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Abstract

The deep drawing process is widely employed in the manufacturing of gas cylinders, where force monitoring plays a
crucial role in ensuring process stability, product quality, and operational safety. However, the integration of experimental
force monitoring systems with Industrial Internet of Things (IIoT) architectures in real industrial environments remains
limited. This study presents the development and experimental validation of an IloT-based force monitoring system
applied to the deep drawing process of gas cylinders. The system employs load cells installed on an industrial press to
acquire force signals in real time, combined with a low-cost data acquisition unit and wireless communication for data
transmission and storage. Experimental tests were conducted on a 500-ton hydraulic press during the deep drawing of
steel gas cylinders, allowing the analysis of force evolution throughout the forming cycle. The results demonstrate good
signal stability and repeatability, as well as the capability of the proposed system to capture characteristic force patterns
associated with the deep drawing process. The integration with an IIoT architecture enables real-time monitoring, data
traceability, and remote access, supporting future implementations of process control and predictive analysis. The proposed
approach demonstrates the feasibility of implementing experimental force monitoring aligned with Industry 4.0 concepts
in industrial deep drawing operations.
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1 Introduction
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forming operations, the application of Industrial Internet of
Things (IIoT) solutions enables significant improvements in
terms of efficiency, traceability, and reliability of operational
data. These capabilities support faster and more informed
decision-making, contributing to process parameter opti-
mization and the reduction of waste and failures associated
with tool wear.

Advances in IIoT technologies allow sensors and actua-
tors to be connected to the internet, enabling remote moni-
toring and control at any time and from any location. This
technology facilitates communication between sensors and
intelligent devices, improving equipment performance and
increasing overall production efficiency. In this context, sen-
sors can communicate with mobile devices and interact with
each other, allowing the industry to adopt loT-based solu-
tions in several applications, particularly in the manufactur-
ing sector. For instance, load cells can be used to measure
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and monitor forming forces during sheet metal stamping
processes [1].

Cloud-based data transmission aims to integrate and
efficiently share manufacturing resources, enabling the pro-
duction of customized products with high efficiency. With
the introduction of cloud manufacturing concepts, several
topics have been widely investigated and discussed in both
industrial and academic contexts. However, it is important
to recognize that the transmission and management of man-
ufacturing data in cloud environments still require further
development and consolidation [2].

According to [3], the implementation of monitoring sys-
tems capable of providing information based on the most
relevant stamping parameters and identifying process limits
according to part geometry is of great importance for form-
ing operations. Nevertheless, the integration of real-time
experimental process monitoring aimed at predicting poten-
tial failures—based on the understanding of material behav-
ior and the geometry of the forming tools—remains limited.
This gap directly affects production costs and final product
quality, highlighting the need for experimental monitoring
solutions that can effectively support the sheet metal form-
ing industry [4-11].

In this context, the development of a system capable of
monitoring in real time the main parameters that directly
influence the industrial stamping process within a produc-
tion line can contribute significantly to the monitoring of
key variables affecting sheet metal behavior during forming
operations. Such a system makes it possible to minimize the
main process-related defects and to demonstrate the direct
influence of tool geometry on the final shape of the formed
component [12-20].

To develop a device capable of performing real-time
process monitoring, it is necessary to employ a system that
transmits the information collected during manufacturing
to a remote-access platform. Additionally, the monitoring
device must be installed on or integrated into the forming
tool in order to collect data more accurately in the plasti-
cally deformed region. The development of sensors capable
of acquiring relevant information to continuously optimize
and improve manufacturing processes is therefore expected,
although such solutions have not yet been widely imple-
mented on industrial shop floors [21-32.

The present article adopts an integrated approach to
enhance the efficiency and quality of stamping processes in
the mechanical industry. The main novelty lies in the spe-
cific application of the Industrial Internet of Things (IIoT)
to collect real-time force data throughout the entire stamp-
ing cycle. The proposed remote monitoring system enables
operators to track the forming process in real time from any
location, further reinforcing the originality and industrial
relevance of the research.
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This work combines two research fronts of recognized
academic and industrial importance. The first concerns
mechanical forming processes, particularly deep draw-
ing, applied to the manufacturing of components with high
structural responsibility, such as gas cylinders. The sec-
ond is associated with the incorporation of Industry 4.0
and Industrial Internet of Things (IloT) concepts into the
manufacturing environment through press instrumentation,
real-time data acquisition, and integration with cloud-based
digital platforms.

2 Materials and methods
2.1 Press used in the stamping process

The mechanical press used in this study is an ERFURT
eccentric press, a piece of equipment widely employed
in industry, particularly in the stamping of gas cylinders,
which requires the application of high forming forces. With
a nominal capacity of 500 tons, the press is designed to pro-
vide robustness and structural rigidity, ensuring stable oper-
ation even under high-load conditions. In addition, the press
requires low maintenance, contributing to high operational
availability and reliability. Its high productivity rate makes
it particularly suitable for large-scale production processes.

Among its main technical characteristics, the press fea-
tures a precise control system that allows accurate adjust-
ment of operating parameters, such as forming force and
stamping speed, as well as a robust construction capable
of withstanding intensive working cycles. The press is also
equipped with safety systems designed to protect the opera-
tor and prevent operational failures. Fig. 1 illustrates the
ERFURT 500-ton eccentric press used in this study.

Furthermore, the press design allows easy integration
with industrial automation and remote monitoring systems,
which further optimizes the production process and facili-
tates predictive maintenance strategies.

The stamping die set installed on the press is illustrated
in Fig. 2 and is used for manufacturing the product through
an industrial stamping process. The tooling was specifically
designed to meet the requirements of the process and the
geometry of the final product. Its manufacturing involved
several advanced processes, including computer numerical
control (CNC) machining, wire electrical discharge machin-
ing (EDM), grinding, and heat and surface treatments,
ensuring high dimensional accuracy, wear resistance, and
structural integrity during operation.

The tool geometry, which includes a complex bending
profile, was selected due to its ability to form components
with high complexity and precision. This geometric char-
acteristic is particularly relevant to the present study, as it
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Fig. 1 ERFURT 500-ton eccentric press

enables a detailed analysis of forming conditions such as
force distribution, material deformation, and potential pro-
cess failures. In addition, the chosen geometry allows the
evaluation of critical factors such as thermal distribution and
the mechanical behavior of the material during stamping.

The tooling was manufactured using high-durability
materials, specifically AISI D2 tool steel, combined with
heat treatment, surface treatment, and tempering, in order to
withstand the demanding conditions of high-volume stamp-
ing processes. The surface finish quality of the tool was
carefully controlled to minimize friction during forming and
to ensure extended tool life.

This stamping tool was selected for analysis due to its
ability to provide an efficient and repeatable forming cycle,
enabling the production of components with the quality
required for industrial applications. Fig. 2 illustrates the
detailed model of the tooling used in the study.

To provide better contextualization, relevant informa-
tion regarding the tooling and the press is summarized in
Table 1. This table presents specifications such as die mate-
rial, punch material, press operating speed, and maximum
press force. These parameters are essential for a compre-
hensive understanding of the performance of the press and
tooling during the forming process.

95 +0.10
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Fig.2 Lower die of the deep drawing tooling

Table 1 Specifications of the tooling used in the studied Stamping
process.Source: author (2025)

Description Specification

Press Hydraulic

Maximum nominal force 500T

Die material AISI D2

Punch—die clearance f 2,650 mm

Sheet thickness 2,650 mm

Punch material D2 steel with PVD coating
Press speed v 25 a35 gpm

These specifications help contextualize the scale of the
application and the technical details of the tooling, enabling
a more accurate analysis of the system. They are also crucial
for evaluating process efficiency, thermal behavior during
operation, tool durability, and key variables that must be
controlled to optimize production. With this information, it
becomes possible to identify potential areas for improve-
ment and to implement adjustments aimed at enhancing
both product quality and productivity .

