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structurally analyzing and optimizing the geometric parameters of the
Lightweight Applicator Handheld Spreader (LAHS) frame. A virtual

Keywords prototyping methodology was employed using SolidWorks Simulation.
Lightweight Applicator Handheld The model utilized 2-D Shell Elements with localized mesh controls
Spreader, Design for applied to welded connections to accurately capture singular stress
Manufacturability, Computer Aided  gradients under a 47.2 kg operational load. Initial baseline simulations
Design, Finite Element Analysis, revealed significant over-engineering of the prototype, prompting a
Factor of Safety, AISI 304 three-stage parametric optimization process guided by strict Design for

Manufacturability (DFM) constraints. The final optimized geometry
achieved a 36.09% mass reduction, utilizing commercially available
AISI 304 stainless steel (19.1 mm square tubing and 25.4 mm circular
handles). Computational validation confirmed the structure
maintained a minimum Factor of Safety (FOS) of 2.092 and a maximum
structural deflection of 2.851 mm, ensuring both operational safety and
improved maneuverability.

1. Introduction

As an emerging subject of strategic management in high value production of oil palm plantation, proper nutrient
management is crucial to maximize yield efficiency (irsel Giirkan, 2021). But the hard ground of these areas
sometimes makes it impractical to use large machines (Berardi et al., 2025), and it results in large-scale use of
manual methods which leads to exhaustion (Meng X, 2024). In this context, the "strength-to-weight ratio" is the
major factor distinguishing manual agricultural tools; the equipment has to be robust enough to endure the rigors
of farm life, but still light enough so as to be easy for an operator to work (Berardi et al., 2025; Hainan & Yang,
2025).

A main engineering challenge in the design of the Lightweight Applicator Handheld Spreader (LAHS) is
maintaining the required strength while simultaneously avoiding the risk of Hand-Arm Vibration Syndrome
(HAVS) and Musculoskeletal Disorders (MSDs). High force/weight to grip and physical exertion with the added
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vibration transmission creates long-term health risks (Peng Yin et al., 2019; Widia & Dawal, 2011). The original
LAHS prototype showed that it was non-optimally designed and due to this it did not have a structural evaluation
for the maximum operational load it faced, which was defined as 47.2kg (Lim et al., 2023). This load consisted of
a 45kg payload and a 2.2kg offset battery making an unnecessary load on the frame, which has its main ergonomic
advantage (Irsel Giirkan, 2021).

The main aim of this research is to find an optimized frame design, which gives the right balance between
structural strength and ergonomic weight reduction. This study seeks to optimize the maneuverability of the
spreader and safety of the workers by identification and removal of the "lazy material” from the low stress area.
To meet these challenges, a robust computational approach must be used to guarantee that weight reduction does
not adversely affect the reliability of the tool in use in field conditions.

2. Methodology

A non-destructive testing method that was used was Finite Element Analysis (FEA) as a way of modifying designs
as quickly as possible without the costly expense of physical prototyping. The mapping of stress concentration can
be achieved virtually and the geometric parameters can be systematically modified.

2.1 Materials

The frame has been designed using AISI 304 Stainless Steel to provide high strength in a low weight material and
can resist corrosion. The mechanical properties used for the simulation are listed in the Table 1.

Table 1 Mechanical Properties of Stainless Steel (AISI 304)

Property Symbol Value Unit
Yield Strength o] 206.8 MPa
Elastic Modulus E 190 GPa
Mass Density p 8000 kg/m3
Poisson’s Ratio v 0.29 N/A

2.2 FEA Setup

Shell Mesh Elements were used to discretize the geometry. This approach was selected over beam elements to
accurately capture localized stress gradients at welded junctions. To ensure computational reliability and
eliminate artificial stress singularities, localized mesh controls were applied at critical transitions. Furthermore,
a mesh independence study was conducted on the baseline geometry to verify numerical convergence. Global
element sizes were iteratively reduced from 20 mm to 5 mm while monitoring the maximum Von Mises stress at
the critical rear axle joint. Convergence was achieved when the stress variance between successive refinements
fell below 5%, establishing the optimal mesh density for all subsequent parametric studies. The LAHS was
modeled as a Class 1 Lever system, with the rear axle functioning as an immovable fulcrum and the handlebar set
as the effort point (Reference Geometry). These constraints allowed free longitudinal (Z-axis) translation,
enabling realistic bending simulations of the main structural spine.

2.3 Loading Conditions
The simulation applied static loads representing a worst-case operational scenario of 47.2 kg total mass:
® Vertical Force (Hopper/Motor): 441.45 N (representing a 45 kg mass) applied at the primary mounting
pivots.
@ Offset Force (Battery): 21.582 N (representing a 2.2 kg mass) applied asymmetrically to the right side
of the chassis mid-span.

2.4 Optimization Strategy

This study applied Parametric Size Optimization for optimization of the size (thickness and diameter) of standard
tubular profile. There were two critical safety guidelines to follow: 1) the Factor of Safety was less than 2.0 and 2)
the Maximum Structural Deflection was less than 3.0 mm. The foundation for optimizing in the following 3 stages
was these controlled variables in order to maximize material efficiency.

