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Abstract: Optimization of the energy consumption of a Dorna 1 commercial robot was carried out by
replacing the original materials of the links (aluminum) with a lighter and more resistant material
(carbon fiber) with the aim of lowering the operating costs of the robot. For this reason, a reduction in
the total mass of the robot of 11.08% was achieved by replacing the original materials. In addition,
simulations were carried out using finite element analysis to verify that the mechanical resistance of
the optimized parts was adequate according to the level of demand that occurs during the operation
of the robot. Subsequently, a comparison of the energy consumption of the original robot and the
robot with the optimized parts was carried out using the Internet-of-Things device. The tests were
carried out at three different speeds—1000, 3000, and 9000 deg/min—for 15 min by executing a
pre-established routine starting from home. The results showed that at all test speeds, there were
energy savings, but the greatest energy savings occurred at the speed of 3000 degrees/min in the
range of 3.66%. With this result, it has been shown that the integration of light materials in robots can
achieve energy savings.

Keywords: robots and actuators; energy efficiency; carbon fiber, Internet of Things

1. Introduction

The importance of robotics in modern times is crucial, as robots nowadays have a
variety of industrial applications, such as automotive, casting, and petrochemicals, since
they can perform activities continuously and accurately for long periods of time. The
robotic arm is one of the industrial robots with the widest range of applications, because its
design is similar to that of the human arm, but with its abilities exponentially enhanced.
Likewise, they reduce the risks associated with labor [1]. They can also be very useful in
planning tasks in an industrial environment for decision making in the planning stage
of cell design [2]. Industrial robots consume large amounts of energy during their long
operational life. These large amounts of energy consumption result from two main forces:
one is joint friction, and the second is the force of gravity acting on the robot’s axes,
tools, and payloads [3]. These factors result in additional energy consumption by motor
controllers. When multifunction robots work in cells in automated manufacturing systems,
it is also desirable to perform energy optimizations to improve productivity [4]. For this
reason, increasing their energy efficiency is of great importance.

Years ago, energy efficiency in robots was not seen as a basic requirement in the design
of these devices; rather, developments focused more on improving robot performance such
as precision and productivity [5]. However, this landscape has recently changed due to the
global aspiration to reduce energy consumption and hence the carbon footprint generated
by various industries [6,7]. In addition to this environmental issue, as the prices of energy
sources increase, the problem of using other sources (the so-called alternative or renewable
sources) to power various machines and mobile units becomes more acute [8]. The topic of
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energy efficiency in robotics is an area that requires further development, as there are still
few published articles on the subject [9,10].

Some possible approaches to solve the energy-efficiency problem include restricting
parameters such as speed and acceleration, or adjusting the design of the manipulator, for
example its length, diameters, volume, density, and weight [11]. Meanwhile, other authors
have focused their research on energy reduction by optimizing design and implementing
eco-efficient planning [12]. Energy reduction is primarily achieved through lightweight
design, introducing new energy-saving hardware, or adjusting the production line [13–17].
For their part, Riazi et al. [18] have chosen to optimize the algorithm of a multi-robot
industrial system and reported achieving energy savings above 45%. However, hardware
adjustments require a considerable investment, which limits their practical application [19].
Pupaza et al. [20] made geometric changes to the second link to reduce the material usage
and performed a strength analysis (this link is the furthest away). They found that the
robot became lighter and no additional deformations occurred under the same load.

During the design of robots it is very important to know the reach of the extended
arm, since it is the most critical condition in addition to the maximum payload, these
conditions will result in the selection of more powerful motors and selection of more rigid
materials [21]. In a similar study, Supriya Sahu et al. [22] they performed FEM analyzes
to simulate the loads of a 6-axis robotic arm and calculated the deformation values. They
identified the location of the maximum deformation values and attempted to stabilize
the robot by implementing appropriate minimization techniques in the parts where the
deformation is maximum.

