively to avoid fines, featuring non-compliant inclines that
force family members to intervene physically, as in the case of her father having to carry her
up the stairs. Damaged sidewalks and high curbs force users to travel directly on the road,
among cars. In public transport, some bus drivers refuse to lower the ramps, claiming they are
in a hurry, while railway staff are forced to improvise to board patients onto trains. The
psychological impact is devastating, exacerbated by apathetic passersby who suggest that
people with disabilities should stay at home so as not to "get in the way" [2].

In the hotel and medical sectors, except for isolated facilities that comply with space
and equipment standards, most buildings feature high thresholds, lack of specialized
equipment, and hard-to-access pools. A gradual modernization process can be observed on the
seaside, recent evaluations confirm that accessibility in Romania remains partial, inconsistent,
and treated as a bureaucratic formality. This analysis of reality demonstrates that the lack of
infrastructure is not a technical issue, but a form of systemic exclusion, fully justifying the need
to build a modern rehab center. The purpose of the research was to evaluate the current level
of accessibility and to develop an applicable concept that integrates validated technological

solutions, natural resources, and inclusive design principles.
2. The Sea as an Active Recovery Factor — Romania's Balneotherapy Potential

Thalassotherapy goes beyond simple relaxation, being an integrated medical program
that harnesses the synergy of the marine ecosystem: water, algae, mud, and saline air. Rich in

sodium and chlorine, seawater acts directly on cellular pressure, effectively reducing
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inflammation and pain. Locating a rehabilitation center on the seashore is a vital strategic
approach for the efficiency of the treatments. The proposed center does not promise a complete
recovery, but rather the improvement of health, independence, and social inclusion. The
abundance of balneary resources gives Romania a privileged European position. The
effectiveness of mineral waters and muds is scientifically validated, offering unique physical
and psychological recovery, especially for post-stroke patients or those with severe arthrosis
(pathologies also found among the questionnaire respondents).

Although the aging population generates a valuable and constant tourist demand, the
huge potential of the over 500 balneary units is hindered by critical structural deficiencies: a
shortage of specialized and empathetic staff, bureaucracy, and, fundamentally, an infrastructure
not aligned with international accessibility standards [3].

The analysis of Bihor County illustrates the contrast between the abundance of
resources and their utilization. Resorts such as Baile Felix and Baile 1 Mai use thermomineral
waters (80°C) with exceptional results in reducing pain, treating over 130,000 elderly people
in a decade at Baile 1 Mai alone. However, out of 75 localities with proven thermal potential,
only 8 have functional infrastructure. The success of developed resorts demonstrates the
necessary direction: integrating natural resources with modern technology in fully accessible

centers, transforming this raw potential into a continuous and inclusive therapeutic journey.
3. Technological evolution and access solutions

While the first lifts in the 1980s relied on water pressure and external assistance,
innovations gradually introduced independence through battery-powered systems. Although
the equipment is technically divided into stationary or mobile models, the major problem in
public facilities in Romania remains poor maintenance, which turns these legally mandatory
lifts into useless obstacles. To ensure inclusion, modern technology proposes fully autonomous
solutions. A great example is the Seatrac system, developed in Greece, which uses a solar-
powered modular track to allow wheelchair users to enter the sea without any external help. In
the controlled environment of swimming pools, various types of lifts and platforms are of great
help, operating on water pressure, allowing access with a wheelchair.

The transition from land to the aquatic environment is facilitated by the use of MobiMat
mats, derived from military technology, which stabilize movement on the sand. In addition,
amphibious chairs offer dual mobility, allowing a fluid transition from the beach into the water.

For safety and dignity during immersion, adaptive swimwear equipped with magnetic closures
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is of particular importance. Inside the center, recovery efficiency is maximized through
advanced medical equipment, such as underwater bicycles and traction systems that perform
spinal elongation directly in the thermal water [4].

