
68

Received: 2026.06.29
Accepted: 2026.09.15
Published: 2026.10.01

Advances in Science and Technology Research Journal, 2026, 20(11), 68–83
https://doi.org/10.12913/22998624/226159
ISSN 2299-8624, License CC-BY 4.0

Advances in Science and Technology 
Research Journal

INTRODUCTION

Crane hooks are lifting and handling compo-
nents with complex geometries that ensure the 
secure holding of loads to be lifted or transported. 
They have a wide range of applications in sectors 
such as construction, transportation, manufactur-
ing, mining, and machinery, as well as in daily 
load transportation. Therefore, designing and 
selecting the most suitable and safest load-hold-
ing element is crucial, taking into account factors 
such as the weight of the load, the lifting distance, 
and the service life. Like other material handling 
equipment, crane hooks also have essential design 
requirements and application prerequisites. Loads 
should be held and released quickly and easily. 
The holding operation should be performed with 
as few personnel as possible. Loads should be 
held securely against breakage and load slippage. 
The load holding elements should not damage the 

material being transported [1]. To improve the 
efficiency of lifting machines, crane hooks should 
be as lightweight and strong as possible. Hooks 
are commonly used load-holding elements in both 
small- and large-scale lifting applications and are 
generally classified according to their shape [2]. 
Hook blocks are classified as long-shaft and short-
shaft according to the type of their shafts. The 
hooks used in lifting machines can be divided into 
single-end simple hooks, double-end hooks, and 
lamellar hooks [1]. This article focused specifi-
cally on single-end simple hooks.

Due to the complex geometry of crane hooks, 
conventional analytical approaches have often led 
to overly conservative designs. The geometry of a 
hook, which is bound by design constraints, can be 
redesigned using new methodological approaches. 
It is possible to manufacture hooks with similar 
structures, which have been used in almost every 
field for years, at a more affordable cost by using 
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new analytical possibilities, maintaining design 
criteria, and taking into account developing manu-
facturing methods. Studies in the literature gener-
ally have focused on the optimization studies aim-
ing at reducing the stress values of the hook under 
the same load or saving material while maintain-
ing a similar stress. The research aimed at reduc-
ing stress values generally involves changes in 
cross-sectional geometry, material selection, or 
certain dimensions of the hook geometry. Some 
studies focused on various cross-sectional geome-
tries, such as circular and rectangular sections [2], 
trapezoidal sections [3], T-sections [4,5], and a 
combination of these sections [6]. The study con-
cluded that the trapezoidal hook made of wrought 
iron showed the least stress and highest fatigue 
resistance under load [7].

Previous studies have demonstrated the effec-
tiveness of combining finite element analysis with 
analytical approaches for lifting system compo-
nents and the hook stress evaluation [8]. In par-
ticular, a 40 kN lifting hook designed according 
to DIN 15400 [9] and DIN 15401 [10] was mod-
eled and analyzed using FEM, and the numeri-
cal results were validated through curved beam 
theory [11]. A comprehensive optimization study 
was presented in which different crane hook cross-
sectional geometries were evaluated using finite 
element analysis and classical curved beam the-
ory. The results indicated that a trapezoidal cross-
sectional profile provides superior performance 
in terms of von Mises stress and factor of safety 
under identical boundary conditions [12]. Analyti-
cal formulations based on Winkler’s theory have 
been proposed for curved beam cross-sections to 
achieve balanced stress distributions under com-
bined bending and axial loading, and validated 
by three-dimensional finite element analyses of a 
hook geometry [13]. Topology optimization and 
lightweight design of crane hooks using 3D mod-
eling tools and additive manufacturing have been 
investigated, demonstrating that significant weight 
reduction can be achieved while maintaining 
structural integrity within material strength lim-
its [14]. The failure mechanisms of crane hooks 
have been investigated using a multidisciplinary 
approach combining metallurgical examination, 
analytical calculations, and finite element analy-
sis. The results highlight that fatigue failure typi-
cally initiates at stress concentration regions, such 
as threaded roots or surface irregularities, and that 
finite element simulations accurately predict the 
critical high-stress zones associated with failure 

[15]. Analytical expressions [16] for circumfer-
ential stress concentration factors in lifting hooks 
were developed by fitting finite element analysis 
results for shallow notches. Based on Neuber-
type formulations, the proposed simplified equa-
tions enable rapid estimation of stress concentra-
tions without resorting to finite element model-
ing, while also addressing stress triaxiality effects 
and the associated reduction in material ductility 
at notch regions [17]. The mechanical response 
of crane hooks under payload was investigated 
through theoretical, numerical, and experimental 
approaches by combining curved beam theory, 
approximate analytical methods, finite element 
analysis, and strain gauge measurements. A good 
agreement was reported between analytical pre-
dictions, finite element results, and experimental 
data obtained from strain gauge measurements on 
a DIN 15401–compliant crane hook [18]. Alter-
native approaches based on advanced constitutive 
modeling and isogeometric analysis have also 
been reported for strongly curved beams, high-
lighting the limitations of simplified formulations 
commonly used in numerical analyses [19]. A 
three-step optimal design methodology was devel-
oped for 2-ton forged steel lifting hooks based on 
ISO 7597:2013, combining finite element analysis 
and weight optimization to improve performance, 
resulting in a 27.5% reduction in material cost and 
a 42.16% increase in safety compared to the ini-
tial design [20]. Using topology optimization and 
finite element analysis, the study achieved a light-
er hook design with a 5% weight reduction while 
maintaining equivalent strength and fatigue life, 
demonstrating the efficiency of geometry optimi-
zation in structural improvement [21].

