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ABSTRACT 

Crane hook failure is associated with high stress concentrations at the inner curvature. Finite Element 

Analysis (FEA) is widely used to evaluate crane hook performance; however, simplified analytical methods 

can deviate significantly from numerical results, particularly for highly curved geometries. To address this 

issue, the current study presents a structured methodology comprising three main components: (1) a mesh 

convergence study to ensure the accuracy and reliability of the FEA model, (2) a systematic comparison 

between classical analytical calculations and three-Dimensional (3D) finite element simulations, and (3) a 

Parametric Sensitivity Analysis (PSA) to identify the geometric parameters that most influence structural 

integrity. A 3D crane hook model was developed in SolidWorks and analyzed under a vertical load of 70 

kN, using plain carbon steel with a yield strength of 220.5 MPa. The mesh convergence study confirmed 

solution stability with 19,703 nodes and 12,656 elements. The FEA results indicated a maximum von Mises 

stress of 490.2 MPa at the inner curvature, compared with an analytical prediction of 484.6 MPa, 

corresponding to a minimum Factor of Safety (FoS) of 1.06. Parametric variation of key geometric features 

showed that the inner radius has the greatest effect on stress concentration; a 15% increase in the inner 

radius resulted in approximately 40% improvement in FoS. The results show that increasing the inner 

radius is the most effective means of enhancing structural safety, followed by thickness modification and 

material upgrading. This study provides validated guidelines for reliable FEA of crane hooks and 

establishes a priority-based design optimization framework. This approach moves beyond conventional 

isolated analysis and offers practical, hierarchy-driven recommendations for safer crane hook design. 

Keywords-crane hook; stress concentration; mesh sensitivity; convergence analysis; structural failure 
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I. INTRODUCTION  

Crane hooks are significant in material handling systems 
used in construction, manufacturing, and logistics. As primary 
load-bearing elements, they are subjected to complex stress 
states, with maximum stresses typically concentrated at the 
inner curvature due to the combined effects of bending and 
axial loading [1]. While classical analytical methods provide 
rapid stress estimates, they often fail to accurately capture 
stress concentrations in highly curved geometries. In contrast, 
FEA offers greater accuracy for such complex shapes. Failure 
of a crane hook can result in severe accidents, financial losses, 
and significant safety hazards; therefore, accurate stress 
evaluation is critical to ensure reliable and safe design [2]. 
Conventional analytical approaches, such as simplified beam 
theory, are computationally efficient but inadequate for deeply 
curved components, as they neglect localized stress 
amplification [3]. The Winkler–Bach curved beam theory 
improves prediction accuracy for curved members; however, it 
remains limited when applied to the complex 3D geometries, 
characteristic of crane hooks [4]. FEA has emerged as a 
powerful numerical tool for evaluating stress in components 
with complex geometries [5]. FEA has been extensively 
employed to investigate crane hooks with varying cross-
sectional geometries and materials [6-8], including 
optimization techniques [9] and fatigue analyses [10]. More 
recent research has focused on advanced FEA applications [20, 
21] and integrated modeling strategies [22]. The novelty of the 
present work lies in its integrated methodological framework, 
which combines a rigorous mesh convergence study, a 
systematic comparison between analytical and FEA-based 
stress predictions, and a quantified PSA to prioritize geometric 
design modifications. This approach not only validates the 
reliability of the FEA process but also delivers practical, 
hierarchy-based design recommendations, extending beyond 
conventional isolated analyses. 

Despite these contributions, several gaps remain in the 
existing literature. First, significant discrepancies are often 
observed between analytical predictions and FEA results for 
curved crane hooks. The sources and implications of these 
differences are rarely examined systematically [11]. Second, 
although mesh sensitivity is frequently acknowledged, detailed 
mesh convergence studies that establish reliable discretization 
parameters for crane hook analysis are seldom reported [12]. 
Third, parametric investigations that quantify the relative 
influence of geometric variables on structural safety are 
limited, restricting the ability to optimize designs based on 
prioritized criteria [13]. The current study addresses these gaps 
through three primary objectives: (1) to perform a rigorous 
mesh convergence study to establish credible and mesh-
independent FEA parameters for crane hook analysis; (2) to 
systematically compare classical analytical stress calculations 
with 3D FEA results and examine the origins of the observed 
discrepancies; and (3) to conduct a PSA to identify the 
geometric parameters that most significantly affect the FoS. 
The originality of this work lies in its integrated 
methodological approach, which not only validates the FEA 
process through convergence and comparative analysis but also 
provides practical design insights through quantitative 
sensitivity assessment. 