3. Result and Discussion
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The results reveal the basic "Mass-Stiffness Trade-off". When the material is being trimmed to achieve weight
reduction, then the structure's natural compliance naturally increases and the code must be validated to ensure
that the increased flexibility will not exceed safe operating conditions.

3.1 Baseline Performance

The original frame was evaluated to find an FOS of 3.87. Dark blue stress contour areas were the predominant
ones in chair plane stress contour plots, representing "lazy material" with stresses of less than 10 MPa. This meant
that the building was heavily weighted but with it reducing vital loads, it had been identified that mass could be
removed.
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Figure 1 (a) Baseline Simulation Displacement Results (b) Baseline Simulation Factor of Safety
Results (c) Baseline Simulation Stress Results

3.2 Optimization Iterations

Table 2 summarizes the transition from the over-engineered baseline to the final optimized design.

Table 2 Frame Dimensions and Performance Comparison

Metric Baseline [teration 1 Iteration 2 Iteration 3
(Final)
Tube Profile (Chassis) 30.0 mm 22.0 mm 22.0 mm 19.1 mm
Tube Profile (Handle) 30.0 mm 22.2 mm 22.0 mm 25.4 mm (D
Wall Thickness 1.2 mm 0.8 mm 0.8 mm 1.0 mm
Frame Mass 542421¢g 3,364.77 g 3,305.34¢g 3,466.72 g
Min FOS 3.87 2.25 2.23 2.092
Max Deflection 0.817 mm 2.439 mm 2.525 mm 2.851 mm

As observed in Table 2, the transition from the baseline model to the finalized Iteration 3 demonstrates
the fundamental mass-stiffness trade-off inherent in structural mechanics. To achieve the 36.09% mass
reduction (from 5,424.21 g to 3,466.72 g), the geometric profile of the main square chassis was shrunk
from 30.0 mm to 19.1 mm. By reducing the outer dimensional footprint, the Area Moment of Inertia of
the structural members was significantly reduced. Consequently, the structure's global elasticity
naturally increased, which is reflected in the maximum deflection rising from a rigid 0.817 mm in the
baseline to 2.851 mm in the final design. Similarly, the localized von Mises stress increased, driving the
global Factor of Safety (FOS) down from 3.87 to 2.092. However, this controlled flexibility represents a
highly successful engineering compromise. By establishing strict safety constraints prior to the
parametric study, the solver ensured that the increased deflection remained well below the 3.0 mm
operational limit and the FOS remained safely above the 2.0 threshold, confirming that absolute rigidity
is unnecessary and physically detrimental to the tool's ergonomic goals.

3.3 The DFM Pivot (Iteration 3)

Iteration 2 was the mathematically ideal solution but was turned down, however it had demonstrated a “Design
for Manufacturability” (DFM) change. The 0.8 mm wall thickness requested in Iteration 2 was very susceptible to
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‘burn through' during TIG welding. Therefore, for Iteration 3, standard wall thickness outside diameter (1.0 mm)
was used. To obtain the desired wall thickness and target weight, the square tube profile was thinned to 19.1 mm
and the handles were set at 25.4 mm circular tubular to ensure that the user was not harmed. The balance in this
method, created to keep the frame both light and easy to build, resulted in a significant increase in the number of
fabrication facilities being able to produce the frame.

3.4 Impact on SDGs

The completed design attributes of 3.47kg corresponds with 4 of the UN Sustainable Development Goals:

e SDG 3 (Good Health and Wellbeing): By improving REBA (Rapid Entire Body Assessment) postures,
decreasing the grip force needed, and directly reducing the weight being lifted, the 36.09% weight
reduction directly contributes to improving the 'Physical Risk Score' risk reduction component.

e SDG 9 (Industry, Innovation, and Infrastructure): Shows use of advanced FEA to improve the design
of agricultural tools in the region.

e SDG 12 (Responsible Consumption and Production): Raw materials are also significantly reduced by
using in such a way that it promotes resource efficiency. The final design fits neatly into the field and is
balanced for both easier movement and good high performance engineering design.

4. Conclusion

The 36.09% mass reduction resulted from a three-stage parametric study by performing FEA and were
successfully validated in this research that led to the primary objective of optimizing the LAHS frame for
ergonomic safety. The key messages are:

e Material Efficiency: Removed 1,957.49 g of excess material identifying this material would have been
more efficient and in turn the tool would have been more maneuverable.

e Structural Integrity: The thinned frame has been tested with peak asymmetric loading to verify the
frame can have a FOS of 2.092 for plantation durability.

e Manufacturing readiness: Drawing upon experience accumulated at processing 1.0 mm, standard stock
and 25.4 mm handles, the manufacturing readiness of a DFM-compliant model for immediate local
manufacturing is the goal. Selected for future work will be the physical prototyping and field deployment
of the optimized frame, to provide confirmation of the expected durability over time of the frame under
dynamic loading conditions.
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