On the other hand, Zhou et al. [23] focused their optimization study by changing
the design to identify the range of loads that a robot can safely lift to increase its load-
lifting capacity. Yao et al. [24] carried out a validated design with finite element and
topological optimization, and analyzed the upper arm of a welding robot in the most
unfavorable working conditions, both in static and dynamic conditions; they showed
a weight decrease of 17.9%. Yin et al. [25] presented a study on a general structure
optimization design approach to reduce the mass of the robotic arm; this method was
implemented by simulating a parameterized robotic arm to obtain an optimal design of
the robotic arm. Haibin Yin et al. [26] presented an optimization study of a robot to reduce
weight, combining carbon fiber (CF) and aluminum (Al) material, performed a simulation
for structural analysis, and finally an experimental prototype was built to validate the
proposed method and compare it with the real aluminum model.

However, although there were some previous works that contributed to the structural
optimization of industrial robots for energy saving, most of the works were at the level of
numerical analysis and simulation optimization [27–29]. Very few of them have considered
real manufacturing and assembly processes of lighter structural components with high
mechanical properties, such as carbon fiber [30]. Furthermore, because the optimizations
were not implemented and experiments were not carried out in a real way, they could
not accurately validate the real performance parameters, which entails extra work on
the part of the authors to be able to complement the cycle. The authors who carried out
the experimental validation carried out their tests under static conditions but without
considering composite materials, only the topological optimization of the original parts
while preserving the original materials.

Therefore, our team combined the manufacturing of composite materials and their
implementation in the replacement of the original parts of the robot with new materials.
Once the materials were replaced, experimental tests were carried out in dynamic robot
conditions taking into account the maximum demand of the robot. In the end, it was shown
that this application of materials can greatly help the energy reduction of robots.

The paper is organized into several sections that delineate the study of the energy
efficiency between the Dorna 1 commercial robotic arm with joints made of aluminum
versus the Dorna robotic arm with joints made of carbon fiber by CIDESI. Section 2 describes
the materials and methods used to study energy efficiency. In Section 3, we discuss our
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results. In Section 4, we present the conclusion. Finally, we list the references supporting
this work.

2. Materials and Methods

The following materials (see Table 1) are used for the process described in Figure 1. This
process consists of six stages, which are: chemical properties report; structural optimization
using finite element analysis (FEA) simulation; manufacturing; assembly; comparative
report; and energy efficiency. These stages are fundamental for the development and
evaluation of energy efficiency between two robotic arms.

Figure 1. General proposal for the study of energy efficiency between two robotic arms.

Table 1. Description of the materials used.

Name Description

SolidWorks [31] SolidWorks premium version 2023, a 3D CAD design software appli-
cation for modeling parts and assemblies in 3D. It was used for the
mechanical design of the structural joints of the robot arm.

Dorna
Robotics [32]

Dorna Robotics creates robots and software that are efficient, accurate,
and affordable for industrial automation, and use in industrial or research
applications. The Dorna Robotics API and a Dorna v1 5-axis robotic arm
were used.

IoT energy [33] The Internet of Things (IoT) describes devices with sensors, processing
capabilities, analytics, and communication protocols that enable data
exchange with other software and hardware systems. This device was
required to detect the energy consumption of robotic arms in different
load conditions.

Jetson Nano [34] The Jetson Nano module is a small AI computer that has the performance
and power efficiency to take on modern AI workloads and execute multi-
ple tasks. The electronic board allowed the control of the movements of
the robot arm.

Python [35] Python is a high-level, general-purpose programming language. Version
3.12.3 was used for the control logic of the robot arm.

AWS [36] Cloud computing platform offered by Amazon, with a wide range of
services (DynamoDB, S3, Lambda, IAM, API Gateway). It allowed the
development and deployment of the application in the cloud quickly and
scalably.

Abaqus CAE [37] Complete solution for Abaqus finite element modeling, visualization,
and process automation, research standard version 2018. The properties
of carbon fiber (plane wave biaxial 3k) and epoxy resin (Epolam 2015)
are loaded into the Abaqus software to calculate the structural strength.

