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Abstract

Telescopic crane booms represent a critical class of mechanical systems where structural
efficiency directly translates to operational capability, energy consumption, and safety.
However, conventional design paradigms constrained by subtractive manufacturing methods
have reached a plateau in performance optimization. This research presents a comprehensive
investigation into the design, additive manufacturing, and multiaxial validation of a
functionally graded telescopic boom mechanism that exploits the full design freedom
afforded by selective laser melting (SLM). A three-stage telescopic system with 1200 mm
extended length was developed using a multi-phase methodology: (1) multi-load case
topology optimization with manufacturing constraints, (2) hybrid solid-lattice modelling
incorporating gyroid and body-centered cubic (BCC) unit cells with graded density, (3) finite
element analysis (FEA) validation with nonlinear buckling analysis, (4) selective laser
melting fabrication from AISi10Mg, and (5) exhaustive experimental characterization
including quasi-static loading, cyclic fatigue testing, digital image correlation (DIC), and
modal analysis. Results demonstrate a 52.3% mass reduction (from 3.95 kg baseline to 1.88
kg optimized) while achieving a 38.7% increase in global stiffness (tip deflection reduced
from 134 mm to 82 mm at 500 N load). The critical buckling load increased
by 156% compared to a mass-equivalent conventional design. Fatigue testing revealed no
failure after 500,000 cycles at 80% of design load, representing a projected infinite life per
ISO 10972-1 standards. Lattice-infilled regions exhibited a specific energy absorption
capacity 4.3 times greater than solid counterparts under localized impact. This work
conclusively demonstrates that AM-enabled design methodologies can achieve performance
metrics previously unattainable in telescopic mechanisms, establishing a new benchmark for
lightweight, high-performance mobile machinery.

Keywords: Additive manufacturing; topology optimization; lattice structures; telescopic
crane; lightweight design; AlSi10Mg

1. Introduction
1.1 Background and Motivation

Mobile cranes, aerial work platforms, and material handling equipment constitute a multi-
billion dollar global industry where operational efficiency is directly governed by the mass
and stiffness of the telescopic boom mechanism. Each kilogram of boom mass necessitates
additional counterweight, increases hydraulic power requirements, reduces payload capacity,
and elevates fuel consumption. According to industry estimates, a 10% reduction in boom
mass translates to approximately 3-5% reduction in total machine energy consumption over a
typical operational lifecycle.
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Despite these compelling incentives, telescopic boom design has remained remarkably static
over the past half-century. The archetypal design—nested prismatic steel boxes with welded
stiffeners and polymer wear pads—originates from the inherent constraints of traditional
manufacturing: sheet metal forming, welding, machining, and assembly. These processes
demand constant wall thicknesses, accessible weld joints, and geometries that can be formed
on press brakes. Consequently, the resulting structures are characterized by inefficient
material distribution, with significant mass located in regions of low stress while high-stress
regions are often under-reinforced.

1.2 Additive Manufacturing as an Enabler

Additive manufacturing (AM), particularly powder bed fusion (PBF) of metals, has emerged
as a transformative technology that fundamentally decouples design complexity from
manufacturing cost. Complex internal features, conformal cooling channels, functionally
graded lattices, and topology-optimized organic geometries can be produced in a single build
operation with minimal post-processing (Herzog et al., 2016; Thompson et al., 2016).

The application of AM to large-scale load-bearing structures has been explored in aerospace
(e.g., GE Aviation fuel nozzles, Airbus brackets) and biomedical (e.g., spinal implants, hip
stems) domains. However, the extension to mobile machinery—characterized by larger
feature sizes, multi-component kinematic assemblies, and cyclic loading regimes—remains
nascent. Several recent studies have investigated AM for structural components: Seidel et al.
(2018) demonstrated weight reduction in excavator components; Tang et al. (2020) explored
lattice-infilled boom sections; yet no comprehensive study to date has addressed a complete,
functional telescopic mechanism with integrated sliding interfaces and validated performance
under representative loading.

1.3 Research Gaps and Objectives

The literature reveals three critical gaps:

1. Lack of holistic design methodology: Prior work has focused on individual
components rather than complete kinematic assemblies with nested geometries.

2. Insufficient experimental validation: Most studies rely solely on simulation,
neglecting physical testing under realistic multi-axial loads, fatigue, and impact
conditions.

3. Limited exploration of hybrid structures: The synergistic combination of topology-
optimized solids and functionally graded lattices remains underexplored for telescopic
applications.

This research addresses these gaps with the following objectives:

> Develop a systematic design workflow integrating topology optimization, lattice
modelling, and AM process considerations for telescopic mechanisms.

> Fabricate a fully functional three-stage telescopic boom using SLM from AlSi10Mg.

> Conduct comprehensive experimental characterization including quasi-static stiffness,
strength, fatigue life, modal dynamics, and impact resistance.

> Quantify performance improvements against conventional and mass-equivalent
benchmarks.

> Establish design guidelines for AM-enabled telescopic structures.

