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Abstract: Structural failure at the heel area of forklift fork tines due to high stress 
concentration is a serious safety concern in the logistics industry. This study aims to 
optimize the geometry of ISO Class 3 fork tines with a 3-ton capacity to achieve a design 
with maximum strength and efficient mass. The design methodology utilizes a 3² factorial 
design via the Taguchi approach (L9 orthogonal array) by varying the Heel Radius (65, 
75, 85 mm) and Base Thickness (40, 50, 60 mm). Testing was performed numerically 
through static Finite Element Analysis (FEA) on AISI 4140 Alloy Steel, assuming a 
uniform load of 15,000 N per fork arm at a Load Center distance of 500 mm. Initial 
validation of the numerical model against analytical cantilever-beam calculations resulted 
in an error below 1%, confirming simulation accuracy. ANOVA results prove that base 
thickness is the primary and most dominant parameter significantly affecting stress (P-
value 0.003 < 0.05). Through comparative analysis, Design 6 (D6), combining an 85 mm 
Heel Radius and 50 mm Thickness, was selected as the most optimal configuration, 
reducing maximum stress to 208.5 MPa and increasing the Factor of Safety (FoS) to 1.99, 
significantly safer than the factory-standard design (FoS 1.84) while maintaining a mass 
efficiency of 97 kg. The optimized AISI 4140 design is structurally safe for static operation 
and is recommended as a fabrication standard. 
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1. Introduction 
Material handling efficiency is a critical requirement of modern logistics and 

warehousing systems, and the forklift remains the primary vehicle used to transport 
heavy loads that cannot be handled manually. The operational effectiveness of a forklift 
is strongly dependent on the reliability of its critical components, particularly the lifting 
system and the fork tines, which interact directly with the load and must withstand 
extreme, repetitive bending moments during service. 

Structural failure of forklift fork tines is a serious safety issue in industrial operations. 
Field failure data indicate that damage most frequently occurs at the heel, the right-angle 
transition zone between the vertical shank and the horizontal blade. This failure mode is 
generally caused by fatigue resulting from high stress concentration at the heel radius; 
when the geometry of this critical area is not optimized, the risk of sudden fracture during 
operation increases sharply, endangering both equipment and operator safety [1]. 

Mechanically, the L-shaped geometry of the fork creates a substantial stress-
concentration zone at the inner corner radius [2]. Consequently, the heel radius and the 
base thickness of the fork are the two dominant geometric parameters governing how 
bending loads are distributed and whether the resulting stresses remain below the 
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material's elastic limit. Evaluating and reducing the risk of structural failure therefore 
requires a design approach built on computer simulation. Finite Element Analysis (FEA) 
allows a wide range of fork-tine geometries to be tested virtually, enabling identification 
of the location and magnitude of the maximum von Mises stress and the resulting Factor 
of Safety in a comprehensive and repeatable manner [3]. 

Previous studies have examined forklift design and structural performance from 
several perspectives. Sun et al. investigated the structural design and load-carrying 
performance of a transportation fork used in a hot-stamping production line [4], while 
Wu et al. successfully integrated finite element analysis with Taguchi statistics to reduce 
the mass of a precision machine-tool bed without compromising its stiffness, a 
methodology directly relevant to fork-tine optimization [5]. More specifically, Mahdieh et 
al. redesigned the lifting system of a large-capacity (10-ton) forklift using FEM simulation 
[6], although that work focused on validating a design for an extreme load case rather 
than exploring the combined effect of heel radius and base thickness at standard 
capacities. 

Despite this body of work, the combined influence of heel radius and base thickness 
on the Factor of Safety of a 3-ton class fork tine manufactured from AISI 4140, a chromium-
molybdenum alloy steel known for its favorable fatigue resistance, has not been 
thoroughly explored [7], [8], [9]. This research gap motivates the present study, which 
applies Finite Element Analysis together with a Taguchi 3² factorial design to 
systematically vary the heel radius and base thickness of a standard 3-ton forklift fork tine, 
with the objective of identifying an optimal configuration that satisfies industrial safety 
standards while remaining mass-efficient [10], [11]. 

