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Abstract

A pulley is a power transmission component that must possess adequate structural strength and stiffness to ensure reliability
during operation. This study aims to analyze the structural response of a sand-cast aluminum pulley under variations of radial
loading using the Finite Element Analysis (FEA) method. The analysis was conducted based on the actual geometry of the
sand-cast pulley, which was modeled in three dimensions and simulated under radial loads of 100 N, 200 N, and 300 N. The
evaluated parameters include Von Mises stress, total deformation, and safety factor. The simulation results indicate that
increasing the applied load leads to an increase in Von Mises stress from 68.85 MPa to 206.50 MPa and total deformation
from 0.01943 mm to 0.05828 mm, with an almost linear trend. The maximum stress concentration consistently occurs in the
keyway region of the pulley hub, while the maximum deformation is localized at the outer edge of the flange. The minimum
safety factor value of 3.50 indicates that the pulley structure still has an adequate safety margin under loading conditions up
to 300 N. The results of this study confirm that the use of actual sand-cast geometry can provide a representative evaluation
of the pulley’s structural response and can be utilized as a basis for preliminary evaluation in component design development.
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1. Introduction

A pulley is a mechanical component that functions to transmit rotational motion and power through a belt system
from one shaft to another. This component is widely used in industrial machinery, conveyor systems, agricultural
equipment, and various other power transmission systems. During operation, a pulley is subjected to loads that
can induce stress and deformation within its structure. If the stress distribution is not uniform, stress
concentration may occur in certain regions, potentially leading to crack initiation, permanent deformation, or
even component failure. Therefore, the structural capability of a pulley to withstand applied loads must be
analyzed to ensure safe operation and extend its service life [1]. Aluminum is one of the most commonly used
materials for pulley manufacturing due to its low density, excellent corrosion resistance, and high strength-to-
weight ratio. The use of aluminum can reduce the component weight without significantly compromising its
mechanical performance. In addition, aluminum is easily formed through casting processes, making it suitable
for manufacturing components with relatively complex geometries at a lower production cost compared with
several other manufacturing processes [2],[3].

Sand casting is one of the most widely used manufacturing methods for producing aluminum pulleys. This
method is extensively applied in the metal casting industry, particularly in small- and medium-scale enterprises,
because it is capable of producing components with complex geometries at relatively low production costs. Cast
components are generally considered suitable for use once they meet the required dimensional and geometric
specifications. However, under these conditions, the evaluation of the structural capability to withstand
operational loads is not always performed comprehensively. Consequently, the risk of stress concentration,
deformation, and structural failure may increase when the pulley is subjected to loads exceeding the material's
load-bearing capacity [4].
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Structural analysis is required to evaluate the ability of a pulley to withstand operational loading conditions. The
Finite Element Analysis (FEA) method is a numerical approach widely used to predict the structural behavior of
engineering components. This method provides information on stress distribution, deformation, and safety factor
through numerical simulation without requiring physical testing during the initial design stage. The results of
FEA simulations can be used to identify regions experiencing stress concentration and to evaluate the structural
integrity of components under the intended loading conditions, thereby enabling potential failures to be
anticipated during the design phase [5],[6]. Numerous studies have been conducted on structural analysis using
the Finite Element Analysis (FEA) method for various mechanical components. Existing studies generally focus
on design optimization or structural evaluation of components manufactured using specific production processes.
However, structural analysis of sand-cast aluminum pulleys based on the actual geometry of the manufactured
product remains relatively limited [1],[7]. Furthermore, information regarding the distribution of Von Mises
stress, total deformation, and safety factor under various radial loading conditions is still scarce in the literature.
Such information is essential for evaluating the structural capability of pulleys to withstand operational loads and
for supporting the development of safer and more reliable component designs.