 

Fig. 1.  Flowchart of FEA processes. 

A. Numerical Method 

The crane hook geometry was defined using eight critical 
dimensions that govern stress distribution in the hook body. 
Complete numerical values are provided to ensure 
reproducibility, as summarized in Table I. 

TABLE I.  COMPLETE GEOMETRIC DIMENSIONS 

Parameter Description Value (mm) Sensitivity range 

B Width at shank 80 68–92 (±15%) 

T Thickness 40 34–46 (±15%) 

R₁ Inner radius 60 51–69 (±15%) 

R₂ Outer radius 100 85–115 (±15%) 

H Total height 200 170–230 (±15%) 

A Shank length 120 102–138 (±15%) 

C Load offset 40 34–46 (±15%) 

D Throat width 100 85–115 (±15%) 

 

For baseline comparison, the nominal stress was estimated 
analytically using the combined axial and bending stress 
equation as described in [9]: 

� � �

�
� ��

�
     (1) 

where F represents the applied load, A is the cross-sectional 
area, M denotes the bending moment, y is the distance from the 
neutral axis to the outer fiber, and I is the second moment of 
area. For the analytical stress calculation under a 70 kN load, 
the applied force was taken as F = 70000 N, with a cross-
sectional area of A = 3200 mm². The second moment of area 
was I = 1.067 × 10⁶ mm⁴, and the bending moment was 
calculated as M = 2800 N·m (2.8 × 10⁶ N·mm). The distance 
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from the neutral axis to the outer fiber was assumed to be y = 
20 mm. These values were substituted into (1) to obtain the 
analytical stress used for comparison with the finite element 
results. 

� � 	





��


� 
�.���
����
�

�.
�	��
�
� 21.9 � 462.7 � 484.6 MPa  

This analytical stress value provides a baseline reference for 
comparison with the numerical results. However, it is expected 
to underestimate the actual maximum stress, as (1) does not 
account for the curved-beam effects and stress concentration 
inherent in crane hook geometries. 

II. THE 3-D HOOK MODEL 

The parametric design shown in Figure 2 enables 
systematic variation of dimensions for sensitivity analysis [7]. 
All dimensions in Table I were used to create the 3D model 
shown in Figure 3. 

 

 

Fig. 2.  Parameters used to design the 3D model in SolidWorks. 

 

Fig. 3.  Solid 3D model of a crane hook. 

A. Material Applied 

Medium- to high-carbon plain carbon steel was selected as 
the material for this study, as outlined in Table I. Material 
selection is critical for crane hook applications: excessively 
brittle materials may fail suddenly without warning, while 
overly ductile materials may undergo permanent deformation 
under high loading conditions. Plain carbon steel offers a 
balanced combination of strength and toughness, making it 
suitable for dynamic loading conditions in crane hooks [23]. It 
is commonly used in crane hook construction due to its 

combination of strength, toughness, and affordability. It 
provides an excellent blend of strength and ductility, making it 
less likely to fracture under severe loads and unexpected stress, 
giving safety and dependability in crane operations [14]. Crane 
hooks are subject to heavy loads and dynamic stress, requiring 
materials with high tensile strength and resistance to fatigue. 
Additionally, crane hooks must be robust enough to withstand 
sudden shock loads and impacts without fracturing, as 
illustrated in Figure 4 [10]. Plain carbon steel (AISI 1045) was 
selected for its common use in medium-duty lifting 
applications, with its properties specified in Table II. 

TABLE II.  MECHANICAL PROPERTIES OF AISI 1045 STEEL 

Materials properties 

Material type Plain carbon steel 

Model Linear elastic isotropic 

Yield stress  220.5 MPa 

Tensile stress  399.8 MPa 

Elastic modulus  200 GPa 

Poisson’s ratio 0.28 

Mass density 7800 kg/m3 

 

 

Fig. 4.  Crane hook model. 