When the studies available in the literature 
are examined, it is observed that crane hook 
analyses are predominantly based on analytical 
formulations, numerical approaches [22] – par-
ticularly the finite element method – and, to a 
limited extent, experimental investigations. With 
the increasing accessibility and widespread use 
of numerical simulations in recent years, experi-
mental data acquisition has remained relatively 
scarce. More specifically, for crane hook geom-
etries, the application of strain gauges on both the 
inner and outer surfaces along mutually perpen-
dicular directions to obtain real-time strain data 
has not, to the authors’ knowledge, been reported 
in the open literature. In this context, simulta-
neous strain measurements collected from four 
orthogonal axes on the inner and outer surfaces of 
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a crane hook have not been addressed, which con-
stitutes a clear gap in existing research. To bridge 
this gap, the present study obtained experimen-
tal strain measurements from both the inner and 
outer curved surfaces of a crane hook under load-
ing conditions. The finite element analysis results 
were compared with the experimentally mea-
sured strain data to evaluate the numerical model. 
Based on the resulting finite element model, a 
generative design optimization study was then 
conducted to investigate the potential for weight 
reduction while maintaining stresses below the 
material yield strength.

METHODOLOGY

This section first presents the geometrical 
details of the crane hook considered in this study. 
Then, the mesh structure and boundary conditions 
used in the finite element analysis were defined. 
Finally, the experimental setup was introduced.

Geometrical details and materials 
specifications

The single-ended simple crane hook used in 
this study was modeled according to the dimen-
sions specified in the DIN 15401 standard. Hook 
number NR025 was selected owing to its suitable 
dimensions for experimental testing. The selected 
hook type is defined as RSN, corresponding to a 
drop-forged hook (S), an unmachined part (R), 
and a hook with a nose (N). The nose protruding 
from the shank was not included in the model, 
since its effect on the stress distribution was con-
sidered negligible. Figure 1 shows the critical 
section (A-B) defined in the DIN 15401 standard. 
Three-dimensional geometry and main geometri-
cal details are provided in the technical drawing. 
Section naming and position details follow the 
relevant standard.

According to the standard, the designation of 
a type RSN single hook No. 025 of strength class 
P is “Single hook DIN 15401 – RSN 025 – P”. 
The material was defined in accordance with DIN 
15400. According to the standard, for hook num-
ber 025 and shank diameters d1 in the range of 
14–36 mm, the specified material for class P is 
StE 355. The material properties of StE 355 steel 
are presented in Table 1

The upper yield strength, ReH or 0.2% proof 
stress, Rp0.2, in N/mm2 is 315 MPa. These are 

defined as minimum requirements for the basic 
series of fine grain structural steel as in DIN 17 
102 and DIN 17 103. The material properties of 
structural steel were defined with a Young’s mod-
ulus of 200 GPa and a Poisson’s ratio of 0.3. These 
values were initially adopted as default material 
parameters. Subsequently, an inverse calibration 
procedure was carried out to identify the effective 
elastic parameters that minimized the discrep-
ancy between the experimentally measured and 
numerically predicted strain responses. These 
calibrated parameters were adopted only for the 
numerical model used in this study and should not 
be interpreted as intrinsic material properties.

Finite element analysis setup

The mesh structure of the analysis model 
was created in the Structural Analysis module of 
Ansys Workbench 19.2 software. An element size 
of 1 mm was selected, corresponding to 511,562 
nodes and 147,625 elements (Figure 2). A hexa-
hedral-dominant mesh structure was preferred to 
maintain mesh quality and numerical accuracy in 
the curved regions of the hook. The refined mesh 
was selected to capture the localized stress and 
strain gradients in the curved and experimentally 

Figure 1. Geometrical details and technical drawing 
of the crane hook NR025 according to DIN 15401
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monitored regions, consistent with related numer-
ical studies [23–25]. Although a coarser mesh 
would reduce the computational cost, it could 
smooth the local peak values required for the 
numerical–experimental comparison; neverthe-
less, the solution time remained manageable for 
the present static analyses. Since the applied 
loads generated stresses below the yield strength 
of the material, the large deformation option was 
disabled to reduce analysis time.

In the numerical model, the shaft section of 
the part was not directly considered. Instead, the 
upper shaft region was fixed along a height of 100 
mm to ensure consistency with the experimental 
setup (Figure 3). For the defined section, zero dis-
placement was applied in all degrees of freedom.

The hook model was loaded from the inner 
side of the curved surface along the axis passing 
through the center of the shaft to avoid generat-
ing any additional bending moment. The load was 
applied in 10 steps, increasing linearly up to 10 
kN to simulate the tensile test conditions. Accord-
ing to Table 3 of DIN 15400, the DIN 15401 RSN 
025 hook with strength class P and drive group 
1Bm (M3) has a rated lifting capacity of 630 kg, 
equivalent to approximately 6.18 kN. The maxi-
mum experimental force of 10 kN therefore cor-
responds to approximately 161.8% of the rated 
load. This force was selected as a conservative 

rounded value slightly above 1.5 times the rated 
load (9.27 kN). At 10 kN, the maximum von 
Mises stress was approximately 269 MPa, which 
remained below the material yield strength of 315 
MPa; therefore, the measurements were conduct-
ed within the elastic regime.