For product manufacturing, SAE 1008 GL1 steel sup-
plied by USIMINAS was used. The maximum chemical
composition includes 0.08% carbon, 0.4% manganese,
0.011% phosphorus, and 0.08% sulfur. This steel grade is
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widely used in industry due to its good formability, weld-
ability, and mechanical strength, making it suitable for
stamping processes.

The selection of SAE 1008 steel was motivated by its
excellent response during stamping, providing improved
plastic deformation, reduced risk of cracking, and fewer
forming defects. In addition, the material exhibits good
structural uniformity and controlled friction behavior,
which are essential characteristics for ensuring final product
quality and tooling durability.

Another important factor is its favorable cost—benefit
ratio, as SAE 1008 offers a balance between mechanical
properties and ease of processing, improving overall pro-
cess efficiency. This steel is commonly used in gas cylinder
manufacturing, as illustrated in Fig. 3, which requires high
formability and dimensional accuracy.

Within this context, the system developed in this work
represents an intermediate solution between conventional
sensors and fully integrated intelligent systems, enabling
the acquisition of the real stamping force behavior in an
industrial environment, with low cost and minimal interfer-
ence in the production process.

In the industrial facility where the experiments were
conducted, a FLIR ZLV-FLIRE49001 thermographic cam-
era was used, as shown in Fig. 4, to perform temperature
measurements of the sheet during the forming process.
The main objective was to analyze the thermal behavior
of the material, monitor temperature variations throughout
the stamping process, and evaluate possible microstruc-
tural changes.

The monitoring system was used to record thermal varia-
tions during the process. This approach enables more pre-
cise control of stamping operations, identification of critical
heating zones, and process adjustments aimed at reducing
defects and improving production efficiency.

2.2 Data acquisition system

The data acquisition board selected for the process is the
ESP32-C3, chosen due to its high processing capability,
low power consumption, wireless connectivity (Wi-Fi and
Bluetooth), and ability to support multiple sensors simulta-
neously. To ensure proper integration with other devices, it
is essential to verify the available analog and digital ports,
ensuring accurate and efficient connections while avoiding
interference and guaranteeing data fidelity [33—41].

The ESP32 also enables real-time data transmission
using the MQTT protocol, as well as Wi-Fi and Bluetooth
communication, allowing integration with remote monitor-
ing systems and data storage on local servers or cloud plat-
forms. A graphical user interface was employed to facilitate
data visualization and processing. This approach makes the
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Fig. 3 Stamped gas cylinder product

Fig.4 FLIR ZLV-FLIRE49001 thermographic camera

system more dynamic, allowing rapid process adjustments
and contributing to continuous improvement of stamping
quality [42-51].

2.3 Instruments used for device assembly

As a preliminary step in the development of the data acquisi-
tion system, an attempt was made to identify the output sig-
nal associated with the stamping force through the RS485
communication interface available on the press, as illus-
trated in Fig. 5. This analysis aimed to verify the existence
of an active signal on the bus that could be used for direct
process data acquisition, potentially reducing the need for
additional instrumentation.
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Fig. 5 RS485 communication interface

The RS485 interface was directly connected to a digi-
tal oscilloscope, as shown in Fig. 6, allowing observation
of the electrical behavior of the bus during press operation.
The oscilloscope was used to monitor voltage variations, the
presence of differential signals characteristic of the RS485
standard, and any data transmissions synchronized with the
stamping cycle.

During the tests, no electrical signals compatible with
active communication were detected on the RS485 bus,
even with the press in operation. Oscilloscope analysis indi-
cated an absence of significant activity on the differential
lines, suggesting that the interface was either not enabled
for data transmission, did not provide stamping force infor-
mation, or operated under proprietary configurations inac-
cessible under the evaluated conditions.

Subsequently, an alternative approach was investigated
to continue the development of the data acquisition system
and the implementation of the monitoring device firmware.
An experimental verification of the analog output of the
load cells installed on the press was performed using a digi-
tal oscilloscope. This step aimed to evaluate the electrical
behavior of the signal generated by the load cells during
stamping and to ensure compatibility with the input range
of the analog-to-digital converter (ADC) of the microcon-
troller used in the device, as shown in Fig. 7.

Fig. 6 RS485 connection to the oscilloscope

The load cells provide a low-amplitude differential signal,
typically in the millivolt range, proportional to the applied
force during the stamping cycle. Therefore, direct measure-
ment of this signal was essential for defining the gain param-
eters of the instrumentation amplifier and for determining the
relationship between electrical voltage and mechanical force,
later implemented in the embedded system programming.

The oscilloscope was connected to the output termi-
nals of the load cell, enabling real-time observation of the
analog signal during press operation. This instrumentation
made it possible to identify maximum and minimum sig-
nal amplitudes, signal stability over time, the presence of
electrical noise, and potential distortions associated with
the industrial environment. In addition, time-domain analy-
sis allowed visualization of the force profile throughout the
stamping cycle, highlighting the load application moment
and the dynamic behavior of the process.

Based on oscilloscope measurements, it was verified that
the voltage range generated by the load cells was within
the operational limits expected for the conditioning system
and the microcontroller ADC. These data were essential for
defining acquisition parameters such as ADC resolution,
sampling rate, and saturation limits, as well as for imple-
menting the voltage-to-force conversion routine, expressed
in tons, in the device firmware.

@ Springer
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Fig.7 (a) Analog cable con-
nection to the oscilloscope; (b)
verification of the analog output
signal of the load cells
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Fig. 8 Electrical circuit diagram for the ESP32-C3 and STM32G030
microcontroller

Thus, the use of the oscilloscope represented an indis-
pensable step in the development of the monitoring system,
ensuring that the analog signal from the load cells was prop-
erly understood, conditioned, and digitized. This prior veri-
fication contributed to the reliability of the measurements
performed by the developed device, ensuring that the force
values obtained during the gas cylinder stamping process
accurately represented the real behavior of the press and
were suitable for the experimental analysis proposed in this
work.

To assemble the data acquisition board, a printed cir-
cuit board, wiring, the ESP32-C3 acquisition board, an

Fig.9 Signal acquisition and
conversion system
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STM32G030 microcontroller as illustrated in the electrical
diagram in Fig. 8, and a 5 V DC power supply were used.
Connections were established between the load cells and the
acquisition device, and the ESP32-C3 was connected to the
Arduino IDE for system parameterization. To collect stamp-
ing forces during gas cylinder production, a data acquisi-
tion system was developed consisting of an STM32G030
microcontroller, responsible for signal sampling and prepro-
cessing, and an ESP32-C3 module, responsible for Wi-Fi
transmission for cloud storage.

The load cell operates in a Wheatstone bridge configura-
tion and is powered by a stabilized excitation reference. The
low-amplitude differential output signal is amplified by a
low-noise instrumentation amplifier with gain adjusted to
utilize the full range of the 12-bit ADC of the STM32. A
second-order analog anti-aliasing filter is applied prior to
A/D conversion, as illustrated in Fig. 9.

Sampling was configured per channel, triggered by
a dedicated timer and collected via DMA to ensure CPU
efficiency. After conversion, digital filtering (moving aver-
age/FIR), two-point calibration, and extraction of relevant
parameters (force peak, peak time, integrated energy) were
performed. The data were then packaged and transmitted
to the ESP32 via UART using a binary protocol with CRC
verification. The data were subsequently transmitted to a
cloud-hosted Excel spreadsheet for later analysis, as shown
in Fig. 10.