B.  FEA with Mesh Convergence 

Once the model was prepared for static analysis, mesh 
generation was performed using the Finite Element Method 
(FEM) to discretize the crane hook geometry into finite 
elements [14]. Meshing subdivides the complex geometry into 
smaller, manageable elements, enabling detailed numerical 
evaluation of stress and strain distributions. In the present 
study, the final mesh consisted of 19703 nodes and 12656 
elements. Mesh refinement increases the number of nodes and 
elements, thereby improving the accuracy of stress and strain 
predictions. However, mesh quality also directly influences 
solution convergence and computational efficiency. The 
selected fine mesh satisfied the convergence criterion of less 
than 2% variation in maximum stress, confirming that the 
results are mesh-independent and consistent with established 
FEA best practices [24]. The meshing procedure and 
simulation setup for the 3D crane hook model are illustrated in 
Figure 5 and Table III. 
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Fig. 5.  Mesh analysis applied to the 3D model. 

A systematic mesh convergence study was conducted to 
ensure independence from discretization. Four mesh refinement 
levels were tested, as shown in Table III. The "Fine" mesh 
(19703 nodes, 12656 elements) satisfied the convergence 
criterion of <2% change, confirming mesh-independent results. 

TABLE III.  MESH CONVERGENCE RESULTS 

Mesh level Nodes Elements 
Maximum stress 

(MPa) 

Percentage 

change 

Coarse 5241 2856 512.4 — 

Medium 12308 7892 498.7 −2.7% 

Fine 19703 12656 490.2 −1.7% 

Extra-Fine 28455 19024 489.8 −0.08% 

 

C. Boundary Conditions and Parametric Analysis 

For the static analysis, appropriate boundary conditions 
were applied to ensure the structural stability of the 3D crane 
hook model. The shank end of the hook was fully constrained, 
as depicted in Figure 6, to represent the fixed support condition 
during loading. The constant loading and unloading that a crane 
hook experiences might lead to fatigue failure. The surface is 
developed on the hook’s interior, particularly around the 
curved portion or the lower center, where the load is applied. 
The model is subjected to five distinct forms of loads, all of 
which operate downward and cause the model to break down 
uniformly throughout the formed surface, as presented in 
Figure 7. 

 

 

Fig. 6.  Fixtures applied to the 3D model. 

 

Fig. 7.  External load applied to the 3D model. 

The boundary conditions illustrated in Figures 6 and 7 were 
applied consistently across all FEAs. To evaluate geometric 
sensitivity, a parametric study was conducted in which three 
key dimensions were varied independently by ±15% from their 
baseline values: 

1. Inner radius (R₁): 51 mm and 69 mm. 

2. Thickness (T): 34 mm and 46 mm. 

3. Width (B): 68 mm and 92 mm. 

For each geometric variation, a complete FEA was 
performed using the previously validated fine mesh 
configuration. The structural safety of each case was assessed 
using the minimum FoS, defined as: 

FoS � Yield Strength

Maximum von Mises Stress
   (2) 

where the material yield strength was taken as 220.5 MPa. 

Sensitivity was quantified as the percentage change in the 
FoS relative to the baseline geometry, allowing direct 
comparison of the influence of each geometric parameter on 
structural performance. A linear-elastic FEA approach was 
employed to identify stress concentration trends and assess 
relative geometric effects. Accurate prediction of plastic 
deformation or failure under stresses exceeding the yield 
strength would require nonlinear material modeling. 

III. RESULTS AND DISCUSSION 

This section presents comparative results from analytical 
calculations and FEA, followed by safety assessment and 
parametric sensitivity findings. 

Figure 8 shows the von Mises stress distribution under 30 
kN loading, with the maximum stress concentrated at the inner 
curvature. The stress pattern confirms this region as the critical 
failure location across all load cases. For the primary load case 
of 70 kN, Figure 9 reveals a maximum von Mises stress of 
490.2 MPa at node 2371 on the inner curvature. This represents 
a significant finding as it exceeds the material yield strength of 
220.5 MPa, indicating potential plastic deformation under the 
applied load. The maximum resultant displacement of the 3D 
model was 0.4372 mm at node 16405, while the minimum 
displacement was 0 mm at node 17, as displayed in Figure 10. 
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Fig. 8.  The stress is 30 kN. 

 

Fig. 9.  The highest stress is at the curve at a force of 70 kN. 

 

Fig. 10.  Resultant displacement results at 30 kN force. 

The maximum displacement of 0.4372 mm at node 16405 
indicates minimal deformation under load, confirming the 
hook's structural stiffness. The displacement pattern follows 
expected bending behavior with maximum deflection at the 
loaded region. The strain analyzed in the model is the 
equivalent strain. The maximum strain is 0.0007438 in element 
6675. The minimum strain is 0.0000000004159 in element 
11015, as shown in Figure 11. 