Although the original load-bearing contact sur-
face and bending radius were preserved during opti-
mization, the effects of flexible wire ropes or web-
bing slings, friction, nonuniform contact pressure, 
and cyclic wear were not investigated; therefore, 
future work should include nonlinear hook–sling 
contact analyses and corresponding experimental 
tests under representative operating conditions.

Experimental setup

Strain gauges were employed to measure 
the surface strains developed on the hook under 
tensile loading. The gauges operate based on 
the changes in electrical resistance resulting 
from structural deformation. Each strain gauge 

Table 1. Material properties of the crane hook according to DIN 15400

Hook number Class Shank diameter (mm) Yield strength (MPa)

025 P 20 315

Figure 2. Mesh structure and detail view Figure 3. Boundary conditions on the hook geometry
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consists of a thin metallic foil bonded to the 
specimen surface using a suitable adhesive and 
carefully aligned with the selected measure-
ment directions. When the material is subjected 
to loading, the strain gauge deforms simultane-
ously with the surface, leading to a change in 
electrical resistance. To precisely measure this 
resistance variation and convert it into mean-
ingful strain data, a Wheatstone bridge circuit 
is required. The wiring configuration on the test 
specimen must be arranged according to the 
type of Wheatstone bridge employed. Depend-
ing on the measurement objective, Wheatstone 
bridge circuits are classified as quarter-, half-, or 
full-bridge configurations. The bridge type was 
selected based on the capabilities of the data 
acquisition system and the desired output signal 
characteristics [26].

Prior to bonding the strain gauges, it is essen-
tial that the metal surface be free of contami-
nants, such as dust, debris, or machining resi-
dues. Additionally, any surface coating or paint 
layer must be removed to ensure accurate strain 
transfer from the base material to the sensor. 
After surface preparation, the strain gauges were 
bonded using an adhesive compatible with the 
substrate material and securely fixed in place. 
In the present study, the available measurement 
area on the outer surface of the hook curvature 
was relatively limited; therefore, a rosette-type 
strain gauge was selected. For the hook speci-
men, the paint coating on the designated sensor 
locations – namely the inner and outer curved 
surfaces – was removed by sanding prior to sen-
sor installation (Figure 4a, b). The strain gauges 
were bonded to the predefined locations using a 
CC-36 adhesive, which is recommended for the 
applications within a temperature range of −30 
°C to 120 °C (Figure 4c).

The adhesive ensured direct contact between 
the strain gauge and the base material, allowing 
strain transfer from the hook surface to the sen-
sor without the influence of the removed coat-
ing layer. Rosette-type strain gauges capable 
of measuring biaxial strain at a single location 
were employed. The strain gauge had a nomi-
nal resistance of 350.9 Ω and a gauge length of 
2 mm. The strain gauges with higher resistance 
values are commonly preferred in low-current, 
high-sensitivity measurement systems. A Kyowa 
KFGS-2-350 biaxial stacked rosette strain gauge 
with a 0°/90° configuration was used. The strain 
gauge layout marked on the hook is shown in 
Figure 5. The strain gauge positioned on the 
inner surface of the hook and aligned parallel 
to the shaft axis was defined as SGiA, represent-
ing the inner axial strain gauge. The strain gauge 
positioned on the inner surface perpendicular to 
the shaft axis was defined as SGiT, representing 
the inner transverse strain gauge. Similarly, the 
gauges bonded to the outer surface of the hook 
were denoted as SGOA, representing outer axial 
strain gauge for the gauge aligned parallel to the 
shaft axis, and SGOT, representing outer trans-
verse strain gauge for the one oriented perpen-
dicular to the shaft axis.

An M24 lifting eye bolt manufactured from 
C15 steel in accordance with the DIN 580 stan-
dard was prepared to mount the hook specimen 
to the grips of the tensile testing machine (Fig-
ure 6a). The tensile testing and data acquisition 
procedures were conducted at the Mechanical 
Testing Laboratory of the Integrated Manufac-
turing Technologies Research and Application 
Center at Sabancı University. Tensile tests were 
performed using an Instron 8803 servo-hydraulic 
testing machine (Figure 6b). The threaded por-
tion of the lifting eye bolt was machined into a 

Figure 4. a) Polished inner, b) outer surface of the hook, and c) Installed strain gauges
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smooth shaft with a diameter of 18 mm to ensure 
proper alignment and secure clamping within the 
testing machine grips.

The lifting eye bolt and the hook specimen 
were mounted concentrically in the grips of the 
testing machine, and the data acquisition con-
nections were then completed. The Wheatstone 
bridge circuits were configured automatically 
within the data acquisition system. Each strain 
gauge had two output terminals; however, three 
wires were used for each sensor: one for the posi-
tive signal, one for the negative signal, and one 
reference wire. The reference wire was employed 
to improve measurement stability and reduce the 
influence of temperature variations.