2.1. Chemical Properties

To ascertain the material used in the robotic arm plate, it was necessary to carry
out a theoretical characterization of the material based on the results of the chemical
characterization requested from the chemical analysis laboratory of CIDESI. The chemical
characterization was carried out on one of the six plates of the robotic arm, this being a
representative sample of all the plates. The results of the chemical characterization showed
that the robotic arm material consists of an aluminum–magnesium alloy with a minimum
percentage of iron and chromium. The chemical composition of the material matches the
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nominal chemical composition of an AA5052 alloy according to the Aluminum Association
designation system defined by ANSI H35.1 for mechanically worked aluminum alloys. AA
5052 alloy belongs to the 5XXX family of alloys. The main alloying element in these alloys is
magnesium in the range of 0.5 to 6.0 wt% Mg. Aluminum 5052 contains magnesium as the
primary alloying element. It is a non-heat-hardenable alloy offering good formability and
weldability, medium fatigue strength, and very good corrosion resistance, particularly in
seawater, and is commonly used in sheet, plate, and tube form. AA5052 alloy is also known
as ASTM B209 [38] and AMS 4015 [39] in plate and sheet. The physical and mechanical
properties of AA5052 aluminum are presented in Table 2.

Table 2. Physical and mechanical properties of AA5052 aluminum.

Property Value

Elastic module 70 GPa
Poisson’s ratio 0.33
Yield strength 90 MPa
Ultimate strength 195 MPa
Density 2.68 g/cm3

2.2. Structural Optimization

The structural optimization of the commercial robot Dorna 1 was carried out by
replacing the original aluminum AA5052 material of the robot with woven carbon fiber
(plane wave biaxial 3k) and epoxy resin (Epolam 2015). The objective of the optimization
was to preserve the structural resistance and thickness of the parts but reduce the weight
to increase the energy efficiency of the robot. SolidWorks software was used to draw
the structural elements of the robot and later Abaqus software was used for calculations
using FEA simulation. Figure 2 shows the solid 3D model of the original configuration of
the robot.

Figure 2. Original robot assembly.
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2.3. Robot Arm Manufacturing

The laminates were manufactured using a 1 × 1 plain weave 3K carbon fiber supplied
by Quintum. The carbon fabric weighs 198 g/m2, with a tensile strength of 2138 MPa and an
elastic modulus of 227 GPa. The carbon fiber is impregnated with Epolam 2015 epoxy resin
from Sika. According to the technical sheet, the epoxy resin has a viscosity of 1.55 mPa.s
and a density of 1.15 g/cc. The Epolam 2015 hardener, with amino groups, was used as a
catalyst in a mixing ratio of 32 by weight and a working time of approximately 140 min at
room temperature. The carbon-fiber-reinforced polymer (CFRP) laminates were prepared
using the vacuum-assisted resin infusion (VARI) method in a controlled environment. The
vacuum pressure was −20 inHg and the resin cured in approximately 24 h (∼25 ◦C). The
orientation of the carbon fiber fabrics was almost isotropic, with a stacking sequence of
[0/90]6s. The CFRP laminates had 16 layers of carbon fiber (CF) plain weave and nominal
dimensions of 600 mm × 500 mm × 3 mm (see Figure 3). The entire laminate was covered
with a vacuum bag sealed with butyl tape.

More information on composite manufacturing can be found in a previous research
article [40]. The robot arm parts were cut on a waterjet cutting machine. At the end of
manufacturing, the physical and mechanical properties of the carbon fiber composite were
obtained and are presented in the Table 3.

(a) (b)

Figure 3. Manufacturing process of CFRP laminates. (a) Stacking of carbon fiber plies. (b) Laminated
CFRP plate in VARI process.

Table 3. Physical and mechanical properties of the carbon fiber/epoxy resin composite.

Property Value

Elastic module, (E1) 46.33 GPa
Elastic module, (E2) 55.37 GPa
Shear module, (G12) 4.85 GPa
Poisson’s ratio 0.08
Tensile strength, (ST1) 677 MPa
Tensile strength, (ST2) 709.6 MPa
Compressive strength, (SC1) 472.9 MPa
Compressive strength, (SC2) 452.1 MPa
Shear strength, (τ12) 50 MPa
Density 1.47 g/cm3

2.4. Robot Arm Assembly

In order to assemble this carbon fiber (CF) robot arm, all parts and joints must be
joined according to the predetermined design. Each stepper motor must be mounted on
its respective joint, ensuring precise alignment to allow the desired movement. The motor
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controllers are then connected to a control board. It is essential to connect the power and
signal cables correctly, checking polarity and correct pin assignment. Finally, the control
system is tested to coordinate the movement of the motors and tests are performed to
calibrate and ensure smooth and accurate operation of the CF robotic arm.