Beyond this equipment, the future of rehabilitation belongs to assistive technologies,
such as exoskeletons. These support both patients in regaining their balance and medical staff,
reducing the physical strain caused by handling heavy weights. Adaptation to the aquatic
environment requires dedicated prosthetic solutions, either through vacuum-sealed waterproof
covers that protect the prostheses or through water-resistant attachments that compensate for
the missing limb. The impact of personalized innovation is illustrated by the case of a Spanish
teenager with severe hemiparesis following a stroke. For him, the use of 3D printing allowed
the rapid creation of a swimming paddle adapted to his biomechanics, restoring his balance in
the water at a low cost. This technical intervention demonstrates that modern technology can
quickly restore patients functionality and confidence, directly arguing for the necessity of
integrating smart equipment and rapid prototyping in a recovery center anchored in the realities

of the 21% century [5].
4. Methodology and questionnaire analysis

The analysis of the 20 real cases (16—83 years old; 10 male, 10 female) demonstrates that
the need for accessibility is a daily medical emergency. The participants face severe limitations
caused by neurological, orthopedic, and post-traumatic conditions. In cases of tetraplegia,
stroke, muscular dystrophy, or Wilson's disease, patients depend on constant assistance,
suffering from rigidity and tremors. For them, unloading body weight in water is the only
method that alleviates involuntary movements and allows for neuromotor re-education in a safe
environment. The situation is equally critical for patients with degenerative orthopedic
conditions, such as coxarthrosis, gonarthrosis, or femoral head necrosis. The lack of adapted
infrastructure turns even a simple outing into an extreme effort, a fact confirmed by a patient
with a lower limb amputation, who highlighted that accessing his own apartment building is
impossible without help, as the existing ramps are unusable. All these testimonies validate the
need for an aquatic recovery center; the conclusion of all these cases is that, although the needs
are complex, water provides the perfect setting for integrated rehabilitation, the essential
condition being the guarantee of facilitated access.

To identify the optimal location for such a center, the Romanian coastline was evaluated

using an accessibility scoring system from 0 to 8, inspired by a Spanish study [6][7]. Areas
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such as Tuzla rank at the lower levels due to minimal infrastructure and sedimentary dynamics,
making them suitable only for removable walkways. Places like Costinesti offer a medium
level of accessibility, requiring an expansion of facilities. The higher levels, rated 6-8, are
found in intensely modernized tourist areas, such as Mamaia and Mangalia, that already have
floating chairs and ramps, representing the ideal environment for implementing autonomous
access systems and developing a rehabilitation center.

In addition to urban infrastructure, the research proposes an innovative and sustainable
technical solution based on the circular economy: creating an adapted lounge chair and an
access walkway through the structural reuse of decommissioned wind turbine blades. The
fiberglass provides extreme durability in the corrosive marine environment, while the natural
curvature of the blade mimics the physiological curves of the spine, offering superior
ergonomic support and reducing pressure points for users with reduced mobility. The lounge
chair is designed to support a patient weight of up to 130 kg. The automated hydraulic
mechanism, which would allow lifting and tilting for an independent transfer, was sized for a
total mass of 290 kg, requiring a calculated lifting force of over 3500 N, thus ensuring a
completely safe and reliable operation. It generated major interest in the questionnaire, with 16

respondents expressing the desire to use it.
S. Proposed concept

The design of the rehabilitation center proposes a unitary architectural concept, where
technical rigor harmoniously blends with empathy and respect for the user. Grounded in
theoretical research and the actual needs of the respondents, the vision defines accessibility as
an uninterrupted spatial flow, free from stress and additional effort. The functionality of the
complex depends on perfect continuity, where a single obstacle can nullify the utility of the
entire system. Consequently, the architecture adapts to the individual, guaranteeing safe and
autonomous movement. This fluid experience begins in the online environment, an aspect
considered extremely useful by the study participants. A dedicated web platform would provide
a virtual tour, interactive maps, and a detailed descriptive PDF guide, essential tools that would
eliminate the anxiety of the unknown and allow prior familiarization with the facilities, thus
paving the way for a barrier-free visit.

The transition to the physical environment is achieved through generously sized
parking lots and routes that naturally lead to automated entrances. Inside, the corridors, locker

rooms, and restrooms are ergonomically redesigned to restore dignity and personal control,
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featuring wide maneuvering spaces, accessible lockers, and threshold-free toilets. Safety is an
absolute priority, yet subtly integrated to avoid a cold atmosphere. Non-slip flooring, rapid
drainage systems, motion sensors, and panic buttons would offer invisible but effective
protection, supported by a strict intervention protocol.