Data from the load cells installed on the press were
locally acquired and processed by the STM32G030

Dispositivo de aquisi¢do
de sinais e conversdo
(STM32G030F6P6)

UART
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Fig. 10 Cloud-based data transmission model

microcontroller, ensuring deterministic behavior and inde-
pendence from network connectivity. Subsequently, the
data were transmitted via the ESP32-C3 module to public
cloud storage using a Software as a Service (SaaS) solution.
Fig. 11 shows the fully assembled monitoring device inte-
grating all components.

The adoption of a free public cloud solution was a meth-
odological decision aligned with the experimental scope
of this work. Considering data volume, sampling rate, and
research objectives, the resources offered by free platforms
were sufficient for data storage, organization, and analysis
without compromising measurement integrity or reliability.

It should be noted that the proposed architecture is
independent of the cloud service provider, since the criti-
cal acquisition, conditioning, and initial signal processing
layers are performed locally. Therefore, replacing the plat-
form with paid or private solutions can be achieved without
changes to the instrumentation or firmware, demonstrating
the scalability and industrial applicability of the approach.

Fig. 12 Analog signal at the load cell output

2.4 Analysis of the analog signal from the load cells

The Fig. 12 presents the analog signal obtained directly
from the output of the load cells installed on the press dur-
ing a stamping cycle, measured using a digital oscilloscope.
This experimental step aimed to characterize the electri-
cal behavior of the signal associated with mechanical load
application and to verify its suitability for subsequent acqui-
sition and processing by the embedded system developed in
this study.

@ Springer
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Initially, a low-amplitude region with small fluctuations
is observed, corresponding to the idle state of the press, in
which no significant force is applied to the tooling. Subse-
quently, a progressively increasing voltage ramp is observed,
associated with the onset of contact between the punch and
the sheet and the gradual increase in force during the deep
drawing process. This behavior demonstrates the sensitivity
of the load cells to variations in applied mechanical load.

The signal reaches a well-defined maximum value, char-
acterizing the voltage peak corresponding to the moment of
maximum mechanical loading during the stamping cycle.
This peak is directly related to the maximum effort imposed
on the material during the formation of the gas cylinder
dome. After this point, a sharp voltage reduction is observed,
indicating load release and the end of the forming cycle.

The measured signal amplitude is on the order of
volts, compatible with the input range of the ADC of the
microcontroller used in the acquisition device. No signal
saturation was observed, confirming the adequacy of the
adopted signal conditioning and the correct definition of
system gain. The presence of low-amplitude electrical
noise is consistent with the industrial environment and
was addressed in subsequent digital filtering stages imple-
mented in the firmware.

Thus, experimental analysis of the analog signal con-
firms that the load cell output exhibits behavior consistent
with the physical phenomenon of the stamping process and
is suitable for digital acquisition and subsequent conversion
into force values. These results supported the implementa-
tion of the acquisition and processing routines in the embed-
ded system, ensuring that the load data obtained during gas
cylinder stamping are representative and reliable for the
experimental analysis proposed in this work.

2.5 Instrumentation and data acquisition system
architecture

The experimental system architecture consists of three main
layers: local signal acquisition, embedded processing, and
data storage. The load cell is configured as a Wheatstone
bridge and excited by a stabilized voltage source. The
low-amplitude differential output signal is amplified by a
low-noise instrumentation amplifier with gain adjusted to
properly utilize the dynamic range of the 12-bit ADC of
the STM32G030 microcontroller. A second-order low-pass
analog filter is applied prior to A/D conversion, acting as an
anti-aliasing filter.

Signal sampling is performed periodically, triggered by
an internal microcontroller timer, ensuring deterministic
behavior and measurement repeatability. The acquired data
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undergo digital filtering and calibration, enabling conver-
sion into force values expressed in physical units.

After local processing, the force peak data from each
stamping cycle are transmitted via UART to the ESP32-
C3 module, responsible for wireless communication with
the Wi-Fi network. Data storage is performed in a public
cloud-hosted spreadsheet, allowing data organization and
subsequent analysis of the time series obtained during
experimental trials.

2.6 Experimental procedure and system calibration

The development of the stamping force monitoring system
began with experimental verification of the analog output
available on the stamping machine, a fundamental step
for defining the signal acquisition and processing strategy.
This verification aimed to identify voltage range, temporal
behavior, and noise presence, ensuring compatibility with
the proposed electronic system.

For this purpose, the machine’s analog output was moni-
tored using an oscilloscope, allowing direct visualization of
the signal during real gas cylinder stamping cycles. Signal
analysis enabled identification of maximum and minimum
voltage amplitudes and their variation throughout the forming
cycle. These data served as the basis for signal conditioning
design, instrumentation amplifier gain definition, and selec-
tion of the operational range of the microcontroller ADC.

Based on oscilloscope characterization, the relationship
between electrical voltage and applied force was established
and subsequently implemented in the microcontroller pro-
gramming to calculate force values expressed in tons. This
step ensured coherent and physically meaningful conver-
sion of measured voltages into load values.

After preliminary signal verification, system calibration
was performed using certified weights applied at multiple
points across the load cell operating range. From these
tests, a linear relationship between measured output voltage
and applied force was determined, enabling direct conver-
sion of digital readings into load values during stamping
experiments.

Experimental trials were conducted on a press used for
gas cylinder forming, with the load cell positioned to record
applied force during each stamping cycle. During opera-
tion, the system automatically identified the force peak of
each cycle, which was adopted as the representative process
parameter.

The sampling rate was defined based on prior oscillo-
scope analysis, ensuring adequate temporal resolution to
capture force evolution during stamping without compro-
mising system stability or data reliability.



The International Journal of Advanced Manufacturing Technology

2.7 Storage and organization of experimental data

Experimental data processed locally by the microcontroller
were transmitted via Wi-Fi to a public cloud environment
using a Software as a Service (SaaS) solution. This choice
was motivated by ease of access, low cost, and suitability
for the volume of data generated in the conducted trials.

Analysis of the collected data indicates that the mea-
sured press force exhibited predominantly stable behavior
throughout the experiment, with values mostly concentrated
in the approximate range of 255-265 tons. During most of
the interval between 15:06 and 16:02, measurements fluctu-
ated slightly around a mean value, indicating process regu-
larity and good repeatability of the measurement system.
Small fluctuations are expected in real stamping operations
and may be associated with natural material variability, fric-
tion between tool and workpiece, minor positioning differ-
ences, or dynamic response of the acquisition system.

Notably, isolated force peaks were observed, such as
values close to 267.9 tons, as well as more pronounced
drops, particularly the final measurement around 219.5
tons, which deviates from the previously observed pattern.
These deviations may indicate transient events such as cycle
start or end, load release, signal interference, or momentary
changes in press operating conditions. Within the scope of
this study, these results reinforce the importance of time-
domain force signal analysis, enabling identification of
steady-state regions and potential anomalies, as well as sup-
porting validation of the instrumentation system and cor-
relation between applied force and material behavior during
stamping.

Preliminary statistical analysis of the data supports the
interpretation of a stable press operating regime during most
of the operation, as force value dispersion around the mean
is relatively low when extreme points are excluded. This
behavior indicates that the press drive and control system,
as well as the tool-material assembly, maintained consistent
operating conditions throughout the analyzed cycle. Such
stability is essential to ensure stamping process repeatabil-
ity, reduce dimensional variability of produced parts, and
enhance the reliability of experimental results obtained in
this research.

In addition, identification of isolated variations and out-
lier values provides important insights for evaluating data
acquisition system quality and understanding the physical
phenomena involved in the process. These deviations may
be related to electrical noise, sampling delays, mechanical
vibrations, or abrupt changes in press loading state. There-
fore, detailed time-domain force signal analysis not only
characterizes the mechanical behavior of the stamping pro-
cess but also validates the adopted experimental methodol-
ogy, reinforcing the robustness of the results presented.