2.5. Comparative

For the analysis of energy consumption, the performances of the aluminum robot
arm and the carbon fiber robot arm were evaluated under the same movement scheme
from their position in “Home” during a time span of t minutes with n different speeds v1
(deg/min), v2 (deg/min), and v3 (deg/min) (see Table 4).

Table 4. Arbitrarily suggested data for energy efficiency tests.

Variable Test 1 Test 2 Test 3

Joint speed (deg/min) 1000 3000 9000
Weight (N) 0 0 0
Time (min) 15 15 15
Power supply (V) 127 127 127

2.6. Energy Efficiency

To calculate the energy efficiency of this robot arm (see Equation (1)), the useful power
it produces (Eu) in Watts (W), and the total power it consumes (Et) in Watts (W) will
be measured through an IoT device. The useful power is the effective energy used to
perform the desired work, while the total power is the energy supplied to the robot arm.
Subsequently, the useful power is divided by the total power and the result is multiplied
by 100 to obtain a percentage. The formula is:

η =
Eu

Et
× 100 (1)

where:
(η) is energy efficiency,
(Eu) is useful energy,
and (Et) is total energy consumed.

3. Results and Discussion
3.1. Finite Element Analysis of Original Parts

The numerical simulation to ascertain the resistance values of the parts was carried
out only on Part 1 and Part 1b (see Table 5), which are the parts that support most of the
weight of the robot components. To do this, a part was modeled with continuous shell-type
elements, taking as initial conditions a force of 20 N applied at the point, as shown in
Table 5 for all structural elements. Conditions of restrictions (fixed) of the elements in the
X, Y, and Z axes were also applied for both displacement and rotation; this can be seen in
Table 5.

Firstly, the resistances of the original parts (aluminum) were obtained using the
mechanical properties of Table 2, and subsequently the mechanical resistances of the
optimized parts were obtained using the mechanical properties of the carbon fiber shown
in Table 3.

Sixteen layers of 0.25 mm-thick carbon fiber are modelled in order to obtain the final
thickness of 4 mm, and the stacking of the layers is shown in Figure 4. According to the
results obtained from the simulation, there is a Von Mises stress of 2.32 MPa, well below
the yield stress (90 MPa) of Part 1 (aluminum). According to the results obtained from the
simulation, there is a Von Mises Stress of 3.26 MPa, well below the yield stress (90 MPa) for
Part 1b (aluminum).
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Table 5. Initial conditions and results of finite element analyses.

Item Initial Conditions Results

Part 1 (aluminum)

Part 1b (aluminum)

Part 1 (CF-16 layers)

Part 1b (CF-16 layers)

Figure 4. Carbon fiber layer stacking.
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From the results of the simulations of the carbon fiber part, it was calculated that
the part is subjected to a stress of 2.53 MPa, which is well below the resistances obtained
experimentally (see Table 3). These results are obtained for Part 1 made from carbon fiber.
In the case of Part 1b, made of carbon fiber, the results show that the part is subjected
to a stress of 3.68 MPa, which is well below the resistances obtained experimentally (see
Table 3).

3.2. Mass Optimization

The total mass of the original aluminum parts was 721.95 g, while the mass of the
carbon fiber/resin components was approximately 401.19 g, which results in a decrease of
44.42% with respect to the original mass of the parts. If the parts are optimized, the mass is
reduced to 326.51 g, a 56% reduction compared to the aluminum parts. These masses were
calculated using SolidWorks software, taking into account the properties in Tables 2 and 3.
The results of the optimization of the mass of the parts are shown in Table 6.

Table 6. Mass of the original parts.