Data acquisition and processing were carried 
out using the Instron Bluehill software provided 
by the tensile testing machine manufacturer. All 
tests were conducted at a relative humidity of 
49.6% and a room temperature of 22.8 °C. To 
ensure accurate strain measurement, the tensile 
loading rate was set to 1 mm/min. The applied 
tensile force was increased incrementally from 
0.5 kN up to 10 kN, while the strain values at 
the designated locations on the specimen were 
recorded continuously.

NUMERICAL AND EXPERIMENTAL 
RESULTS

This section presents the numerical and 
experimental results obtained for the conventional 
crane hook. First, the stress distribution obtained 
from finite element analysis was discussed. Then, 
the experimentally measured strain values were 
presented and compared with the numerical 
results. Finally, the material parameters used in 
the finite element model were evaluated based on 
the experimental strain measurements.

Stress distribution from FEA

The maximum von Mises stress in the hook 
was observed on the inner surface of the curved 
region, reaching 269.4 MPa (Figure 7). This region 
experiences the highest stress due to the combined 
effect of bending and axial tensile loading. Conse-
quently, this location represents the most critical 
region of the hook and corresponds to one of the 
locations where strain gauges were placed.

As shown in Figure 8, the examined cross-
section A-B was taken through the critical curved 
region of the hook. Along this cross-section, the 
stress distribution varies due to the bending-dom-
inated response of the curved hook geometry. 
The outer surface of the section is predominantly 
subjected to compressive stresses, reaching a von 
Mises equivalent stress of approximately 116 
MPa. In contrast, the regions closer to the mid-
surface show a noticeable reduction in stress lev-
els due to the transition between tensile and com-
pressive stress states. As a result, the equivalent 
stress in these areas decreases to values as low 
as 31 MPa. The highest stress levels are concen-
trated near the inner surface of the section, where 
the von Mises equivalent stress reaches approxi-
mately 269 MPa.

Experimental strain measurements

The experimentally measured strain values 
are presented in Figure 9. Figure 9a illustrates the 
axial and transverse strain data obtained from the 
inner strain gauges as the applied load was gradu-
ally increased from 0 to 10 kN. As expected from 
the bending-dominated behavior of the hook, 
positive axial strain values were observed on 
the inner surface, indicating tensile deformation, 
while the transverse strain values were negative, 

Figure 5. a) Rosette-type strain gauge placement
on the inner surface and (b) on the outer surface
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corresponding to the compressive strain induced 
by the Poisson effect. Similarly, Figure 9b pres-
ents the axial and transverse strain measurements 
obtained from the strain gauges located on the 
outer surface of the hook. Due to the compressive 
stress state in the axial direction on the outer sur-
face, negative axial strain values were recorded. 
In contrast, positive transverse strain values were 
measured, which can be attributed to the lateral 
expansion associated with axial compression. 
These results are consistent with the expected 
stress–strain distribution of a curved structural 
member subjected to tensile loading. 

The ratio between the transverse strain mea-
sured perpendicular to the applied load and the 
axial strain measured parallel to the applied load 
was evaluated from the experimental data, as 

shown in Figure 10. An apparent Poisson’s ratio, 
calculated as ν = –εT/εA, was evaluated as 0.328 
using the inner strain gauge measurements. When 
the same ratio was computed using the outer strain 
gauge measurements, the apparent Poisson’s ratio 
was found to be v = 0.339. The slight discrepancy 
between the Poisson’s ratio values obtained from 
the inner and outer strain gauges can be attributed 
to several factors, including local stress gradients 
arising from the curved geometry of the hook, non-
uniform strain distribution through the cross-section 
under bending, and minor variations in strain gauge 
positioning and bonding quality. Additionally, the 
combined effects of bending and axial loading may 
lead to localized deviations from ideal uniaxial 
stress conditions, resulting in small differences in 

Figure 6. a) General view of the experimental setup and b) close-up view of the hook–eye bolt
and lower grip connection

Figure 7. Stress distribution in the critical section

Figure 8. Axial and transverse stresses
in the critical section
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the experimentally evaluated Poisson’s ratio. Such 
differences may arise from the non-uniform stress 
state as well as the measurement uncertainties 
associated with transverse strain, gauge alignment, 
angular positioning, and low-load offsets [27]. 
The variation of the evaluated Poisson’s ratio as a 
function of the applied force for both the inner and 
outer strain gauge measurements is shown in Fig-
ure 10. At low load levels, pronounced fluctuations 
are observed in the Poisson’s ratio values for both 
gauge locations. This behavior can be attributed to 
initial seating effects, strain gauge stabilization, and 
signal noise dominance when the strain magnitudes 
are relatively small.

As the applied force increases, the Poisson’s 
ratio values gradually converge and exhibit a more 
stable trend. The inner gauge data stabilizes around 
a higher Poisson’s ratio value, whereas the outer 
gauge data converges to a slightly lower level. 
This consistent separation between the inner and 
outer measurements is primarily associated with 
the non-uniform strain distribution induced by the 
combined bending and axial loading of the curved 
hook geometry. The inner surface experiences 
predominantly tensile axial strains, while the outer 
surface is subjected to compressive axial strains, 
leading to different transverse strain responses 
and consequently distinct Poisson’s ratio evalua-
tions. Moreover, local stress gradients across the 
hook cross-section and deviations from ideal uni-
axial stress conditions contribute to the observed 
discrepancy between the inner and outer Pois-
son’s ratio values. Despite these differences, both 
datasets remain close to the typical Poisson’s ratio 
range reported for structural steel, indicating the 
consistency of the experimental measurements.