The use of cloud storage in this work is exclusively
intended for data storage, organization, and traceability. No
evaluation of cloud computing platform performance, secu-
rity, or scalability was conducted. It is emphasized that the
critical layers of signal acquisition, conditioning, and initial
processing are performed locally, ensuring independence
from network connectivity for obtaining measurements.

Experimental analysis was conducted based on real-time
monitoring of press force through a web-based interface
accessible via browser at IP address 172.20.10.4, as shown
in Fig. 13. This interface displays the graph labeled “TON
Monitor,” allowing continuous observation of force behav-
ior during press operation. The acquisition system enables
dynamic data visualization, facilitating identification of
variations over time and providing an effective tool for
stamping process analysis.

From the graph, force values are observed to remain
mostly concentrated around the 255-265 ton range, with
small oscillations throughout the monitored interval. This
characteristic indicates that the process operates predomi-
nantly in a stable regime, without abrupt variations or sig-
nificant erratic behavior. The observed stability is a positive
indicator of both press mechanical performance and the reli-
ability of the adopted measurement system.

The use of a real-time visualization system also enables
analysis of process dynamics, highlighting natural oscilla-
tions resulting from press operation cycles, tool-material
contact, and intrinsic forming characteristics. Such varia-
tions are expected in real industrial processes and reflect the
interaction between mechanical parameters, friction condi-
tions, and structural response of the equipment.

Another relevant aspect of experimental analysis is the
ability to identify transient events, such as small force
peaks or drops visible along the curve. These events may be
associated with momentary variations in part positioning,
material heterogeneity, or fluctuations in the drive system.
Detection of such phenomena in real time is essential for
studies aimed at improving process control and preventing
operational failures.

Thus, the experimental methodology adopted, based
on continuous force monitoring through a web interface,
proved adequate for characterizing press behavior during
stamping. The obtained dataset provides a solid basis for
subsequent analyses, enabling both validation of the instru-
mentation system and correlation of experimental results
with real process behavior discussed throughout this work.

2.8 Considerations on the experimental scope
It is important to emphasize that the system developed in

this work was designed with a restricted focus on measuring
stamping force during gas cylinder production, serving as
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TON Monitor

Fig. 13 Real-time monitoring of stamping force

an experimental foundation for mechanical forming process
analysis. Aspects such as vibration analysis, energy con-
sumption, advanced graphical interfaces, or machine learn-
ing applications are beyond the experimental scope of this
research and are therefore not addressed in the presented
results.

Nevertheless, the proposed architecture demonstrates
potential for future expansion to include additional variables
and functionalities, although such extensions are not experi-
mentally validated within the scope of the present study.

3 Results and discussions
3.1 Validation of the force monitoring device

The validation of the proposed device was carried out based
on the acquisition of the analog signal obtained from the
press instrumentation system, previously verified using a
digital oscilloscope. This step made it possible to confirm
the stability, linearity, and variation range of the voltage sig-
nal generated as a function of the applied force during the
stamping process. The measured voltage values were sub-
sequently incorporated into the microcontroller firmware,
enabling the conversion of the electrical signal into force
values expressed in tons.

The experimental tests demonstrated that the device
exhibits stable behavior throughout the press operating
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cycles, with no significant noise or signal loss that could
compromise measurement reliability. The repeatability of
the readings over multiple cycles indicates that the devel-
oped system is suitable for industrial real-time monitoring
applications.

3.2 Analysis of force curves during the stamping
process

Based on the validated device, force—time curves were
obtained for different stages of the deep drawing process.
The curves reveal a progressive increase in the applied
force as the sheet metal comes into contact with the tool-
ing, reaching a peak associated with the phase of greatest
plastic deformation and sheet-tool friction. Subsequently,
stabilization and a reduction in force are observed at the end
of the cycle.

The maximum force values recorded are consistent with
the nominal capacity of the 500-ton press and with data
reported in the literature for similar forming processes. The
analysis of the curves allows the identification of repeatabil-
ity patterns between cycles, evidencing process stability and
the potential application of the system for detecting opera-
tional deviations, such as tool wear or material variability.

The results obtained from the force measurements indi-
cate that the stamping process operated predominantly
under a quasi-steady regime, with force values concentrated
within a relatively narrow range for most of the test duration.
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This concentration around a mean value suggests consistent
mechanical behavior of the press during operation, reflect-
ing good interaction between the processed material, tool-
ing, and operational parameters. Such behavior is essential
to ensure process repeatability and to obtain products with
controlled dimensional and structural quality.

The temporal analysis of the force signal reveals small
oscillations throughout the cycle, which are inherent to
mechanical forming processes and may be attributed to
factors such as local friction variations, material hetero-
geneities, and dynamic responses of the press drive sys-
tem. Despite these fluctuations, no continuous increasing
or decreasing trend in force was observed, indicating the
absence of progressive instabilities such as excessive tool
wear or significant changes in contact conditions during the
process.

On the other hand, isolated force peaks above the average
value, as well as occasional drops, were identified, particu-
larly a significantly lower value recorded at the end of the
acquisition. These events suggest transient conditions possi-
bly associated with specific moments of the pressing cycle,
such as startup or shutdown, load relief, or measurement
system interference. The presence of these points reinforces
the importance of statistical analysis and adequate signal
filtering for a more accurate interpretation of the actual pro-
cess behavior.

Overall, the results confirm the capability of the experi-
mental system to capture real variations in stamping force,
enabling the identification of both steady-state regimes and
relevant transient events. This information is essential for
validating the theoretical and numerical models developed
in the thesis and provides a basis for future comparative
analyses under different process conditions.

The monitoring results expressed in tons indicate that
the press operated predominantly within a narrow loading
range, close to 260 tons, throughout the analyzed interval.
This concentration of values indicates consistent stamping
behavior, with satisfactory repeatability between observed
cycles, which is desirable in industrial serial production
environments.

The force oscillations observed in the graph are relatively
small compared to the mean load value. This low disper-
sion suggests good operational stability of the system, with
no evidence of progressive force increase or decrease that
could indicate excessive tool wear, alignment problems,
or significant variations in the properties of the processed
material.

Localized force peaks slightly above the average, as
well as small momentary drops, were also observed. These
behaviors may be associated with specific events during the
pressing cycle, such as changes in material resistance during
deformation, variations in tool-sheet friction, or dynamic

responses of the press mechanical system. The presence of
these peaks reinforces the importance of continuous moni-
toring to identify conditions outside the ideal operating
regime.

Another relevant result is the absence of severe insta-
bilities in the force signal. No abrupt variations or erratic
behavior were observed that could compromise process
integrity, indicating that the press control system and the
experimental setup operated under appropriate conditions
during the monitored test.

Real-time data visualization combined with continuous
force recording enables a more in-depth analysis of process
behavior, allowing the identification of operational patterns
and comparison between different operating periods. This
type of result is particularly useful for future applications
involving statistical process control and predictive mainte-
nance strategies.

Finally, the results demonstrate that the developed system
is capable of providing reliable information on stamping
force, contributing to the understanding of press mechanical
behavior and to the validation of the analyses proposed in
this thesis. These experimental data constitute an essential
element for discussing the effects of operational parameters
and for improving real-time monitored stamping processes.

3.3 Experimental validation by comparison with
real press data

The experimental validation of the developed system was
performed through direct comparison between the force
values obtained by the proposed monitoring device and
the actual values provided by the press native system dur-
ing the stamping process. For this purpose, a third column
was incorporated into the data spreadsheet containing the
real applied force values, recorded simultaneously with the
device measurements, enabling point-by-point comparison
over time.