Item Photography Mass
(Aluminum) (g)

Mass
(Carbon Fiber) (g) Optimized (g)

Part 1 183.80 100.82 85.57

Part 1b 183.27 100.53 78.57

Part 2 110.20 62.53 46.62

Part 2b 107.85 61.20 51.37

Part 3 67.30 38.19 31.65

Part 3b 66.83 37.92 32.73

3.3. Finite Element Analysis of Optimized Parts

Subsequently, an optimization process was carried out. This process consisted of
eliminating only certain areas of the parts where the structural integrity of the part was
not compromised, with the purpose of reducing the weight of the parts (see Table 7). The
numerical simulation of the parts with the optimized mass was carried out with the same
initial conditions as in Table 5. According to the results, the part is subjected to a stress
of 4.64 MPa, which is well below the resistances obtained experimentally (see Table 3).
According to the results, the part is subjected to a stress of 2.93 MPa, which is well below
the resistances obtained experimentally (see Table 2).
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Table 7. Results of the finite element analysis on the optimized parts.

Item Results

Part 1 (optimized mass)

Part 1b (optimized mass)

3.4. Cutting Carbon Fiber Parts

After completing the optimization of the masses of the robot parts and after manu-
facturing the carbon fiber plates, the parts were cut using a waterjet cutting machine. The
pieces obtained can be seen in Figure 5. Six optimized carbon fiber pieces were obtained.

Figure 5. Optimized parts cut from a plate of carbon fiber material.
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3.5. Robot Assembly with Optimized Carbon Fiber Parts

Once the cut parts were obtained, the joints of the robot arm were assembled using
the six side parts for each link in carbon fiber material. Each of the components that make
up the Dorna robot arm were placed as shown in Figure 6.

(a) (b)

Figure 6. (a) Robotic arm with its elements. (b) Robotic arm with carbon fiber parts.

3.6. Optimized Robot Weighing

Once the aluminum and carbon fiber robotic arms were assembled, they were weighed
to determine the difference in weight between both robots. The weight of the Aluminum
robot is 4610.12 g (see Figure 7a); while the carbon fiber arm has a weight of 4099.42 g (see
Figure 7b). The latter is lighter than the original by 11.08%.

(a) (b)

Figure 7. Weighing of Dorna 1 Robotic Arms. (a) Aluminum robotic arm. (b) Carbon fiber robotic arm.

3.7. Energy Efficiency

For the study of energy efficiency between the original Dorna 1 aluminum robotic arm
and the object of study (the carbon fiber robotic arm optimized at CIDESI), an IoT device
was developed (see Figure 8b) to detect the consumption energy of both robotic arms. The
device has an ESP32 chip and was programmed in C language for data collection. The
device was connected to the driver of the robotic arm to detect energy consumption during
the operation of this arm. This driver was used to control both arms and be able to measure
efficiency in the same frame of reference.
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(a) (b)

Figure 8. Optimized robotic arm energy-efficiency measurement system. (a) Optimized robotic arm.
(b) Energy IoT.

For the analysis of energy consumption, it was proposed to evaluate the performance
of the aluminum (Al) robot arm against the carbon fiber (CF) robot arm under the same
movement scheme starting from its “Home” position during a period of 15 min with three
different speeds: 1000 deg/min, 3000 deg/min, and 9000 deg/min. The speed values
from a previous table were used as a basis (see Table 4). The values obtained for energy
consumption in Watts (W), as well as the differences obtained in each test, are shown below
(see Table 8).

Table 8. Comparison table of values of energy consumption obtained using the IoT device.

Name Test 1 (W) Test 2 (W) Test 3 (W)

Aluminum (Al) 45.67 46.74 48.03
Carbon fiber (CF) 45.10 45.03 46.78
Difference (Al − CF) 0.57 1.71 1.25

Based on Equation (1) and the data of test 1 from Table 4 and Table 8, respectively, we
proceeded to calculate the useful mechanical energy as a result of comparing the Al and CF
robotic arms:

• Useful energy consumed by the CF robotic arm (Eu): 45.10 W
• Total energy consumed by the Al robotic arm (Et): 45.67 W

η =
45.10
45.67

× 100% = 98.75% (2)

where:
energy efficiency is η = 98.75%,
and energy gain is 100% − 98.75% = 1.25%.