Therefore, this study aims to analyze the structural behavior of a sand-cast aluminum pulley using the Finite
Element Analysis (FEA) method. Simulations were performed under radial loads of 100 N, 200 N, and 300 N.
The structural performance was evaluated based on the distribution of Von Mises stress, total deformation, and
safety factor to determine the ability of the pulley to withstand the applied loads. The findings provide valuable
information regarding the structural response of sand-cast aluminum pulleys under various radial loading
conditions and serve as a reference for design evaluation and the development of similar components in the
metal casting industry.

2. Materials and Methods

This study aims to evaluate the structural response of a sand-cast aluminum pulley using the Finite Element
Analysis (FEA) method. The research began with a literature review to establish the theoretical foundation
regarding the characteristics of pulleys, aluminum materials, the sand casting process, and the application of the
FEA method in structural analysis [8]. The sand-cast pulley was then measured to obtain its actual dimensions,
which served as the basis for developing a three-dimensional model. The geometric model was subsequently
analyzed using finite element simulation under radial loads of 100 N, 200 N, and 300 N. The simulation results
were evaluated based on the distribution of Von Mises stress, total deformation, and safety factor to assess the
structural capability of the pulley to withstand the applied loads. The research workflow adopted in this study is
illustrated in Figure 1.
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Figure 1. Research Framework
2.1 Literature Review

A literature review was conducted to establish the theoretical foundation regarding pulley design, the
characteristics of aluminum materials, the sand casting process, and the application of the Finite Element
Analysis (FEA) method in structural analysis. The literature sources included reference books, engineering
standards, and relevant scientific articles. The information obtained served as the basis for developing the
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research methodology, geometric modeling, determining the simulation parameters, and analyzing the simulation
results.

2.2 Fabrication of the Aluminum Pulley Using the Sand Casting Method

The aluminum pulley used as the research object was manufactured using the sand casting method. The
manufacturing process consisted of sand mold preparation, aluminum melting, pouring molten metal into the
mold cavity, solidification, mold removal, and finishing. Observations were carried out at each stage of the
manufacturing process to ensure that the produced pulley conformed to the intended geometric design and was
suitable for structural simulation [9].

2.3 Measurement of the Actual Pulley Dimensions

Dimensional measurements were performed to obtain the actual geometry of the sand-cast pulley, which served
as the basis for developing the three-dimensional model. The manufactured pulley was measured for several key
parameters, including the outer diameter of the pulley, groove root diameter, hub diameter, bore diameter, pulley
width, and groove width. The measurements were carried out using appropriate measuring instruments to obtain
dimensions that accurately represent the actual condition of the sand-cast product. The physical appearance of
the pulley and the measured dimensions are presented in Figure 2.
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Figure 2. Actual dimensions of the sand-cast aluminum pulley.

The measured dimensional data were subsequently used as the reference for developing the three-dimensional
geometric model, ensuring that the simulation model accurately represented the actual geometry of the sand-cast
pulley. The values of each dimensional parameter used in this study are presented in Table 1.

Table 1. Actual Dimensions of the Sand-Cast Aluminum Pulley

Parameter Symbol Value
Outer diameter Ds 74 mm
Groove root diameter D2 51 mm
Hub diameter Ds 41 mm
Bore diameter D4 19 mm
Pulley width W 18 mm
Groove width G 16 mm
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2.4 Three-Dimensional Geometric Modeling

The three-dimensional pulley model was developed using Onshape software based on the actual dimensions
obtained from the measurements presented in Table 1. All dimensional parameters were incorporated into the
CAD model so that the resulting geometry accurately represented the actual shape of the sand-cast aluminum
pulley. The completed three-dimensional model was subsequently exported to the simulation software for
structural analysis using the FEA method.

2.5 Finite Element Analysis (FEA) Simulation

The three-dimensional pulley model developed in Onshape was imported into the simulation software for
structural analysis using the FEA method. The pulley material was defined as aluminum, while the boundary
condition was applied as a fixed constraint on the bore surface. Radial loads were applied to the pulley groove
surface with load variations of 100 N, 200 N, and 300 N to evaluate the structural response under different
loading conditions. The simulations were performed using tetrahedral elements with a mesh size determined
through a mesh independence study. This procedure was conducted to ensure that the simulation results were not
affected by variations in mesh size. The analyzed parameters included the distribution of Von Mises stress, total
deformation, and the safety factor [10].