Data analysis shows that although a systematic differ-
ence exists between the values measured by the device and
the real press values, both exhibit coherent temporal behav-
ior, with variations following the same trend throughout
the process. When the press records an increase in applied
force, the device also shows a corresponding increase, and
the same occurs for localized reductions, indicating that the
developed system adequately captures the stamping process
dynamics.

The comparison revealed an average systematic differ-
ence of approximately 10 to 20 tons throughout the stamp-
ing cycle. This discrepancy can be attributed to factors
such as different measurement point locations, differences
between the instrumentation methods adopted by the indus-
trial equipment and the proposed device, internal press
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Fig. 14 Comparison between force measured by the device and the
actual force of the press

calibration, and possible mechanical losses along the force
transmission chain to the instrumented point.

Despite this absolute difference, high temporal coherence
between the signals was observed, with similar dynamic
behavior and consistent identification of load peaks and
regions of higher mechanical demand. The analysis of rela-
tive percentage error indicated that most values remained
between approximately —2% and —6%, a range considered
acceptable for indirect measurements in real industrial envi-
ronments. These results demonstrate that the developed sys-
tem is suitable for reliably representing the dynamics of the
deep drawing process, fulfilling the objective of monitoring
and diagnosing press mechanical behavior, even without
direct access to the machine’s internal measurement system.

The Fig. 14 presents the superposition of the force values
measured by the developed device and the real values pro-
vided by the press system, considering only valid samples
where both data sets are available, allowing direct and con-
tinuous comparison of force behavior throughout the stamp-
ing process.

Despite absolute differences, the data comparison shows
that the device presents good correlation with real values,
particularly regarding the identification of load peaks and
regions of greater mechanical demand. In several instances,
especially around higher force levels recorded by the press,
a proportional response of the developed system is observed,
reinforcing its capability to monitor actual process behavior
without direct access to the industrial equipment’s internal
system.

The consistency between variations observed in both
data sets indicates that the device is suitable for monitoring,
diagnosis, and stability analysis applications in the stamp-
ing process. Rather than reproducing the exact absolute
force value indicated by the press, the system efficiently
captures force behavior over time, which is a key parameter
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the actual force of the press

for evaluating process performance and equipment opera-
tional integrity.

Thus, the comparison between measured data and real
press values experimentally validates the proposed method-
ology, demonstrating that the developed system can faith-
fully represent stamping process behavior. This validation
strengthens the reliability of the presented results and high-
lights the potential application of the device as an indepen-
dent monitoring tool, especially in contexts where direct
access to machine internal data is limited or unavailable.

The Fig. 15, shows the relative percentage error between
the force values obtained by the proposed monitoring device
and those provided by the press system, considering only
valid samples. The error remains within a controlled range,
indicating stability and reliability of the developed system.

Most error values are concentrated between approxi-
mately —2% and — 6%, which is fully acceptable for indirect
measurements in real industrial environments, indicating
that the device slightly underestimates absolute force val-
ues relative to the press system. No increasing error trend
is observed throughout the samples, indicating metrological
stability of the developed system. Isolated points with error
close to zero or slightly positive demonstrate good local
agreement between the systems.

The Fig. 16, presents the correlation graph between the
force measured by the developed device and the real force
provided by the press system during stamping. A significant
dispersion of points around the linear fit line is observed,
resulting in a coefficient of determination R? = 0.1104. This
value indicates low direct linear correlation between the
signals, which was expected due to structural differences
between the measurement systems.

The low coefficient of determination does not indicate
failure of the monitoring system but reflects the structural
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and metrological differences between the measurement
methods employed. The developed system is not intended
to reproduce the absolute force value indicated by the press,
but rather to capture the temporal dynamics of loading,
identifying peaks, steady regimes, and transient variations,
which was consistently achieved throughout the tests.

The press system provides values internally processed
by the industrial controller, while the developed device
performs indirect mechanical effort measurement through
externally mounted load cells. Thus, the signals represent
correlated but not metrologically equivalent quantities,
explaining the observed dispersion.

Nevertheless, joint analysis with temporal trend and
relative error graphs demonstrates that the device can track
actual force behavior during the process, with coherent
variations and controlled percentage error. Therefore, the
proposed system is suitable for monitoring, diagnostic, and
stability analysis applications in real industrial stamping
environments.

3.4 Qualitative thermographic analysis of the
stamping process

To complement the analysis of mechanical loads identified
from the force curves, a qualitative evaluation of the ther-
mal behavior of the process was conducted using thermo-
graphic images acquired with a FLIR camera. The images
illustrate the temperature distribution on the cap during dif-
ferent stages of the deep drawing process.

In Fig. 17, a maximum temperature of approximately
86.9 °C is observed, concentrated in the peripheral regions
of the part, while the central region presents temperatures
close to 31.5 °C. This center-to-edge thermal gradient is
characteristic of deep drawing operations, in which friction

Fig. 17 Thermographic image acquired during the cap manufacturing
process

Fig. 18 Thermographic image acquired during the cap manufacturing
process

between the sheet metal and the tooling, combined with
localized plastic deformation, results in higher energy dis-
sipation at the edges.

The Fig. 18 shows an increase in the maximum tempera-
ture to approximately 91.7 °C, while maintaining thermal
concentration in the peripheral regions. This behavior sug-
gests an intensification of friction and mechanical loading
during the intermediate stage of the forming process. In
Fig. 18, the maximum temperature reaches approximately
93.3 °C, confirming the trend of thermal accumulation
throughout successive forming cycles, without significant
changes in the overall thermal gradient pattern.

Although the thermographic analysis is not directly inte-
grated into the force acquisition system, the obtained results
qualitatively reinforce the regions of higher mechanical
demand identified by the force curves, contributing to a
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more comprehensive understanding of the deep drawing
process.

3.5 Integration of results and perspectives for
industry 4.0

The integration of results obtained from the force moni-
toring device with thermal and microstructural analyses
highlights the potential of the developed system as a deci-
sion-support tool in industrial environments. Continuous
monitoring of the applied force during the stamping process
enables real-time identification of process variations, sup-
porting the implementation of predictive maintenance strat-
egies and quality control actions.

In this context, the proposed device aligns with Industry
4.0 principles by enabling the digitalization of critical infor-
mation from the mechanical forming process. The com-
bined analysis of force, temperature, and microstructural
condition opens perspectives for the development of more
robust predictive models, contributing to the optimization
of the deep drawing process and to increased industrial reli-
ability and competitiveness.

In Fig. 17, which presents the thermographic image
obtained using the FLIR camera, reveals a temperature
distribution with maximum values close to 86.9 °C, con-
centrated at the edges of the part. This thermal concentra-
tion is characteristic of deep drawing operations, in which
peripheral regions experience higher friction between the
sheet and the tooling, resulting in localized heating. Such
behavior is directly related to the flow stress of SAE 1008
steel, whose plasticity favors energy dissipation in the form
of heat.

The central region of the part exhibits significantly
lower temperatures (around 31.5 °C), indicating reduced
mechanical loading at the center during the process. This
center-to-edge thermal gradient is expected in deep draw-
ing operations, as plastic deformation is concentrated in the
transition radius and in regions of higher contact. The pres-
ervation of this gradient indicates that the load distribution
is being adequately managed by the tooling.

From an Industry 4.0 perspective, real-time recording
of this thermal variation, combined with force monitoring
provided by the instrumented press, offers valuable insights
for predicting tool wear and potential process failures. The
thermographic analysis confirms the relevance of infrared
cameras as effective tools for quality control and process
optimization in stamping operations.