To improve the agreement between the 
experimental strain measurements and the 
numerical results, a series of finite element anal-
yses were conducted by systematically varying 
the Young’s modulus and Poisson’s ratio. This 
parametric approach was adopted to reduce the 
difference between the experimentally mea-
sured strain responses and those predicted by the 
finite element model. The parametric study was 
carried out using the Taguchi design of experi-
ments [28] methodology implemented in the 
Minitab 16 software. A two-factor, three-level 
experimental design was employed, and the 
simulations were organized according to an L9 
orthogonal array. The signal-to-noise ratio was 
defined using the “smaller-is-better” criterion, 
where the response variable was selected as the 
mean absolute difference between experimental 
and numerical strain values for each simulation 
case. The Poisson’s ratio levels were selected 
within the range of 0.30 to 0.34, based on the 
values experimentally estimated from the strain 
measurements, which exhibited fluctuations 
within this interval. The influence of both mate-
rial parameters on the average strain deviation 
was subsequently evaluated, enabling the iden-
tification of their relative contributions to the 
model accuracy. The analysis revealed that the 
minimum average deviation between the exper-
imental and numerical results was obtained 
when the Young’s modulus was set to 220 GPa 
and the Poisson’s ratio to 0.32. This combina-
tion was therefore selected as the most suitable 
material parameter set for the finite element 
model, providing the lowest average deviation 
from the experimental observations (Figure 9).

Figure 9. Strain comparison of experimental and finite element analysis for a) Inner strain gauge
and b) Outer strain gauge
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Initially, the finite element simulations were 
performed using default material properties 
commonly adopted for structural steel, namely 
a Young’s modulus of 200 GPa and a Poisson’s 
ratio of 0.30. The strain response obtained under 
these assumptions was compared with the experi-
mental measurements, and noticeable inconsis-
tencies were observed. Following this parameter 
refinement, the finite element model employing 
the updated material properties showed improved 
correspondence with the experimentally measured 
strain trends, particularly in terms of the axial 
strain evolution under increasing load. Obtain-
ing complete agreement between experimental 
and numerical results is practically unattainable 
due to several inherent factors. First, the hook 
geometry in the numerical model was defined 
using nominal dimensions in accordance with the 
DIN 15401 standard, whereas the manufactured 
specimen may include dimensional deviations. 
Second, the hook was produced using a forging 
process [29], which may result in material hetero-
geneity and local variations in mechanical prop-
erties. Third, the finite element model inherently 
relies on mathematical idealizations and simpli-
fying assumptions, which introduce unavoidable 
differences compared to real structural behavior. 
Despite these limitations, the comparison results 
show acceptable agreement for the purposes of 
the present numerical assessment. The linear rela-
tionship observed between strain and applied load 
in the experimental data indicates that the load-
ing conditions remained within the elastic lim-
its. This finding is consistent with previous finite 

element-based crane hook studies, in which the 
structural safety was evaluated by comparing the 
maximum von Mises equivalent stress with the 
material yield strength [30]. Under these condi-
tions, the finite element model, combined with 
the refined material parameters, provided a suit-
able basis for the subsequent application of the 
generative design methodology.

Using the experimentally measured axial and 
transverse strain values, the corresponding stress 
components on the inner and outer surfaces of the 
hook were calculated assuming a linear elastic, 
isotropic material behavior. The Young’s modu-
lus and Poisson’s ratio were taken as 220 GPa and 
0.32, respectively, based on the refined material 
parameters obtained from the Taguchi analysis. 
A plane stress condition was assumed, which 
is appropriate for surface strain measurements. 
Under plane stress conditions, the axial and trans-
verse normal stresses can be expressed in terms of 
the measured strains as:

	 𝜎𝜎𝐴𝐴 = 𝐸𝐸
1 − 𝜈𝜈2 (𝜀𝜀𝐴𝐴 + 𝜈𝜈𝜀𝜀𝑇𝑇) 

 

 𝜎𝜎𝑇𝑇 = 𝐸𝐸
1 − 𝜈𝜈2 (𝜀𝜀𝑇𝑇 + 𝜈𝜈𝜀𝜀𝐴𝐴) 

 

 σ𝐸𝐸𝐸𝐸. = √σA
2 + σT

2 − σAσT 

	 (1)

and

	

𝜎𝜎𝐴𝐴 = 𝐸𝐸
1 − 𝜈𝜈2 (𝜀𝜀𝐴𝐴 + 𝜈𝜈𝜀𝜀𝑇𝑇) 

 

 𝜎𝜎𝑇𝑇 = 𝐸𝐸
1 − 𝜈𝜈2 (𝜀𝜀𝑇𝑇 + 𝜈𝜈𝜀𝜀𝐴𝐴) 

 

 σ𝐸𝐸𝐸𝐸. = √σA
2 + σT

2 − σAσT 

	 (2)

where:	σA and σT are the axial and transverse 
normal stresses, εA and εT are the mea-
sured axial and transverse strains, E is the 
Young’s modulus, and v is the Poisson’s 
ratio. The von Mises equivalent stress 
was then calculated using:

	