2. Methodology
2.1 Design Requirements and Baseline Definition
A conventional three-stage telescopic boom was defined as the baseline for comparison. This

baseline was designed using standard steel fabrication practices:
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> Material: A36 structural steel (yield strength oy = 250 MPa, elastic modulus E = 200
GPa, density p = 7.85 g/cm?)

Geometry: Prismatic rectangular box sections, 3 mm constant wall thickness
Dimensions: Base boom 500 x 80 x 80 mm, Intermediate 450 x 70 x 70 mm, Inner
400 x 60 x 60 mm

Total extended length: 1200 mm

Total retracted length: 500 mm

Mass: 3.95 kg (assembled)

Design load: 500 N vertical tip load (representative of 50 kg payload)

Safety factor: 2.0 against yield

Y VYV

YV VYV VYV

For the AM-optimized design, AlSil0Mg was selected due to its excellent printability,
favorable strength-to-weight ratio, and established fatigue properties in PBF applications.
Material properties (as-printed and stress-relieved): 6 y = 230 MPa, ¢ _uts = 340 MPa, E =
68 GPa, p=2.67 g/cm?.

2.2 Load Case Definition

Four distinct load cases were defined to ensure comprehensive structural integrity:

LC1 (Primary): 500 N vertical tip load (downward)

LC2 (Lateral): 200 N lateral tip load (side-pull)

LC3 (Torsion): 50 Nm torque applied at tip

LC4 (Impact): 1000 N dynamic load applied over 50 ms (simulating shock loading)

YV V V

Load combinations were considered per ISO 10972-1 (Cranes - Requirements for
mechanisms). The design optimization considered LC1 as primary, with LC2 and LC3 as
secondary constraints, while LC4 was used for validation.

2.3 Topology Optimization
2.3.1 Optimization Setup

Topology optimization was performed using Altair Inspire and OptiStruct. Each telescopic
stage was optimized independently with the following parameters:
> Design space: The entire volume envelope of each stage, with nesting clearances
preserved
> Objective function: Minimize compliance (maximize stiffness) subject to mass
fraction constraint
> Constraint: Maximum von Mises stress < 115 MPa (accounting for safety factor of
2.0)
> Optimization algorithm: Density-based SIMP (Solid Isotropic Material with
Penalization)
> Penalization factor: p=3.0
> Minimum member size: 3 mm (consistent with SLM resolution)

2.3.2 Manufacturing Constraints

To ensure printability and telescoping functionality, the following constraints were applied:
> Draw direction: Unidirectional extraction for each stage (coincident with telescoping
axis)
> Overhang angle: Minimum 45° to minimize support structures
> Feature resolution: Minimum wall thickness 1.2 mm, minimum hole diameter 2.5
mm
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> Clearance: 1.5 mm radial clearance between stages for sliding

2.3.3 Optimization Results
The topology optimization converged after 87 iterations for the base boom, 72 for the
intermediate, and 65 for the inner boom. The resulting geometries exhibited:
> Non-prismatic cross-sections: Flared profiles at high-moment regions near the base,
tapering toward the tip
» Curvilinear rib networks: Ribs aligned with principal stress trajectories, forming
natural load paths
> Variable shell thickness: Ranging from 1.5 mm in low-stress regions to 5.5 mm in
high-stress corners
> Open lattice regions: In low-stress panels where solid material was unnecessary for
stiffness

2.4 Hybrid Solid-Lattice Modelling
2.4.1 Lattice Unit Cell Selection
Three lattice topologies were evaluated for infill applications:

> Body-Centered Cubic (BCC): High stiffness-to-mass ratio, isotropic behavior
> Gyroid (triply periodic minimal surface): Excellent energy absorption, smooth
stress transitions

> Octet-truss: Highest specific stiffness, anisotropic
Finite element homogenization was performed to determine effective properties of each
lattice at varying relative densities (10-40%). BCC was selected for primary structural infill
due to its balanced performance and printability, while gyroid was used for impact-absorbing
regions at the boom base.

2.4.2 Functionally Graded Lattice Design

Lattice density was graded according to local stress levels:

> Zone 1 (High stress): Solid material (relative density 100%)

> Zone 2 (Medium stress): BCC lattice, 25-35% relative density

> Zone 3 (Low stress): BCC lattice, 12-18% relative density
Grading was achieved through variable strut diameter (0.6-1.6 mm) and cell size (4-12 mm).
The transition between zones was smoothed over 5-10 unit cells to minimize stress
concentrations.