In Fig. 18, a higher maximum temperature of 91.7 °C is
observed, again concentrated in the peripheral regions of the
cap. This increase relative to the previous image suggests
intensified friction and energy dissipation, possibly associ-
ated with higher material loading during the intermediate
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stage of forming. The results indicate progressive heat accu-
mulation in both the tooling and the material.

The central region remains at significantly lower tem-
peratures (approximately 30.8 °C), preserving the thermal
gradient previously identified. This behavior reinforces that
most of the mechanical and thermal loads occur in the direct
contact zones between the die, punch, and sheet metal. The
temperature difference of nearly 60 °C between the center
and the edges highlights the influence of friction and sheet
thickness on energy dissipation.

From a technological standpoint, analysis of thermal evo-
lution enables the identification of critical heating zones that
may, over time, compromise tool life. Continuous monitor-
ing of this variable can therefore support the development
of lubrication strategies, coating selection, and adjustments
to operational parameters aimed at improving process
efficiency.

The Fig. 19 presents an even higher thermal level, reach-
ing approximately 93.3 °C in the peripheral regions. This
result confirms the tendency of heat accumulation in sub-
sequent stages of the deep drawing process, indicating that
increased localized deformation intensifies sheet—tool fric-
tion. This behavior highlights the central role of thermal dis-
sipation as a relevant process control variable.

The central region of the part maintains temperatures
close to 30.4 °C, reproducing the previously observed cen-
ter-to-periphery thermal gradient. The consistency of this
temperature difference suggests that deformation remains
predominantly localized in the outer regions, which is
coherent with the geometry of the gas cylinder cap and the
operating conditions imposed by the 500-ton press. This
consistency is indicative of process repeatability and mate-
rial behavior stability.

Fig. 19 Thermographic image acquired during the cap manufacturing
process
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Table2 Comparison of thermographic images acquired with the FLIR
camera

Figures ~ Minimum Maximum Main observations

tempera-  temperature
ture (°C)  (°C)

Figure 16 31,5 86,9 Pronounced center-to-edge
thermal gradient; higher
peripheral heating.

Figure 17 30,8 91,7 Increased edge temperature;
intensified sheet—tool friction.

Figure 18 30,4 93,3 Greater heat accumulation;

stable center-to-periphery
thermal gradient.

The thermographic analyses of the three images were
compiled in Table 2, highlighting the formation of charac-
teristic thermal gradients during the deep drawing process
of SAE 1008 steel. In Fig. 16, a maximum temperature of
86.9 °C is observed at the edges of the cap, while the cen-
tral region remains at 31.5 °C. This difference confirms that
peripheral regions experience higher friction and plastic
deformation, being responsible for greater energy dissipa-
tion in the form of heat.

In Fig. 18, the maximum temperature increases to
approximately 91.7 °C, suggesting an intensification of the
sheet—tool interaction during the intermediate stage of the
process. The thermal increase observed at the edges indi-
cates a progressive concentration of stresses and an increase
in deformation effort, which may directly affect the local
microstructure by increasing dislocation density and pro-
moting strain hardening. The central region of the part,
however, remains relatively stable, reinforcing the local-
ized nature of the deformation. Finally, Fig. 19 records
the highest temperature, reaching approximately 93.3 °C.
This increase demonstrates heat accumulation at the edges
without a significant change in the center-to-periphery ther-
mal gradient, which remains essentially constant. From an
industrial perspective, this analysis suggests that the pro-
cess conditions are reproducible; however, it also reveals
critical heating zones that, if not properly controlled, may
compromise tool life and increase the occurrence of surface
defects in the formed material. Therefore, thermographic
monitoring combined with press instrumentation represents
an essential tool for process control within the context of
Industry 4.0 in controlling the stamping process.

4 Conclusions

The main objective of this work was the development and
analysis of an experimental system for monitoring the applied
force in the deep drawing process of gas cylinder caps, with
emphasis on press instrumentation and data acquisition rele-
vant to process control and to the understanding of mechanical

forming behavior. The research was conducted in accordance
with Industry 4.0 concepts, seeking to integrate sensing, sig-
nal acquisition, and data analysis applied to manufacturing.

Initially, the deep drawing process of AISI 1008 carbon
steel—widely used in gas cylinder manufacturing—was
analyzed considering its mechanical and metallurgical char-
acteristics and its high formability. This analysis enabled
the understanding of the predominant plastic deformation
mechanisms and the factors that directly influence force dis-
tribution and heat generation during the forming process.

As the main experimental contribution, this study presents
the characterization of the real stamping force behavior in
an industrial press through an independent real-time instru-
mentation and monitoring system. Unlike approaches based
exclusively on nominal values or internal machine signals,
the developed system enabled continuous force data acqui-
sition during actual press operation, allowing the identifica-
tion of stable regimes, transient variations, and load peaks
throughout the process. Validation through direct comparison
with force values provided by the press demonstrated that the
device is capable of reliably reproducing the process dynam-
ics, offering a novel experimental approach for analysis, diag-
nosis, and monitoring of stamping processes that has not been
consistently reported in the analyzed literature.

From an experimental standpoint, thermographic
measurements were performed at different stages of the
stamping process, enabling the identification of charac-
teristic thermal gradients between the central and periph-
eral regions of the caps. The results revealed temperature
concentration at the edges of the parts, associated with
increased sheet—tool friction and intensified plastic defor-
mation in these regions. The repeatability of the observed
thermal gradient indicates process stability and adequate
load transfer by the tooling, reinforcing the reliability of
the measurements obtained.

Regarding the development of the monitoring device,
experimental verification of the press analog output was
performed using an oscilloscope, which was a fundamental
step for signal validation and for defining the data acquisi-
tion strategy. This step confirmed the feasibility of using the
machine’s analog signal as input to the instrumentation sys-
tem, enabling its subsequent conversion into applied force
values during the stamping process.

Due to the absence of a measurable signal on the RS485
interface, it was concluded that this communication chan-
nel was not suitable for acquiring the data required for the
development of the proposed device. Consequently, the
use of the analog output from the load cells was adopted,
whose direct measurement and subsequent signal con-
ditioning enabled reliable implementation of the force
acquisition and monitoring system during the gas cylinder
stamping process.
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The results obtained at this stage demonstrate that press
instrumentation and process signal acquisition constitute
effective tools for understanding the mechanical behavior of
deep drawing. The thermal and mechanical data show high
potential for process monitoring, identification of critical
conditions, and support for decision-making in industrial
environments. The results also indicate the potential for
integration of these variables, although direct quantitative
correlations are beyond the scope of this study.

Therefore, it is concluded that the proposed system rep-
resents a relevant contribution to the monitoring and control
of the deep drawing process of gas cylinders, establishing a
solid foundation for the incorporation of real-time force data.
The continuation of this research, including further analysis
of the results obtained with the developed device, will allow
consolidation of correlations between applied force, thermal
behavior, and microstructural changes, further expanding the
scientific and technological contributions of this work.

Finally, this study contributes to the advancement of
knowledge in the field of mechanical forming and process
instrumentation, providing technical support for the devel-
opment of intelligent monitoring systems applicable to
Industry 4.0, with potential impact on improving quality,
productivity, and reliability of industrial stamping processes.

Acknowledgements The authors thank CNPq, CAPES and the Metal-
forming Laboratory (LdTM) for the technical support.

Funding The Article Processing Charge (APC) for the publication
of this research was funded by the Coordenacdo de Aperfeicoamen-
to de Pessoal de Nivel Superior - Brasil (CAPES) (ROR identifier:
00x0ma614). This research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-profit sectors.

Data availability All data generated or analysed during this study are
included in this published article. Additional raw data supporting the
findings of this study are available from the corresponding author upon
reasonable request.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

@ Springer

References

10.

12.

13.

14.

15.

16.

17.