𝜎𝜎𝐴𝐴 = 𝐸𝐸
1 − 𝜈𝜈2 (𝜀𝜀𝐴𝐴 + 𝜈𝜈𝜀𝜀𝑇𝑇) 

 

 𝜎𝜎𝑇𝑇 = 𝐸𝐸
1 − 𝜈𝜈2 (𝜀𝜀𝑇𝑇 + 𝜈𝜈𝜀𝜀𝐴𝐴) 

 

 σ𝐸𝐸𝐸𝐸. = √σA
2 + σT

2 − σAσT 	 (3)

For the outer surface, the measured strain 
values were εA = –0.05605% and εT = 0.01898%. 
Substituting these values into the constitutive 
equations yields: σA = –122.5 MPa and σT = 2.6 
MPa. The corresponding von Mises stress on the 
outer surface is: σEq = 123.8 MPa. The negative 
axial stress confirms that the outer surface of the 
hook is predominantly subjected to compressive 
loading, while the transverse stress remains rela-
tively small.

For the inner surface, the measured strain 
values were εA = 0.11752% and εT = –0.03588%. 
Using the same formulation, the calculated stress-
es are σA = 259.9 MPa and σT = 4.2 MPa. The 
resulting von Mises equivalent stress on the inner 

Figure 10. Poisson’s ratio–force relationship derived 
from inner and outer strain gauge data
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surface is σEq = 257.8 MPa. The experimental and 
numerical axial and transverse strains are com-
pared in detail in Figure 9, while the correspond-
ing stress components and von Mises equivalent 
stresses are summarized side by side in Table 2.

The differences between the experimen-
tally derived and numerical axial stresses are 
approximately 1.0% on the outer surface and 
5.6% on the inner surface. The corresponding 
differences in the von Mises equivalent stresses 
are approximately 6.3% and 4.5%, respectively, 
indicating reasonable agreement between the 
experimental and numerical results. The inner 
surface is therefore subjected to significantly 
higher tensile stresses, which is consistent with 
the bending-dominated loading condition of the 
hook geometry. The stress calculations indicate 
that the maximum von Mises stress occurs on 
the inner surface of the hook, where tensile axial 
strains dominate. The obtained von Mises stress 
levels remain below the material yield strength 
of structural steel (315 MPa), confirming that 
the applied loading conditions are within the 
elastic regime. These findings are consistent 
with the finite element analysis results and sup-
port the use of the refined material parameters in 
the numerical model.

GENERATIVE DESIGN APPROACH

Following the experimental measurements 
and finite element analyses presented in the pre-
vious sections, a generative design study was 
conducted to investigate the potential for weight 
reduction and geometric optimization of the crane 
hook while preserving structural safety. The 
refined material properties and boundary condi-
tions used in the finite element model were trans-
ferred to the generative design environment to 
ensure consistency between the numerical, exper-
imental, and optimization stages of the study. The 
generative design workflow was implemented 
using Autodesk Fusion 360 (2021 version), which 
provides an integrated cloud-based solution for 
geometry generation and preliminary structural 

evaluation. In this stage, the objective was to 
reduce mass while maintaining a continuous load 
path within the hook geometry under the applied 
loading conditions.

Geometry definition and space partitioning

The baseline geometry of the DIN 15401 
NR025 crane hook was imported into Fusion 
360 as the reference model. In order to guide 
the generative design algorithm, the model was 
divided into three distinct regions: obstacle 
geometry (red area), preserve geometries (green 
area), and starting geometry (yellow area). 
These regions were generated as separate bod-
ies using surface partitioning tools within the 
CAD environment (Figure 11).

Obstacle geometries define the volumes 
where material addition is prohibited. In this 
study, an offset volume of the inner curved sur-
face was defined as an obstacle geometry to 
ensure that the load-bearing contact surface of 
the hook remained unchanged. Preserve geom-
etries represent the regions that must remain 
intact throughout the optimization process; these 
included the inner curved surface and the shaft 
regions intended for threaded or guided connec-
tions. The starting geometry defines the volume 
in which the algorithm is allowed to remove 
or redistribute material. The selection of this 
region was informed by the finite element results 
obtained earlier, with particular emphasis on 
including the zones exhibiting relatively low 
stress levels under the applied load.

Boundary conditions and parameters

A static load of 630 kg, corresponding to 
the rated load capacity of the hook, was applied 
along the shaft axis. The upper shaft region 
was fully constrained in all degrees of free-
dom to replicate the experimental and numeri-
cal setup. A safety factor of 1.5 was prescribed 
to ensure structural reliability. Symmetry con-
straints were imposed with respect to the mid-
plane of the hook to maintain manufacturability 

Table 2. Experimental and numerical simulation stress comparison

Surface σA (MPa) 
Exp. / Num.

σT (MPa) 
Exp. / Num.

σEq. (MPa) 
Exp. / Num

Outer -122.5 / -123.7 2.6 / 0.9 123.8 /116.0

Inner 259.9 / 245.4 4.2 / -5.8 257.8 / 269.4
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and consistency with the original geometry. No 
manufacturing method was explicitly enforced; 
therefore, the software was allowed to propose 
the designs suitable for additive manufacturing, 
machining, casting, or unrestricted fabrication. 
Material properties were defined based on the 
refined parameters obtained from the experi-
mental–numerical comparison. The Young’s 
modulus and Poisson’s ratio were set to 220 GPa 
and 0.32, respectively, while the yield strength 
was specified as 315 MPa in accordance with 
the DIN 15400 standard. These properties were 
actively used by the algorithm during both geom-
etry generation and internal stress evaluations.