2.6 Evaluation of Simulation Results

The simulation results were evaluated based on the distribution of Von Mises stress, total deformation, and the
factor of safety obtained from the finite element analysis. These three parameters were used to assess the
structural response of the sand-cast aluminum pulley under radial loads of 100 N, 200 N, and 300 N. The
evaluation was carried out by comparing the variation of each parameter under the different loading conditions
to identify the effect of increasing load on the structural behavior of the pulley and to determine the structural
suitability based on the simulation results.

3. Results and Discussion
3.1 Characteristics of the Sand-Cast Aluminum Pulley

The aluminum pulley used in this study was manufactured using the sand casting process in a small-scale metal
casting industry and subsequently underwent machining on its functional surfaces to achieve the dimensions
required for its intended application. The actual pulley used as the research object is shown in Figure 3.

Figure 3. Actual Sand-Cast Aluminum Pulley Used in This Study

As shown in Figure 3. the pulley has a single V-shaped groove that serves as the belt transmission path, a central
hub that functions as the shaft seat, and a keyway that locks the pulley to the shaft. These geometric
characteristics were preserved during the three-dimensional modeling process so that the finite element
simulation was performed using the actual geometry of the sand-cast component. This approach enables the
distribution of Von Mises stress, total deformation, and the safety factor to be evaluated based on the actual
component geometry, allowing the simulation results to more accurately represent the structural behavior of the
pulley than models based on idealized geometry [11],[12].

3.2 Actual Dimensions and CAD Model of the Pulley

The next stage involved measuring the actual dimensions of the pulley to obtain the geometric data required for
three-dimensional modeling. The measured dimensions of the pulley are presented in Figure 4, while the three-
dimensional model developed using Onshape software is shown in Figure 5.
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Figure 4. Geometrical dimensions of the sand-cast aluminum pulley

2520 e-

Figure 5. Three-Dimensional CAD Model of the Pulley Developed Using Onshape

The CAD model was developed based on the complete set of measured dimensions so that the geometry used in
the simulation accurately represented the actual shape of the sand-cast pulley. This approach was intended to
minimize discrepancies between the numerical model and the actual component, considering that the
distributions of stress and deformation are highly influenced by geometric characteristics, particularly in regions
with cross-sectional changes such as the hub, V-groove, and keyway. Therefore, the use of the actual geometry is
expected to provide a more representative prediction of the structural response than a model developed using
idealized geometry [13].

3.3 Structural Simulation Results of the Aluminum Pulley

Finite element simulations were performed to evaluate the structural response of the sand-cast aluminum pulley
under radial loads of 100 N, 200 N, and 300 N. The analyzed parameters included maximum Von Mises stress,
maximum total deformation, and safety factor. These parameters were used to assess the structural capability of
the pulley under service loads and to identify critical regions that may be susceptible to failure. A summary of
the simulation results for all loading conditions is presented in Table 2.

Table 2. Comparison of Simulation Results

Load (N) Maximum Von Mises Stress Maximum Minimum
(MPa) Displacement Safety
(mm) Factor
100 68.85 0.01943 3.50
200 137.70 0.03885 3.50
300 206.50 0.05828 3.50

Table 2 shows that the increase in radial loading resulted in a gradual rise in both Von Mises stress and total
deformation. The maximum stress increased from 68.85 MPa under a load of 100 N to 137.70 MPa under 200 N
and reached 206.50 MPa under 300 N. A similar trend was observed in the maximum deformation, which
increased from 0.01943 mm to 0.05828 mm as the applied load increased. In contrast, the safety factor remained
within a safe range throughout all simulation conditions. These results indicate a proportional relationship
between the applied radial load and the structural response of the pulley.
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3.4 Von Mises Stress Distribution