 

 

Fig. 11.  Strain results at 30 kN force. 

Strain analysis shows a maximum equivalent strain of 
0.0007438 at the inner curvature, corresponding to the high 
stress region. The strain distribution follows stress contours, 
validating consistency between the stress and strain results. 
Figure 12 illustrates the FoS distribution, with a minimum FoS 
of 1.06 at the inner curvature (node 2371). This value is low for 
lifting equipment, where industry standards [17, 18] typically 

require FoS ≥ 4-5. The baseline design with AISI 1045 steel is 

therefore unsafe for 70 kN service. 

 

 

Fig. 12.  FoS results for 30 kN. 

A. Mesh Convergence Validation 

As exhibited in Table III, the mesh configuration produced 
stable results, as evidenced by less than 0.08% variation in the 
maximum stress between "Fine" and "Extra Fine" meshes 
(meeting the convergence criterion of less than 2%). The FEA 
results can thus be considered valid and are independent of the 
mesh size. 

B. Analytical Versus Numerical Comparison 

A key outcome of the comparison between the analytical 
prediction and the FEA results (484.6 MPa versus 490.2 MPa) 
is the close numerical agreement, with a difference of only 
1.1%. Despite this agreement, an important limitation of the 
analytical approach must be emphasized. The analytical 
calculation is based on a straight-beam assumption, as 
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described in (1), which does not account for stress 
concentrations arising from curvature. In contrast, FEA 
captures localized stress amplification at the inner curvature, 
resulting in slightly higher maximum stress values. The 
observed discrepancy of 5.6 MPa highlights the inability of 
simplified analytical methods to accurately represent stress 
concentrations in curved components such as crane hooks. 
Consequently, reliable stress evaluation of such geometries 
requires either FFEA or advanced curved-beam theory [15]. 
Figure 13 presents the crane hook response under five different 
load cases, with applied forces ranging from 30 kN to 70 kN. 
The objective of this analysis was to identify load levels that 
produce stresses exceeding the material’s allowable limits. The 
corresponding results are summarized in Figure 14, which 
illustrates the variation of stress with applied load for the crane 
hook. These results provide insights into stress progression 
with increasing load, and support root cause analysis by 
identifying the critical load levels associated with potential 
failure initiation in crane hooks. 

 

 

Fig. 13.  Relationship between stress and force. 

 

Fig. 14.  Relationship between stress and strain. 

C. PSA Results 

Figures 13 and 14 illustrate the variation of von Mises 
stress with increasing applied load, along with the 
corresponding stress–strain response. The linear relationship 
observed across the evaluated load range was used for 
comparative geometric assessment, though the maximum stress 
exceeds the material yield strength, indicating that nonlinear 
analysis would be required for accurate failure prediction. 
Table IV summarizes the results of the parametric sensitivity 
study, quantifying the influence of key geometric parameters 
on maximum stress levels and the resulting FoS. 

 

TABLE IV.  PARAMETRIC SENSITIVITY RESULTS 

Parameter 

variation 

Max stress 

(MPa) 

Min 

FoS 

% Change in 

FoS 

Baseline 490.2 1.06 0% 

R1: −15% (51 mm) 523.8 0.99 −6.6% 

R1: +15% (69 mm) 421.5 1.48 +39.6% 

T: −15% (34 mm) 538.2 0.96 −9.4% 

T: +15% (46 mm) 445.3 1.23 +16.0% 

B: −15% (68 mm) 502.7 1.04 −1.9% 

B: +15% (92 mm) 478.9 1.09 +2.8% 

 

The results demonstrate that structural performance is 
strongly dependent on the inner radius (R₁). A ±15% variation 
in R₁ produces the most significant effect on stress and safety, 
with the maximum stress changing by approximately 14% and 
the FoS increasing by up to 39.6%, from 1.06 to 1.48 for a 15% 
increase in inner radius. This highlights the dominant role of 
curvature in governing stress concentration within the crane 
hook. Thickness variation (T) exhibits a moderate influence on 
structural safety. Increasing the thickness by 15% results in a 
16% improvement in FoS, primarily due to improved load 
distribution and a reduction in bending stresses. In contrast, 
changes in width (B) have a minimal effect on performance, 
with FoS variations remaining below 3%, indicating that width 
is not an effective parameter for design optimization [17]. To 
achieve maximum improvement in structural safety, the 
optimization strategy should prioritize increasing the inner 
radius, followed by selective thickness enhancement. 
Modifying the width alone is insufficient to produce a 
meaningful performance improvement [18]. 