The first experiment was performed at a joint speed of 1000 deg/min, obtaining an
average energy consumption of 45.67 W and 45.10 W for the Al and CF arm, respectively,
obtaining an energy gain of 1.25% for the CF arm. Figure 9 shows the comparison of
consumption throughout the test.
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Figure 9. Energy consumption of the Al vs CF robot arm at a combined speed of 1000 deg/min.

Similarly, based on Equation (1) and the data of test 2 from Table 4 and Table 8, respec-
tively, we proceeded to calculate the useful mechanical energy as a result of comparing the
Al and CF robotic arms:

• Useful energy consumed by the CF robotic arm (Eu): 45.03 W
• Total energy consumed by the Al robotic arm (Et): 46.74 W

η =
45.03
46.74

× 100% = 96.34% (3)

where:
energy efficiency is η = 96.34%,
and energy gain is 100% − 96.34% = 3.66%.

The second experiment was carried out at a joint speed of 3000 deg/min, obtaining an
average energy consumption of 46.74 W and 45.03 W for the Al and CF arm, respectively,
obtaining an energy gain of 3.66% for the CF arm. Figure 10 shows the comparison of
consumption throughout the test.
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Figure 10. Energy consumption of the Al vs. CF robot arm at a combined speed of 3000 deg/min.

Finally, based on Equation (1) and the data of test 3 from Table 4 and Table 8, respec-
tively, we proceed to calculate the useful mechanical energy as a result of comparing the Al
and CF robotic arms:

• Useful energy consumed by the CF robotic arm (Eu): 46.78 W
• Total energy consumed by the Al robotic arm (Et): 48.03 W

η =
46.78
48.03

× 100% = 97.39% (4)

where:
nergy efficiency is η = 97.39%,
and energy gain is 100% − 97.39% = 2.61%.

The third experiment was carried out at a joint speed of 9000 deg/min, obtaining an
average energy consumption of 48.03 W and 46.78 W for the Al and CF arm, respectively,
obtaining an energy gain of 2.59% for the CF arm. Figure 11 shows the comparison of
consumption throughout the test.
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Figure 11. Energy consumption of the Al vs. CF robot arm at a combined speed of 9000 deg/min.

4. Conclusions

According to the results of the simulation, it is recommended to manufacture carbon
fiber parts, retaining the original thicknesses of the aluminum parts (4 mm). This is because
if the thickness of the parts is reduced, the rigidity is also reduced, which could cause
misalignment of the parts due to their bending. In addition to this, if the original thicknesses
are respected, the assembly of the parts will have fewer complications. Using the carbon
fiber/epoxy resin composite initially reduces the weight of the parts by 44.42%. Taking into
account the results obtained, a mass reduction of approximately 54.6% is expected after
optimization, while preserving the rigidity and resistance of the parts. The carbon fiber
robotic arm turns out to be more efficient in energy consumption, achieving a maximum of
3.66% for tests carried out at a speed of 3000 degrees/min; the percentage value depends
on the speed and torque required to move the joints.

Future research may encompass comparative analyses of different advanced materials
such as graphene and titanium alloys, optimization of the design and configuration of
the robotic arm to maximize the benefits of using carbon fiber, and detailed studies on
the response of this material to dynamic loads and vibrations. In addition, the findings
could be extrapolated to other sectors such as the automotive industry, aeronautics, and the
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development of medical prostheses, where weight reduction and energy consumption are
crucial. Integration with IoT technologies and big data analytics also offers opportunities
to optimize device performance in real time. Previous research, such as “High Efficiency
Manufacturing With a Smart Carbon Fiber End Effector” [41] and “Optimization of energy
consumption in industrial robots, a review” [42], have laid the groundwork for understand-
ing the benefits of these materials, and the present research seeks to delve deeper into the
dynamic behavior of carbon fiber joints, with the potential to transform multiple industries.
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