The heart of the center is the hydrotherapy area, featuring optimized pools (1.30 m
depth) where soft lighting, chromotherapy, and controlled acoustics induce a state of
profound relaxation. The pools become spaces of gravitational release, accessible via gentle
ramps and pool lifts compliant with international standards. The water temperature is
rigorously calibrated, ranging 28 - 32°C, to support neuromotor rehabilitation and muscle
relaxation.

The success of recovery depends on the infrastructure, but equally on human will, an
aspect also demonstrated by Paralympic athletes. G. Patterson, an Australian swimmer born
with diastrophic dysplasia, achieved sporting excellence on a global scale. S. Galleguillo, an
Argentine swimmer, refused to let the pandemic stop his training, building his own improvised
pool in his backyard to maintain his mobility and coordination. These examples confirm that
water is a medium of liberation. The purpose of the proposed center is to provide that safe

space where disability becomes merely a starting point, not a final destination.
6. Conclusions

By identifying, translating, and synthesizing international literature, and analyzing
barriers correlated with direct field observations, the research confirms the nascent stage of
aquatic accessibility in Romania. Although respondents associate hydrotherapy with pain
reduction and psychological safety, the deficient infrastructure blocks these theoretical
benefits. For effective recovery, users require a continuous therapeutic path, predictable access,
and intuitive equipment to restore their autonomy.

Methodologically, the research expanded the reference study (M&H) to a sample of 20
individuals, grouped into 3 clinical categories, using a questionnaire focused on the 4 validated
barriers. The responses substantiate a major conclusion: patient dependency is primarily driven
by the hostility of the built environment rather than the severity of the medical diagnosis.
Although they unanimously acknowledge the analgesic effects of water, patients abandon
recovery due to physical barriers (absence of ramps and safe transfer systems) and
informational barriers (16 participants complained about the lack of online transparency

regarding facilities). This architectural and communicational inadequacy maintains
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uncertainty, culminating in a fear of accidents, frustration, and social isolation.

The documentation was supported by international observations of best practices in the
accessibility sector and rigorous photographic field documentation (Mangalia, Bucharest). The
physical realities and environmental obstacles were confirmed both through personal
experience assisting a tetraplegic patient and, to ensure impartiality, through the accounts on
Alina Petruta's blog regarding the challenges faced by wheelchair users. Based on these data
and coastal dynamics factors, a custom ranking table for the accessibility of Romanian beaches
was created, adapted from a Spanish evaluation model.

On an applied level, the project proposes a recovery center located on the Black Sea
coast, spatially designed as a continuous flow to maximize autonomy. This location capitalizes
on the current modernization of the coastline to combine thalassotherapy with Romania's
balneoclimateric potential, which ranks highly in Europe but remains insufficiently utilized.
As an element of sustainability and innovation, a system consisting of an ergonomic sunbed
made from recycled wind turbine blades was proposed. The specific curvature of the blade
mirrors the physiological curvatures of the spine, reducing pressure points.

The research validates the need to transition from isolated and often dysfunctional
architectural interventions to an integrated and predictable system, designed to ensure
functionality, independence, and the absolute safety of users. To combat public reluctance,
modern technological solutions were rigorously documented, including pool hoists,
amphibious chairs (Mobi-chair), autonomous systems (Seatrac), 3D printing devices, and
spinal traction equipment, etc. These examples confirm that the necessary tools exist, and their
integration drastically reduces mobility barriers and accelerates the recovery process.

To eliminate informational barriers, a transparent digital ecosystem was proposed: easy
localization on Google Maps, a downloadable PDF guide, and an online virtual tour. These
tools allow the beneficiary to familiarize themselves with the space beforehand, reducing the
anxiety of the unknown and boosting morale toward healing. Finally, the visual component
includes sketches initially drawn on paper and digitally processed, culminating in the
generation of a final image of the architectural concept, obtained after multiple iterations and

processing in the specialized software mentioned in the references.
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Fig. 3. Proposed concept located on the coast, with Seatrac area, walkway, adapted locker &
WC
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