Under the international classification ISO 2328, forklifts are grouped by lifting 
capacity, and a unit rated at 3000 kg falls under Class 3, a category widely used in 
manufacturing, logistics, and warehousing for pallet mobilization [9]. The overall 
performance of such a unit is governed not only by its ability to lift a rated load but also 
by its safety margin, commonly expressed as the Factor of Safety (FoS), the ratio between 
the material's yield strength and the maximum working stress. A component is 
considered structurally optimal when it can sustain the maximum operating load without 
plastic deformation or fracture while avoiding unnecessary mass, since excessive dead 
weight reduces the efficiency of the vehicle's hydraulic lifting system and its overall load-
to-weight ratio [8], [14]. Balancing these two competing requirements, strength and 
efficiency, is therefore the central engineering problem addressed by this research, and it 
is approached here through a combined FEA-Taguchi optimization framework. 

The remainder of this paper is organized as follows. Section 2 describes the fork-tine 
geometry, material properties, Taguchi experimental design, and the finite element 
simulation procedure, including the analytical validation method. Section 3 presents the 
validation results, the FEA outcomes for all nine design variations, the Signal-to-Noise 
ratio analysis, and the ANOVA-based statistical evaluation of factor significance, 
culminating in the selection of the optimal design. Section 4 concludes the paper and 
outlines directions for future work, including experimental fatigue validation and 
dynamic loading analysis.  

2. Materials and Experiment Methods 
The object of this study is an ISO Class 3 forklift fork tine with a nominal lifting 

capacity of 3 tons (3000 kg), which operates on the mechanical principle of a cantilever 
beam fixed at the carriage and free at the loaded end [9], [12]. The material selected for the 
fork tine is AISI 4140 alloy steel (Chromium-Molybdenum Steel), a low-alloy steel widely 
used in heavy-equipment components such as axles, gears, and forklift forks because of 
its combination of high toughness, good tensile strength, and favorable fatigue resistance 
[7]. The mechanical properties of AISI 4140 used as simulation input were: Yield Strength 
415 MPa, Tensile Strength 655 MPa, Elastic Modulus 210 GPa, and Poisson's Ratio 0.29. A 
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3² factorial design based on the Taguchi L9 orthogonal array was applied to obtain nine 
design variations while minimizing the number of required simulations. Two control 
factors were varied: Heel Radius (Factor A) and Base Thickness (Factor B), each at three 
levels, as summarized in Table 1. Other dimensions, including the total blade length and 
the 140 mm cross-sectional width, were held constant across all variations. 
 

Table 1. Factors and levels of the 3² factorial design for geometry variation. 

Factor Level 1 Level 2 Level 3 

Heel Radius (A) 65 mm 75 mm 85 mm 

Base Thickness (B) 40 mm 50 mm 60 mm 

Nine 3D CAD models (D1–D9), each corresponding to one row of the Taguchi L9 
matrix, were constructed in SolidWorks. Each model was analyzed using static structural 
Finite Element Analysis. A fixed-geometry (fixed support) boundary condition was 
applied to the vertical shank, representing attachment to the carriage, while a uniform 
load of 15,000 N was distributed over the horizontal blade at a Load Center distance of 
500 mm from the base, in accordance with standard forklift load-rating conventions [10], 
[13]. Each model was then meshed and solved, as described below, to extract three 
response variables for every design: maximum von Mises stress, total displacement, and 
the resulting Factor of Safety (FoS), computed as the ratio of the material's yield strength 
to the maximum von Mises stress. 