Generative design alternatives and 
comparative evaluation

The generative design process resulted in five 
alternative geometries. All alternatives are pre-
sented in Figure 12. Due to their similar structural 
characteristics and stress responses, the first four 
alternatives were evaluated collectively, while 
the fifth alternative was discussed separately as a 
refined design.

The first alternative (Figure 12a) exhibits 
material removal across the thickness just above 
the critical A–B cross-section. This region cor-
responds to a low-stress zone identified in the 
finite element results, where compressive stresses 
induced by bending partially counteract normal 
tensile stresses. Fusion 360 suggested additive 
manufacturing for this geometry due to internal 
voids, with an estimated mass of 371.5 g, corre-
sponding to approximately 42% weight reduction 
compared to the original design. The reported 
maximum von Mises stress was approximately 
210 MPa. The second alternative (Figure 12b) 
was generated under unrestricted manufacturing 
conditions. In this design, the width near the outer 
surface of the A–B cross-section was reduced by 
approximately 40%, and the preserved inner sur-
face was connected to the modified region through 
a wavy transition. This alternative achieved the 
highest weight reduction, approximately 46.5%, 
with an estimated mass of 342.9 g. Fusion 360 
again reported a maximum von Mises stress of 
210 MPa. A detailed finite element analysis was 
performed on the second alternative to check the 
stress level predicted by the generative design 
environment. The ANSYS Workbench structural 
analysis revealed a maximum von Mises stress of 
281.67 MPa, which is approximately 33% higher 
than the value reported by Fusion 360 but still 

Figure 11. Three regions of the body

Figure 12. Alternative geometries obtained from the generative design process: (a) additive manufacturing,
(b) unrestricted manufacturing, (c) die casting, and (d) two-axis machining
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below the material yield strength of 315 MPa. 
Fusion 360 automatically generated the mesh 
during the generative design procedure, and its 
explicit element type as well as numerical mesh 
size were not available. This represents a limita-
tion of the study and may have contributed to the 
difference between the Fusion 360 and ANSYS 
stress results. Therefore, the Fusion 360 value 
was treated as a preliminary estimate. This dis-
crepancy emphasizes the necessity of checking 
generative design results using detailed finite 
element analyses for safety-critical components. 
The third alternative (Figure 12c) is geometri-
cally similar to the second but was optimized 
for die casting. Feeders were incorporated to 
facilitate molten metal flow during casting. The 
estimated mass was 343.7 g, corresponding to 
a weight reduction of approximately 46.3%. As 
with the previous alternatives, Fusion 360 report-
ed a maximum von Mises stress of approximately 
210 MPa. The fourth alternative (Figure 12d) dif-
fers more significantly from the previous designs, 
as it was optimized for two-axis machining. In 
this configuration, the material reduction from 
the inner to the outer surface was implemented 
in a more linear manner, and the shaft geometry 
was adapted accordingly. The estimated mass 
was 396 g, corresponding to a weight reduction 
of approximately 38.1%, the lowest among the 
first four alternatives. The second alternative was 
selected as the basis for further revision because 
it provided the highest weight reduction (approxi-
mately 46.5%) and was generated without impos-
ing a specific manufacturing process. In addition, 
its maximum von Mises stress obtained from the 
detailed ANSYS analysis remained below the 
material yield strength. Thus, it offered the most 
promising balance between mass reduction and 
static structural performance, although the abrupt 
transition near the free end required further geo-
metric refinement.

During the evaluation of these alternatives, 
it was observed that the generative design algo-
rithm removed all material between the free end 
of the hook and the cross-section passing through 
the central axis of the hook shaft, leading to rela-
tively sharp geometric transitions. To mitigate the 
potential stress concentration effects and account 
for uncertainties in operational loading, the pre-
serve geometry was revised (Figure 13).

Following this revision, a fifth alternative 
was generated (Figure 14). This design exhibits a 
smoother transition between the free end and the 

cross-section passing through the central axis of 
the hook shaft and can be considered a reinforced 
version of the second alternative.

The estimated mass was 387.4 g, correspond-
ing to a weight reduction of approximately 39.4%. 
The manufacturing type remained unrestricted, 
the safety factor was 1.5, and Fusion 360 report-
ed a preliminary maximum von Mises stress of 
210 MPa during the generative design stage. The 
safety factor of 1.5 was adopted as a preliminary 
static optimization constraint, corresponding to a 
target von Mises stress of 210 MPa. It was not 
intended as a universal standard safety factor for 
lifting hooks. Since the revised geometry was 
mainly intended to improve geometric continu-
ity near the free end and the section through to 
the central shaft axis, the final design was evalu-
ated in terms of mass reduction, manufacturabil-
ity, and detailed finite element stress response. 
Moreover, the geometry remained symmetric and 
free of severe undercut surfaces, which makes 
it more suitable for conventional manufacturing 
processes after minor draft angle and fillet modi-
fications. A detailed finite element analysis of the 
final geometry was also performed in ANSYS 
Workbench to check the stress response of the 
selected design candidate. The maximum axial 
stress along the A–B section of the final geometry 
was approximately 277 MPa, which is close to 
the corresponding value of the original geometry, 

Figure 13. Revised preserve geometry
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approximately 265 MPa. This result indicates that 
the final geometry provides a comparable stress 
response in the critical section while achieving 
approximately 39.4% weight reduction.