OMOLARA AE et al (2021) The internet of things security: A
survey encompassing unexplored areas and new insights. Com-
puters & Security, Nigeria, pp. 1-31, out

LIU C et al (2022) Service-oriented industrial internet of things
gateway for cloud manufacturing. Robotics and Computer-Inte-
grated Manufacturing, Hong Kong, pp. 1-14, fev

ATTAR RH, FOSTER A, LI N (2023) Development of a deep
learning platform for sheet stamping geometry optimisation
under manufacturing constraints. Engineering Applications of
Artificial Intelligence, [S.1.], v. 123, 1 ago

AKERSTROM P (2006) Modelling and simulation of hot stamp-
ing. 130 f. Tese (Doutorado em Mecanica dos Solidos) — Lulea
University of Technology, Lulea, 2006

ALI LAGHARI R, MEKID S (2023) Comprehensive approach
toward IloT based condition monitoring of machining processes.
Measurement, [S.1.], v. 217, 1 ago

ALLWOOD JM et al (2016) Closed-loop control of product prop-
erties in metal forming. Manuf Technol, United Kingdom, v. 65,
p. 573-596, 2

ATMOKO RA, RIANTINI R, HASIN MK (2017) IoT real time
data acquisition using MQTT protocol. Journal of Physics: Con-
ference Series, v. 853, n. 1

Baranowski B, Korytowski M (2018) Efeitos da temperatura no
processo de estiramento para ligas de aluminio. Jornal de Tecno-
logia de Processamento de Materiais 264:231-240. https://doi.or
2/10.1016/j.jmatprotec.2018.08.027

BASTOS AL (2009) Analise do processo de estampagem de
chapas de ago através da curva limite de conformagio. 148 f. Dis-
sertagdo (Mestrado em Ciéncia e Engenharia de Materiais) — Uni-
versidade Federal de Santa Catarina, Florianopolis, 2009
BASTOS MM (2022) SCADA de baixo custo para motores elétri-
cos utilizando o ESP32 e o Scadabr. Anais do Congresso Latino-
Americano de Software Livre e Tecnologias Abertas, Disponivel
em: https://sol.sbc.org.br/index.php/latinoware/article/view/1989
8. Acesso em: 20 jul. 2022

BUENO TGM (2021) Analise e comparagao dos processos de
estampagem a quente e estampagem a frio de um ago avangado de
ultra alta resisténcia 22MnBS5. Dissertacdo (Mestrado em Engen-
haria de Minas, Metalirgica e de Materiais) — Universidade Fed-
eral do Rio Grande do Sul, Porto Alegre, 2021

Carvalho HS, Oliveira DC, Martins BJ (2018) Estudo com-
putacional da estampabilidade de aco inoxidavel através da
simulagdo numérica do ensaio de cinco pungdes. Engenharia e
Pesquisa Aplicada 2(2):50-59. https://doi.org/10.5151/1516-39
2x-26508

CHOI J et al (2018) jan. Numerical modeling of the thermal
deformation during stamping process of an automotive body part.
Applied Thermal Engineering, v. 128, pp. 159-172, 5

DAYAM S, DESAI KA, KUTTOLAMADOM M (2021) In-
process dimension monitoring system for integration of legacy
machine tools into the industry 4.0 framework. Smart and Sus-
tainable Manufacturing Systems, v. 5, n. 1, p. 20210021, dez
Products ESPRESSIF (2021) Disponivel em: https://www.espres
sif.com/en/products/devkits. Acesso em: 20 jul. 2022

de FARIAS A et al (2020) Simple machine learning allied with
data-driven methods for monitoring tool wear in machining pro-
cesses. International Journal of Advanced Manufacturing Tech-
nology, v. 109, n. 9-12, pp. 2491-2501, ago

FAZILY P, YOON JW (jul. 2023) Machine learning-driven stress
integration method for anisotropic plasticity in sheet metal form-
ing. Int J Plast 166:103642


https://doi.org/10.1016/j.jmatprotec.2018.08.027
https://doi.org/10.1016/j.jmatprotec.2018.08.027
https://sol.sbc.org.br/index.php/latinoware/article/view/19898
https://sol.sbc.org.br/index.php/latinoware/article/view/19898
https://doi.org/10.5151/1516-392x-26508
https://doi.org/10.5151/1516-392x-26508
https://www.espressif.com/en/products/devkits
https://www.espressif.com/en/products/devkits
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

The International Journal of Advanced Manufacturing Technology

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

FERREIRA JC et al (2022) Sensores a laser em sistemas automa-
tizados de conformagdo: uma abordagem pratica. International
Journal of Advanced Manufacturing Technology, v. 120, pp.
1021-1035, Disponivel em: https://doi.org/10.1007/s00170-021
-06990-1. Acesso em: 15 maio 2025

FOLLE AM, SCHAEFFER AT (2017) Avaliagdo Das condi¢des
tribologicas Em estampagem de Chapas através do ensaio de
dobramento Sob tensdo. Matéria (Rio De Janeiro) 22(1):41-55.
https://doi.org/10.1590/51517-707620170001.0141

GONZALEZ LJ et al (2019) Uma avaliagéo abrangente do Moni-
toramento hemodindmico ndo Invasivo. J Clin Monit Comput
33:221-232. https://doi.org/10.1097/00003246-199307000-0001
0

GOUVEIA RA et al (2023) Implementagao de sensores de trian-
gulagdo a laser em linhas de produg@o automatizadas. Robotics
and Computer-Integrated Manufacturing, v. 83, Disponivel em:
https://doi.org/10.1016/j.rcim.2023.103652. Acesso em: 12 maio
2025

GRAND VIEW RESEARCH Sheet metal forming market size,
share & trends analysis report by material, by forming type, by
end-use, by region, and segment forecasts, 2023—2030. San Fran-
cisco, 2023. Disponivel em: https://www.grandviewresearch.co
m. Acesso em: 13 maio 2025

GUTERRES FM, ALMEIDA RA (2020) Efeitos do Tratamento
térmico Na Dureza e resisténcia Ao Desgaste de acos utiliza-
dos Na estampagem profunda. Revista Brasileira De Materiais
27:112-120. https://doi.org/10.1590/51517-707620200003.0120

HABEKOST AF (2019) Diretrizes para introdugao dos conceitos
da Inddstria 4.0 no seguimento de manufatura de veiculos linha
leve. Dissertacdo (Mestrado em Engenharia de Produgio e Siste-
mas) — Universidade do Vale do Rio dos Sinos — UNISINOS,
2019

INFANTE DD, ALTAN T (2018) R&D update: Industry 4.0 and
the use of sensors in sheet metal forming. Stamping Journal,
Ohio, pp. 16-18, 6 dez

Iwasaki T et al (2015) Shearing force measurement device with
a built-in integrated micro displacement sensor. Sens Actuators
221:1-8

KEELER S, KIMCHI M, MOONEY PJ (2017) Advanced high-
strength steels application guidelines. v. 6. WorldAutoSteel

KIM SY, KUBOTA S, OKUDA M (2017) Detection of abnor-
mal behavior in manufacturing processes using bolt type Piezo-

Sensor. In: 68th Japanese Joint Conference for the Technology of

Plasticity, pp. 181-182

LAMEIRAS FM, MIRANDA FJ (2019) A influéncia Da ductili-
dade Em processos de conformagao de metais: Um Estudo sobre
estiramento. Revista Brasileira De Materiais 27:75-82. https://do
i.org/10.1590/s1517-707620190002.0075

LI 'Y et al (2025) Preheating modeling of forming region and
design of electrode structure during integral electric hot incre-
mental forming. Nanomaterials V 15(9). https://doi.org/10.3390
/nano15090698