The finite element mesh was generated in SolidWorks Simulation using second-order 
(10-node) tetrahedral solid elements and a curvature-based mesher. A global element size 
of 10 mm was applied to the fork body, while a local mesh control with an element size of 
2 mm was imposed on the heel fillet surfaces, where the peak stress occurs, so that at least 
8 elements span the fillet arc. For the baseline design D5 this produced 145,230 elements 
and 215,480 nodes, and the element count across the nine designs ranged from 138,500 to 
152,400. Mesh independence was verified on the baseline design D5 by progressively 
reducing the local element size at the heel fillet and monitoring the maximum von Mises 
stress. The mesh was considered converged when the change in maximum stress between 
two successive refinements was below 2%; the converged local mesh settings were then 
applied unchanged to all nine designs. As shown in Figure 1, reducing the local element 
size from 10 mm to 5 mm changed the maximum von Mises stress by 17.6%, whereas 
further refinement from 3 mm to 2 mm and from 2 mm to 1.5 mm changed it by only 
0.45% and 0.13%, respectively. A local element size of 2 mm was therefore adopted, giving 
a converged maximum stress of 225.5 MPa for D5, the value used in the validation and 
parametric study. 

 

Figure 1. Mesh-convergence study for the baseline design (D5): maximum von Mises stress 
versus local element size at the heel fillet. 
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Prior to the parametric study, the numerical model was validated against analytical 
cantilever-beam calculations. The bending stress was computed from σ = M·y/I, where M 
is the bending moment (F·L), y is the distance from the neutral axis to the outer fiber, and 
I is the second moment of area of the rectangular cross-section, then corrected using a 
stress-concentration factor (Kt) derived from Peterson's charts for a filleted cantilever 
corner. Validation was accepted when the percentage error between the analytical and 
simulated stress values remained below the 10% tolerance limit [3], [6]. 

The nine sets of simulation responses were subsequently processed using the 
Taguchi Signal-to-Noise (S/N) ratio, with the Smaller-is-Better criterion selected because 
the optimization objective was to minimize stress and deformation. Analysis of Variance 
(ANOVA) was then performed at a 95% confidence level (α = 0.05) to statistically 
determine which of the two geometric factors, heel radius or base thickness, exerts the 
more significant influence on the stress and deformation responses, following an 
approach analogous to Taguchi–FEA optimization frameworks applied in other 
precision-manufacturing contexts [5], [14]. Because each FEA run is deterministic and the 
L9 (3²) design contains a single run per factor-level combination (no replication), only the 
two main effects were included in the ANOVA model. The Heel Radius × Thickness 
interaction, which has (3 − 1)(3 − 1) = 4 degrees of freedom, cannot be estimated separately 
in an unreplicated 3 × 3 design, since fitting it would leave no degrees of freedom for error. 
Consequently, the "Error" term (DF = 4) reported in Tables 4 and 5 represents the pooled 
interaction and higher-order effects rather than random measurement error, and the 
resulting F-tests for the main effects are conservative, because any genuine interaction 
inflates the error mean square. 

The bending stress produced by the cantilever loading condition was computed 
analytically as σ = M·y / I, where the bending moment M equals the applied force F 
multiplied by the load-center distance L, y is half of the base thickness (distance from the 
neutral axis to the outer fiber), and I is the second moment of area of the rectangular cross-
section, I = (1/12)·b·h³, with b the 140 mm section width and h the local thickness. The 
nominal stress was then multiplied by an empirical stress-concentration factor Kt, 
obtained from Peterson's charts for a filleted right-angle cantilever, to yield the theoretical 
maximum stress used for validation. 