From a manufacturability point of view, the 
final geometry is more favorable than the first 
four alternatives because it avoids abrupt mate-
rial removal between the free end of the hook and 
the section through to the central axis. However, 
the wavy transitions generated by the algorithm 
may still require local smoothing, fillet addition, 
and draft angle modification before manufactur-
ing. These regions should be carefully examined, 
since small local stress concentrators may occur 
at sharp transitions, internal corners, or sud-
den thickness changes. Therefore, the proposed 
geometry should be considered as a structurally 
promising design candidate, rather than a directly 
manufacturable final product. Detailed finite ele-
ment checks remain necessary, since the stress 
values reported by the generative design envi-
ronment should be treated as preliminary design-
stage estimates.

Discussion of generative design limitations

Although generative design provided effec-
tive guidance for material redistribution and 
weight reduction, certain limitations should be 
emphasized. The stress values obtained from 
the generative design environment are based on 
simplified numerical assumptions and therefore 
require checking through a detailed finite element 
analysis. In addition, the optimization results 
were found to be highly sensitive to the defini-
tion of preserve and obstacle regions; without 
proper constraints, the algorithm may produce 

geometries with abrupt transitions, as observed 
in Figure 12a-d, which may not be suitable for 
safety-critical applications. Furthermore, fatigue 
behavior and long-term service conditions are not 
explicitly considered within the generative design 
framework. Manufacturing constraints also 
remain a challenge, since some optimized geom-
etries implicitly favor additive manufacturing. 
Therefore, generative design should be regarded 
as a conceptual optimization tool that should be 
supported by detailed finite element analyses, 
manufacturability assessment, and experimental 
evaluation before practical use in safety-critical 
lifting components.

Generative design should be regarded as a 
constrained design-exploration method, rather 
than a stand-alone structural qualification pro-
cedure. Buonamici et al. [31] demonstrated that 
the alternatives generated by Autodesk Fusion 
360 depend strongly on the prescribed loads, 
objectives, design space, preserve regions, and 
manufacturing settings. Generative design also 
differs from conventional topology optimization 
by exploring multiple solutions that may simulta-
neously account for structural and manufacturing 
requirements [32]. This sensitivity was observed 
in the present study: modifying the preserve 
geometry eliminated abrupt transitions, whereas 
different manufacturing constraints produced 
substantially different geometries and mass 
reductions. Previous manufacturing-oriented 
optimization studies have emphasized that mini-
mum feature size, tool accessibility, casting and 
ejection requirements, build orientation, over-
hangs, and support structures should be incorpo-
rated during optimization, rather than addressed 
solely through post-processing [33,34]. These 

Figure 14. Final geometry obtained from generative design
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considerations are particularly important for 
safety-critical components. Complex optimized 
geometries may also reduce inspectability, while 
their functional qualification generally requires 
process-specific material data, non-destructive 
inspection, independent numerical verification, 
and physical testing [35,36]. Therefore, the pres-
ent optimized hook should be regarded as a pre-
liminary design candidate requiring fatigue, con-
tact, manufacturing, and experimental qualifica-
tion before industrial implementation.

CONCLUSIONS

This study investigated the integration of 
experimental strain measurements, finite ele-
ment analysis, and generative design optimiza-
tion for improving crane hook designs. Starting 
from a conventional hook geometry modeled 
in accordance with the DIN 15401 standard, 
experimental strain measurements were used 
to evaluate the strain response of the hook and 
refine the material parameters adopted in the 
numerical model. The subsequent generative 
design process, carried out under defined con-
straints, preserved regions, and boundary con-
ditions, produced alternative geometries aimed 
at reducing mass while maintaining stresses 
below the material yield strength. The final opti-
mized crane hook achieved a weight reduction 
of approximately 39.4% relative to the classical 
design, while the detailed finite element check 
showed a comparable axial stress level along 
the critical A–B section. Moreover, the final 
geometry provided smoother material continu-
ity than the initial generative design alternatives, 
reducing the risk of abrupt geometric transitions. 
These results indicate the potential of generative 
design for developing lightweight crane hook 
geometries when supported by detailed finite 
element assessment and manufacturability con-
siderations. Overall, the findings suggest that 
combining experimental strain evaluation with 
finite element analysis and generative design 
can provide a useful workflow for the structural 
assessment and redesign of safety-critical lifting 
components. The proposed approach can also be 
extended to other load-bearing mechanical ele-
ments, contributing to material efficiency and 
structural performance in industrial lifting appli-
cations. Because the optimization was based 
solely on static strength criteria, the fatigue life 

of the mass-reduced design remains unverified; 
therefore, future work should assess its durability 
under representative variable-amplitude loading 
using validated material fatigue data and, where 
possible, experimental testing. Although the 
optimized design provides a 39.4% reduction in 
material usage, its economic feasibility remains 
dependent on the selected manufacturing pro-
cess, production volume, tooling requirements, 
and post-processing costs; therefore, a manu-
facturing-specific break-even analysis should be 
conducted before industrial implementation.
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