Von Mises stress distribution was used to identify critical regions experiencing the highest stress under radial
loading conditions. The stress distributions obtained under radial loads of 100 N, 200 N, and 300 N are presented
in Figure 6.
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Figure 6. Von Mises Stress Distribution Under Radial Loads of 100 N (a), 200 N (b), and 300 N (c)

As shown in Figure 6. The stress distribution patterns under the three loading conditions exhibit similar
characteristics. The maximum stress is consistently localized in the keyway region of the pulley hub. Under a
radial load of 100 N, the maximum stress reaches 68.85 MPa. This value increases to 137.70 MPa under a 200 N
load and reaches 206.50 MPa under a 300 N load. The location of the maximum stress remains unchanged
despite the increase in the applied load, indicating that the keyway region is the critical area of the pulley
structure. The nearly proportional increase in stress with increasing load indicates that the structure continues to
behave within the linear elastic region. This phenomenon suggests that the stress distribution follows the
principles of mechanics of materials, in which an increase in the applied external load results in a proportional
increase in stress as long as the material has not reached its yield condition [14].
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3.5 Total Deformation Analysis

Total deformation was used to evaluate the structural displacement caused by radial loading. The deformation
distributions under radial loads of 100 N, 200 N, and 300 N are presented in Figure 7.

a. Displacement-100 N (maks. 0.01943 mm) b. Displacement-200 N (maks. 0.03885 mm)
Displacement (mm) ~ @ Show deformatic | 2 eformation scsle 264

c. Displacement-300 N (maks. 0.05828 mm)

Figure 7. Total Deformation Distribution Under Radial Loads of 100 N (a), 200 N (b), and 300 N (¢).

Figure 7. shows that the maximum deformation occurs at the outer edge of the pulley flange under all loading
conditions. Under a radial load of 100 N, the maximum deformation is 0.01943 mm. This value increases to
0.03885 mm under a 200 N load and reaches 0.05828 mm under a 300 N load. The increase in deformation with
increasing load indicates that the structural response remains within the elastic range. Although the maximum
deformation increases by approximately threefold under the highest loading condition, its magnitude remains
relatively small compared with the overall dimensions of the pulley. This condition indicates that the pulley
structure possesses sufficient stiffness to maintain its geometric stability under operational loading conditions
[15].
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3.6 Safety Factor Analysis

The safety factor was used to evaluate the structural reliability of the pulley against potential material failure.
The safety factor distributions under radial loads of 100 N, 200 N, and 300 N are presented in Figure 8.
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Figure 8. Safety Factor Distribution Under Radial Loads of 100 N (a), 200 N (b), and 300 N (c).

The results presented in  Figure 8 show that all loading conditions produce a minimum safety factor of 3.5. The
region with the lowest safety factor is located around the keyway, which was previously identified as the
location of the maximum stress. Under radial loads of 100 N and 200 N, the safety factor distribution indicates a
highly safe structural condition. A similar condition is still observed under the 300 N loading condition, although
the maximum stress increases to 206.50 MPa. The minimum safety factor remaining above the allowable limit
indicates that the pulley structure still possesses an adequate safety margin under the applied radial loading
conditions. These results indicate that the sand-cast pulley design remains suitable for use under radial loads of
up to 300 N, which is the maximum loading condition investigated in this study.

3.7 Implications of the Results on Pulley Structural Performance

The increase in radial loading from 100 N to 300 N resulted in an almost linear increase in the maximum Von
Mises stress and total deformation. This behavior indicates that the pulley structure remained within the elastic
region, where an increase in the applied load was accompanied by a proportional increase in the mechanical
response. A similar response has also been reported in various FEA-based studies, in which mechanical
components subjected to static loading exhibit a linear relationship between load, stress, and deformation as long
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as the working stress does not exceed the material yield strength [11]. The maximum stress was consistently
localized in the keyway region, indicating that the change in cross-sectional geometry in this area is the primary
cause of stress concentration [16]. The geometric discontinuity introduced by the keyway results in a non-
uniform stress distribution, making this region the critical location under all loading conditions. This
phenomenon is consistent with previous studies reporting that the keyway is one of the primary sources of stress
concentration in power transmission components due to the abrupt change in cross-sectional geometry [17],[18].
These findings suggest that geometric modifications, such as introducing a fillet radius at the keyway corners,
have the potential to reduce stress concentration and improve the structural reliability of the pulley.