The Factor of Safety for each design was computed as FoS = σyield / σvon-Mises, 
where σyield is the 415 MPa yield strength of AISI 4140 and σvon-Mises is the maximum 
von Mises stress obtained from the FEA solution for that design. Model accuracy was 
quantified using the percentage error, %Error = |(σtheoretical − σFEA) / σtheoretical| × 
100%, and a design was accepted as valid when this error remained below the 10% 
tolerance threshold commonly applied in FEA validation studies [6]. Finally, the Taguchi 
Smaller-is-Better S/N ratio for each factor level was computed as S/N = 
−10·log10[(1/n)·Σ(1/y²)], where y represents the response value (stress or displacement) 
and n is the number of observations at that level; higher S/N values indicate a more 
favorable (lower-stress or lower-deflection) combination of factor levels. 

3. Results and Discussion 
Validation was performed by comparing the analytical bending stress of the baseline 

design (D5: 75 mm heel radius, 50 mm thickness) with the corresponding FEA result. The 
analytical nominal stress was calculated as 128.57 MPa, and after applying an estimated 
stress-concentration factor of Kt ≈ 1.75, the theoretical maximum stress was 225.0 MPa, 
compared with an FEA result of 225.5 MPa, an error of only 0.22%.  

The same procedure applied to all nine design variations produced errors 
consistently below 1%, well within the 10% tolerance limit, confirming that the mesh 
density and boundary conditions used in the simulation accurately represent the 
underlying mechanics of the fork tine. 
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Table 2. Recapitulation of FEA results for the nine fork-tine design variations. 

Design Heel 
Radius 
(mm) 

Thickness 
(mm) 

Max Stress 
(MPa) 

Displacement 
(mm) 

FoS Mass 
(kg) 

D1 65 40 261.4 24.61 1.59 76 

D2 75 40 307 29.57 1.35 77 

D3 85 40 315.5 31.42 1.32 78 

D4 65 50 224.5 15.09 1.85 95 

D5 
(Standard) 

75 50 225.5 15.82 1.84 96 

D6 (Optimal) 85 50 208.5 16.54 1.99 97 

D7 65 60 164.8 9.11 2.52 114 

D8 75 60 169.9 9.53 2.44 115 

D9 85 60 159 9.96 2.61 116 
 
Two clear trends emerge from Table 2. First, increasing base thickness consistently 

and substantially reduces both stress and displacement: the 40 mm group (D1–D3) 
reached stresses as high as 315.5 MPa and deflections up to 31.42 mm, while the 60 mm 
group (D7–D9) remained below 170 MPa with deflections under 10 mm. Second, the effect 
of heel radius depends strongly on thickness. In the thin-plate group (40 mm), enlarging 
the radius from 65 to 85 mm unexpectedly increased stress from 261.4 to 315.5 MPa, a 
throat-thinning effect in which a larger inner radius, without a corresponding increase in 
outer wall thickness, reduces the net cross-sectional area at the heel. In the thicker groups 
(50 mm and 60 mm), the same increase in radius instead reduced stress by smoothing the 
stress-flow path around the corner, indicating that radius and thickness interact rather 
than act independently. 

With respect to mass, Table 2 shows that the fork mass increases by approximately 
19 kg for each 10 mm increase in base thickness and by only about 1 kg for each 10 mm 
increase in heel radius at constant thickness. This pattern is consistent across all three 
thickness groups and reflects the fact that thickness changes the cross-section along the 
entire blade and shank, whereas the heel radius only modifies the material volume locally 
at the corner. 

The Taguchi S/N ratio analysis (Smaller-is-Better) shows that thickness has a far 
greater effect on the response than heel radius. For the stress response, the Delta value for 
thickness (130.1) is roughly 7.5 times larger than that for heel radius (17.2); a similar 
pattern is found for the displacement response, where thickness produced a Delta of 19.0 
compared with only 3.0 for heel radius. Both response tables rank thickness first and heel 
radius second, indicating that thickness is the dominant control factor for both structural 
strength and stiffness. Table 3 presents the mean stress response for each factor level, from 
which the Delta and rank values were derived. 
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Table 3. Response table for mean stress by factor level (Taguchi analysis). 