D. Comparison with Industry Standards and Literature 

The baseline FoS of 1.06 is significantly lower than the 
proposed values of 4–5 specified for lifting and load-handling 
equipment, as described in [17, 18]. This discrepancy indicates 
that the initial design does not comply with industry safety 
requirements and necessitates geometric modification to meet 
regulatory criteria [18]. Comparison with existing literature 
reveals similar trends in stress concentration within curved 
structural components, particularly at the inner curvature of 
crane hooks [2, 4]. While the absolute stress magnitudes 
depend on material properties and geometric configuration, the 
sensitivity trends observed in this study are consistent with 
previously reported findings. The present parametric 
investigation provides a quantitative assessment of the relative 
effectiveness of key geometric parameters, addressing a 
limitation of earlier studies that relied on qualitative 
observations [19]. Consistent with theoretical behavior, the 
predicted stress distribution aligns well with classical curved-
beam theory, exhibiting maximum tensile stress at the inner 
curvature and compressive stress along the outer surface under 
bending loads [16]. This agreement between the numerical 
results and the established theoretical behavior further validates 
the finite element model and supports the reliability of the 
sensitivity analysis findings. 

IV. CONCLUSIONS 

This study presented a unified framework for crane hook 
stress analysis that integrates mesh-convergent Finite Element 
Analysis (FEA) with Parametric Sensitivity Analysis (PSA). 
The mesh convergence study confirmed numerical stability at 
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19703 nodes and 12656 elements, with a maximum stress 
variation of only 0.08% under further refinement. The analysis 
identified a significant maximum von Mises stress of 490.2 
MPa at the inner curvature under a 70 kN load, corresponding 
to a minimum Factor of Safety (FoS) of 1.06 for AISI 1045 
steel, which is substantially below the industry-proposed range 
of 4–5. The PSA yielded practical design insights, 
demonstrating that a 15% increase in the inner radius resulted 
in a 39.6% improvement in FoS, establishing it as the most 
influential geometric parameter. Thickness modification 
produced moderate gains in safety (16%), while width variation 
led to negligible improvements (less than 3%). A prioritized 
optimization strategy is proposed based on these findings: first, 
the inner radius is increased to reduce stress concentration; 
second, section thickness is selectively increased; and finally, 
an upgrade to higher-strength material is considered when 
further radius enhancement is limited by geometric constraints. 

Although the analytical approach produced a stress value 
close to the FEA result (484.6 MPa versus 490.2 MPa, a 
difference of 1.1%), there is a limitation in accurately capturing 
stress concentrations in curved geometries. Simplified 
analytical methods tend to underestimate localized stresses, 
whereas FEA and advanced curved-beam theory provide more 
reliable evaluations for crane hook analysis. The methodology 
presented in this study, which combines validated FEA with 
systematic PSA, offers a robust framework for assessing lifting 
equipment design and guiding safety improvements. To extend 
its applicability to practical industrial scenarios, future work 
should incorporate nonlinear material behavior (plasticity), 
experimental validation through physical testing, fatigue 
analysis under cyclic loading, and multi-objective optimization 
that simultaneously considers weight, cost, and safety 
requirements. 

V. LIMITATIONS AND FUTURE WORK 

This study has several limitations that should be 
acknowledged. First, the analysis employed a linear-elastic 
material model, which does not capture plastic deformation 
once stresses exceed the material yield strength. Future 
investigations should incorporate elastoplastic material 
behavior to enable more accurate prediction of failure 
mechanisms. Second, the results are based solely on numerical 
simulations and lack experimental validation. Physical testing 
of crane hooks under controlled loading conditions would 
enhance the credibility of the finite element predictions and 
provide valuable benchmark data. Third, the PSA was 
conducted using a one-factor-at-a-time approach. While this 
method offers insights into individual parameter effects, more 
comprehensive optimization could be achieved using Design of 
Experiments (DOE) techniques or multi-objective optimization 
frameworks that simultaneously consider safety, weight, and 
cost. Finally, the present work focused exclusively on static 
loading conditions. In practical applications, crane hooks are 
subjected to dynamic and cyclic loads that may lead to fatigue 
failure. Future research should therefore include fatigue 
analysis and variable loading spectra to more accurately 
represent real-world operating conditions. 
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