The maximum deformation occurred at the outer edge of the pulley flange, with the highest value of 0.05828
mm under the 300 N loading condition. This value is relatively small compared with the overall dimensions of
the component and is therefore not expected to affect either the geometric stability or the functional performance
of the pulley under radial loading. The ability of the structure to limit deformation indicates that the pulley
design possesses sufficient stiffness to maintain its geometric integrity throughout the range of loading
conditions analyzed [19]. The minimum safety factor obtained from the simulation indicates that the structure
remained within a safe operating condition under all loading variations. The resulting working stress remained
below the material yield strength, indicating that the pulley retained an adequate safety margin under radial loads
of up to 300 N. Nevertheless, the relatively similar safety factor values obtained for all loading conditions should
be interpreted by considering the evaluation methodology implemented in the simulation software. Therefore,
the interpretation of the safety factor should not rely solely on its numerical value but should also be supported
by the corresponding stress and deformation distributions obtained from the simulation.

This study employed a numerical simulation approach based on the Finite Element Analysis method without
validation through experimental testing or analytical calculations. The simulation results exhibit trends that are
consistent with previous studies, particularly regarding the location of stress concentration in the keyway region
and the linear relationship among applied load, stress, and deformation. However, the simulation results are still
influenced by the assumptions that the material is homogeneous, isotropic, and linearly elastic, while the effects
of porosity, casting defects, microstructural heterogeneity, and dynamic loading under actual operating
conditions have not been considered [20]. Validation through experimental testing, analytical calculations, or
simulations under more complex loading conditions is therefore required to improve the reliability of the
findings and to extend the applicability of the simulation model to real operating conditions. The use of the
actual geometry of the sand-cast pulley represents the primary contribution of this study. Unlike most previous
studies that employed idealized geometric models, the simulations in this research were performed using the
dimensions of the manufactured component, thereby providing a representation that more closely reflects the
actual condition. This approach can serve as a basis for the preliminary evaluation of pulley designs before
conducting experimental validation or geometric optimization in regions experiencing stress concentration [21].

The simulation results demonstrate that the use of the actual geometry of the sand-cast pulley is capable of
representing the structural response of the component under radial loads of up to 300 N. This approach differs
from that adopted in most previous studies, which relied on idealized geometric models as the basis for
simulation. The use of the actual geometry enables the distributions of Von Mises stress, total deformation, and
safety factor to be evaluated according to the characteristics of the manufactured component, resulting in
simulation outcomes that more accurately represent the actual structural behavior [22],[24]. These findings
indicate that geometry-based modeling using the actual manufactured component provides a more representative
approach for evaluating structural integrity and supporting the design development of sand-cast components.

4. Conclusion

This study successfully evaluated the structural response of a sand-cast aluminum pulley under varying radial
loading conditions using the Finite Element Analysis (FEA) method. The simulation results showed that
increasing the radial load from 100 N to 300 N resulted in an almost linear increase in both the Von Mises stress
and total deformation, indicating that the pulley structure remained within the elastic region under the loading
conditions analyzed. Stress concentration was consistently localized in the keyway region of the pulley hub,
indicating that this area is the most critical location with respect to potential structural failure and should
therefore receive particular attention in future design development. The maximum deformation occurred at the
outer edge of the pulley flange and remained relatively small, suggesting that it is unlikely to affect the
operational performance of the component. The safety factor evaluation indicated that the structure retained an
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adequate safety margin under radial loads of up to 300 N. This study demonstrates that a simulation approach
based on the actual geometry of the sand-cast pulley can provide a representative evaluation of its structural
response. Future research should include validation through experimental testing or analytical calculations and
investigate the effects of keyway geometry modification and higher loading conditions on the structural integrity
of the pulley.
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