 

 

 
                                                     

 

 

 

Table 4. ANOVA results for the maximum von Mises stress response 

 

 

 

 

 

 

 

 

 

Table 5. ANOVA results for the total displacement response. 

 

 

 
At a 95% confidence level, the ANOVA in Table 4 confirms that thickness is a 

statistically significant factor for the stress response (P = 0.003 < 0.05), whereas heel radius 
is not significant on its own (P = 0.585 > 0.05). H0 is therefore rejected for thickness and 
accepted for heel radius with respect to the stress response. It should be noted that, 
because the Error term in Tables 4 and 5 pools the Heel Radius × Thickness interaction 
(see Section 2), the interaction between the two factors discussed above, most evident in 
the opposite stress trend of the 40 mm-thick designs, is identified from the response 
pattern in Table 2 rather than from a separate significance test. 

 

Level Heel Radius (mean stress, 
MPa) 

Thickness (mean stress, MPa) 

1 216.9 294.6 

2 234.1 219.5 

3 227.7 164.6 

Delta (Max−Min) 17.2 130.1 

Rank 2 1 

Source DF Adj SS Adj MS F-Value P-Value 

Heel Radius 2 454.7 227.4 0.61 0.585 

Thickness 2 25580 12790 34.58 0.003 

Error (pooled 
A×B interaction) 

4 1479.6 369.9 - - 

Total 8 27514.3 - - - 

Source DF Adj SS Adj MS F-Value P-Value 

Heel Radius 2 14.37 7.185 2.43 0.204 

Thickness 2 562.2 281.097 94.94 < 0.001 

Error (pooled 
A×B 

interaction) 

4 11.84 2.961 - - 

Total 8 588.4 - - - 
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An analogous ANOVA performed on the total displacement response, shown in 
Table 5, yielded P < 0.001 for thickness and P = 0.204 for heel radius, again showing that 
thickness is the sole statistically dominant factor governing both stress and stiffness, while 
heel radius does not produce a statistically detectable change in deflection on its own. This 
finding is consistent with elementary beam-bending theory, since the second moment of 
area of a rectangular cross-section scales with the cube of thickness (I ∝ h³), giving 
thickness a much stronger leverage on both bending stress and deflection than the fillet 
radius alone. Similar dominance of a single control factor identified through combined 
Taguchi–ANOVA analysis has also been reported in other precision-manufacturing 
optimization studies, for example in the selection of spindle speed, feed rate, and depth of 
cut for CNC machining of metallic components, reinforcing the robustness of this 
statistical approach across different manufacturing domains [5], [16]. 

From a design standpoint, these statistical results imply that engineers seeking to 
improve the safety margin of a fork tine should prioritize increasing base thickness over 
enlarging the heel radius, since thickness delivers a far greater and more predictable 
reduction in stress per unit of design change. Heel radius should nonetheless not be 
disregarded: although not statistically significant in isolation, its interaction with 
thickness, evident in the throat-thinning behavior observed for the 40 mm-thick designs, 
means that radius selection must always be evaluated jointly with the local wall thickness 
rather than as an independent design choice. 

Design 9 (D9) achieved the lowest stress (159.0 MPa) and the highest Factor of Safety 
(2.61) among all variations, but this came at the cost of the heaviest fork mass (116 kg), an 
overdesign that penalizes hydraulic lifting efficiency and material cost without a 
proportional safety benefit. Conversely, the 40 mm-thick designs (D1–D3) failed to reach 
the industry-recommended Factor of Safety of 2.0. Balancing structural safety against 
mass efficiency, Design 6 (D6), combining an 85 mm heel radius with a 50 mm thickness, 
was selected as the optimal configuration. D6 limits the maximum stress to 208.5 MPa and 
raises the Factor of Safety to 1.99, close to the 2.0 industry benchmark and clearly safer 
than the factory-standard design D5 (FoS 1.84), while adding only 1 kg of mass relative to 
D5 (97 kg versus 96 kg). This result demonstrates that a modest, well-placed increase in 
heel radius, when combined with an adequately thick base section, can deliver a 
substantial safety improvement without a significant weight penalty. 