LOUREIRO CS, COLOMBO LR (2024) Calibragdo de Um sen-
sor YL-69 Acoplado a Um arduino Uno Em Um Latossolo Ver-
melho distroférrico. Revista Caderno Pedagogico 21(3). https:/d
oi.org/10.54033/cadpedv21n3-048

Magrani E (2018) A internet das coisas. FGV Editora, Rio de
Janeiro

NEELI J, PATIL S (2021) Insight to security paradigm, research
trend & statistics in internet of things (IoT). Global Transitions
Proceedings, India, pp. 84-90, jun

NIEMIETZ P et al (2020) Stamping process modelling in an
Internet of Production. Procedia Manufacturing, v. 49, pp. 61-68,
Disponivel em: https://www.sciencedirect.com/science/article/pii
/S2351978920316498. Acesso em: 17 abr. 2022

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

de OLIVEIRA MMM (2016) Desenvolvimento de uma plata-
forma para aquisi¢do de dados e monitoramento do processo
produtivo de uma industria de estamparia mecanica. 104 f. Dis-
sertagdo (Mestrado em Ciéncia da Computagao) — Universidade
Federal de Pernambuco, Recife, 2016. Disponivel em: https://r
epositorio.ufpe.br/handle/123456789/25076. Acesso em: 11 abr.
2022

PEREZ L, MORALES A (2023) Impacto Da temperatura e
velocidade Nas propriedades mecanicas de pegas Formadas Por
stretch. Materiais E Processos Avangados 5(1):20-35. https://doi.
org/10.1590/1980-7003.2023.v5n1.020

RAFIZADEH H et al (2017) Wrinkling prediction in deep draw-
ing by using response surface methodology and artificial neural
network. Trans FAMENA 41:17-28

RESEARCH IM (2016) ATS Knowledge Day — Moving beyond
Industry 3.0. [rish Manufacturing Research, Disponivel em:
http://imr.ie/news/?article=7. Acesso em: 10 jul. 2022
SARAVANAN G et al (2022) Implementation of IoT in produc-
tion and manufacturing: an industry 4.0 approach. Materials
Today: Proceedings, v. 51, pp. 2427-2430, Disponivel em: http
s://'www.sciencedirect.com/science/article/pii/S22147853210762
64. Acesso em: 17 abr. 2022

Schaeffer L (2016) Tecnologia da conformagdo dos metais. Liv-
ros Técnicos e Cientificos, Sdo Paulo

SILVA, Maria Inés Tavares. Melhoria de processos e manutengao
inteligente de ferramentas no ambito da Industria 4.0. (2016) Dis-
sertagcdo (Mestrado em Engenharia Industrial e Gestdo) — Univer-
sidade do Porto, 2016

Silva A et al (2022) Previsdo do retorno elastico no processo de
dobramento de chapas finas de aluminio 2024-T3 / Predicting
elastic feedback in the bending process of thin aluminum plates
2024-T3. Braz J Dev. https://doi.org/10.34117/bjdv8n4-362
Silva RM et al (2019) Desenvolvimento de sistema de baixo custo
para monitoramento de integridade estrutural. Matéria (Rio de
Janeiro). https://doi.org/10.1590/s1517-707620190004.0853
Thomazini D, Albuquerque PUBD (2011) Sensores industriais:
fundamentos e aplicagoes., 8. ed. Erica, [S.1.]

Trzepiecinski T, Lemu HG (2019) Recent developments and
trends in the friction testing for conventional sheet metal forming
and incremental sheet forming. Metals. https://doi.org/10.3390/m
et10010047

VOGEL-HEUSER B, HESS (2016) Dieter. Guest Editorial
Industry 4.0 — Prerequisites and Visions. /[EEE Transactions on
Automation Science and Engineering, v. 13, n. 2, pp. 411-413,
abr. Disponivel em: https://ieeexplore.ieee.org/abstract/document
/7410115. Acesso em: 17 abr. 2022

XU J et al (2018) Narrowband internet of things: evolutions, tech-
nologies, and open issues. IEEE Internet Things J, v. 5, n. 3
Xuan L (2021) Active-matrix-based flexible optical image sensor.
Adv Mater Technol. https://doi.org/10.1002/admt.202100259
YANG M (2018) Smart metal forming with digital process and
10T. International Journal of Lightweight Materials and Manu-

facture, v. 1, pp. 207-214, 4 dez

Yang M (2007) Measurement of metal forming process based on
information of die. J Japan Soc Precis Eng 73(2):179-182
ZHANGYY et al (2021) Temperature influence on formability and
microstructure of AZ31B during electric hot temperature-con-
trolled incremental forming. Mater V 14(4). https://doi.org/10.3
390/mal404

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://repositorio.ufpe.br/handle/123456789/25076
https://repositorio.ufpe.br/handle/123456789/25076
https://doi.org/10.1590/1980-7003.2023.v5n1.020
https://doi.org/10.1590/1980-7003.2023.v5n1.020
http://imr.ie/news/?article=7
https://www.sciencedirect.com/science/article/pii/S2214785321076264
https://www.sciencedirect.com/science/article/pii/S2214785321076264
https://www.sciencedirect.com/science/article/pii/S2214785321076264
https://doi.org/10.34117/bjdv8n4-362
https://doi.org/10.1590/s1517-707620190004.0853
https://doi.org/10.3390/met10010047
https://doi.org/10.3390/met10010047
https://ieeexplore.ieee.org/abstract/document/7410115
https://ieeexplore.ieee.org/abstract/document/7410115
https://doi.org/10.1002/admt.202100259
https://doi.org/10.3390/ma1404
https://doi.org/10.3390/ma1404
https://doi.org/10.1007/s00170-021-06990-1
https://doi.org/10.1007/s00170-021-06990-1
https://doi.org/10.1590/s1517-707620170001.0141
https://doi.org/10.1097/00003246-199307000-00010
https://doi.org/10.1097/00003246-199307000-00010
https://doi.org/10.1016/j.rcim.2023.103652
https://doi.org/10.1016/j.rcim.2023.103652
https://www.grandviewresearch.com
https://www.grandviewresearch.com
https://doi.org/10.1590/s1517-707620200003.0120
https://doi.org/10.1590/s1517-707620190002.0075
https://doi.org/10.1590/s1517-707620190002.0075
https://doi.org/10.3390/nano15090698
https://doi.org/10.3390/nano15090698
https://doi.org/10.54033/cadpedv21n3-048
https://doi.org/10.54033/cadpedv21n3-048
https://www.sciencedirect.com/science/article/pii/S2351978920316498
https://www.sciencedirect.com/science/article/pii/S2351978920316498

	﻿Experimental force monitoring and IIoT integration in the deep drawing process of gas cylinders
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and methods
	﻿2.1﻿ ﻿Press used in the stamping process
	﻿2.2﻿ ﻿Data acquisition system
	﻿2.3﻿ ﻿Instruments used for device assembly
	﻿2.4﻿ ﻿Analysis of the analog signal from the load cells
	﻿2.5﻿ ﻿Instrumentation and data acquisition system architecture
	﻿2.6﻿ ﻿Experimental procedure and system calibration
	﻿2.7﻿ ﻿Storage and organization of experimental data
	﻿2.8﻿ ﻿Considerations on the experimental scope

	﻿3﻿ ﻿Results and discussions
	﻿3.1﻿ ﻿Validation of the force monitoring device
	﻿3.2﻿ ﻿Analysis of force curves during the stamping process
	﻿3.3﻿ ﻿Experimental validation by comparison with real press data
	﻿3.4﻿ ﻿Qualitative thermographic analysis of the stamping process
	﻿3.5﻿ ﻿Integration of results and perspectives for industry 4.0

	﻿4﻿ ﻿Conclusions
	﻿References