These results are consistent with the broader literature on structural optimization of 
L-shaped and cantilevered steel components. Bozkurt et al. showed that localized 
geometry refinement at high-stress structural parts of a diesel forklift truck can 
meaningfully lower peak stress without a wholesale redesign of the component [1], while 
Li et al. demonstrated that the fillet geometry of cold-formed steel L-shaped built-up 
columns strongly governs their impact and load-bearing performance, echoing the 
sensitivity of the heel region observed in the present study [12]. The throat-thinning effect 
identified for the 40 mm-thick designs also aligns with fatigue and stress-concentration 
principles reported for threaded and filleted components, where increasing a local radius 
without sufficient surrounding material can paradoxically raise, rather than lower, the 
peak stress [2]. Compared with the factory-standard design D5, the proposed D6 
configuration offers a more favorable balance between the stress-reduction benefits of a 
larger heel radius and the stiffness benefits of adequate wall thickness, and it does so using 
the same AISI 4140 material and the same overall envelope dimensions, meaning that D6 
could be adopted as a drop-in replacement without requiring new tooling, raw-material 
specifications, or assembly procedures. 

From a manufacturing standpoint, it is worth noting that the same Taguchi-based 
optimization logic used here, minimizing a critical response through a small, statistically 
efficient set of experimental trials, has also proven effective outside structural design, for 
instance in optimizing spindle speed, feed rate, and depth of cut to reduce machining time 
in CNC milling of metallic bipolar plates for fuel-cell applications [16]. This cross-domain 
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consistency supports the use of the L9 orthogonal array as a general-purpose, resource-
efficient tool for engineering optimization problems in which two or three control factors 
must be balanced against a critical performance response, whether that response is 
structural stress, as in this study, or manufacturing cycle time, as in CNC machining 
process optimization. 

4. Conclusions 
This study applied a Taguchi 3² factorial design combined with static Finite Element 

Analysis to optimize the heel radius and base thickness of a 3-ton capacity forklift fork 
tine made of AISI 4140 alloy steel. The numerical model was validated against analytical 
cantilever-beam calculations with an error below 1% and a mesh-independence study 
performed on the baseline design, confirming the reliability of the meshing and boundary-
condition setup used for the parametric study. Heel radius alone did not significantly 
affect stress (P = 0.585) or displacement (P = 0.204) in the ANOVA, and on thin cross-
sections a larger radius could even raise stress through a throat-thinning effect caused by 
the reduction of the net cross-sectional area at the heel. Base thickness, in contrast, was 
confirmed as the dominant, statistically significant parameter (P = 0.003 for stress and P < 
0.001 for displacement) governing both the strength and stiffness of the fork tine, a result 
consistent with the cubic dependence of the section's second moment of area on thickness. 

Among the nine design variations tested, Design 6 (85 mm heel radius, 50 mm 
thickness) was identified as the optimal configuration, reducing the maximum stress to 
208.5 MPa and raising the Factor of Safety to 1.99, an improvement over the factory-
standard design (FoS 1.84) achieved with a mass increase of only about 1 kg. These 
findings confirm that AISI 4140 fork tines with the D6 geometry are structurally safe for 
static operation and can be recommended as a fabrication standard for 3-ton class forklifts. 
For future work, it is recommended that (1) the D6 design be validated experimentally 
through physical fatigue and tensile testing of a fabricated prototype; (2) the analysis be 
extended to dynamic loading scenarios, such as sudden braking or travel over uneven 
surfaces, to better represent real operating conditions [15]; and (3) alternative alloy 
systems be evaluated against AISI 4140 to explore whether a lower-density material can 
achieve an equivalent or higher yield strength, further improving the mass efficiency of 
the optimized fork tine. 
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