2.4.3 Integrated Functional Features
The following features were integrated directly into the printed geometry:

> Sliding interfaces: Optimized contact surfaces with 0.2 mm clearance and integrated
lubricant channels

> Locking pin interfaces: Reinforced boss features at extension stops

> Hydraulic cylinder mounting: Integrated lugs with optimized fillet radii

> Wear pad integration: Recessed pockets for replaceable polymer wear pads (post-
assembly)

> Sensor mounting: Embedded threaded inserts (post-print tapping)
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2.5 Finite Element Analysis
2.5.1 Linear Static Analysis

A comprehensive FEA was conducted with the following specifications:

Mesh: 2.1 million second-order tetrahedral elements (C3D10)
Contact definitions: Frictional contact between stages (u = 0.15)
Boundary conditions: Fixed constraint at base boom mounting points
Load application: Concentrated force at tip via rigid body constraint

YV V V V

2.5.2 Nonlinear Buckling Analysis

To assess stability of lattice-infilled panels, nonlinear Riks analysis was performed:

> Imperfection sensitivity: Initial geometric imperfections scaled from first buckling
mode (amplitude 0.5 mm)

> Material nonlinearity: Elasto-plastic behavior with isotropic hardening

> Contact nonlinearity: Stage-to-stage contact during buckling

2.5.3 Fatigue Analysis

Stress-life (S-N) approach was employed using AlISi10Mg PBF fatigue data from literature
(Brandl et al., 2012):

» Mean stress correction: Goodman method

> Fatigue limit: 95 MPa at 107 cycles (as-built surface, stress-relieved)

» Analysis locations: Critical stress concentration regions identified from static analysis

2.6 Additive Manufacturing
2.6.1 Build Preparation

The optimized geometries were prepared for SLM using Materialise Magics:

> Build orientation: 45° inclination for base boom to minimize support requirements;
vertical orientation for intermediate and inner booms

> Support structures: Block-type supports at overhangs < 45°, optimized for easy
removal

> Build platform: 280 x 280 x 365 mm (SLM 280)

> Total build time: 142 hours across two builds

> Powder consumption: 11.7 kg AISi10Mg (including supports)

2.6.2 Process Parameters

SLM was performed on an SLM Solutions SLM 280 system:

Laser power: 350 W

Scan speed: 1150 mm/s

Hatch spacing: 120 um

Layer thickness: 50 um

Scan strategy: Stripes with 67° rotation between layers
Oxygen content: < 0.1% during build

VV VY VY
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2.6.3 Post-Processing

Post-processing steps were performed sequentially:

1. Stress relief: 300°C for 2 hours in argon atmosphere

Support removal: Manual with pliers, followed by CNC milling for critical

interfaces

Media blasting: Glass bead blasting to achieve Ra = 6-8 um surface finish

Machining: Sliding surfaces and pin holes machined to final tolerances (+0.05 mm)

5. Hot isostatic pressing (HIP): Optional on one test specimen for comparison (92
MPa, 500°C, 2 hours)

W

2.7 Experimental Setup
2.7.1 Quasi-Static Testing
A custom test rig was constructed with:

> Actuator: MTS 100 kN servo-hydraulic actuator

> Load cell: 2 kN capacity (0.1% accuracy)

> Displacement measurement: Three laser displacement sensors (Keyence LK-
G5000) at tip, mid-span, and base

> Strain measurement: 32-channel HBM QuantumX system with 120 Q strain gauges
at 24 critical locations

> Digital Image Correlation (DIC): Correlated Solutions system with 12 MP cameras
for full-field strain mapping

Testing protocol:

> Monotonic loading from 0 to 750 N (150% design load) at 0.5 mm/min
> Load-unload cycles at 100, 250, 500 N for stiffness characterization
> Three specimens tested for repeatability

2.7.2 Fatigue Testing

Axial fatigue testing was conducted on the fully assembled boom:

Loading: Constant amplitude sinusoidal, load ratio R = 0.1

Frequency: 5 Hz

Maximum load: 400 N (80% of design load)

Run-out: 500,000 cycles (per ISO 10972-1 classification for mechanism class M4)
Monitoring: Continuous stiffness degradation measurement via actuator
displacement

YVV VYV

2.7.3 Modal Analysis

Experimental modal analysis was performed using:

> Excitation: Impact hammer (PCB 086C03) with instrumented tip

> Accelerometers: 12 triaxial accelerometers (PCB 356A16) distributed along boom
length

» Frequency range: 0-500 Hz
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> Analysis: LMS Test.Lab for modal parameter extraction
2.7.4 Impact Testing

Instrumented drop-weight impact testing was performed on lattice-infilled panels:

Impact energy: 50 J

Indenter: Hemispherical, 20 mm diameter

Data acquisition: High-speed data acquisition at 1 MHz

Post-impact inspection: Micro-CT scanning for internal damage assessment

YV V V VY

3. Results
3.1 Mass Reduction and Material Distribution
3.1.1 Component Mass Analysis

The final assembled AM mechanism achieved a total mass of 1.88 kg, representing a 52.3%
reduction compared to the 3.95 kg baseline steel design. Detailed mass breakdown is
presented in Table 1.

Table 1: Mass Comparison Between Baseline and AM-Optimized Design

Component Baseline Mass | AM-Optimized Mass Mass % of Total
(Steel) (AlISi10Mg) Reduction (AM)
Base Boom 1.80 kg 0.82 kg 54.4% 43.6%
Intermediate 1.25 kg 0.61 kg 51.2% 32.4%
Boom
Inner Boom 0.90 kg 0.45 kg 50.0% 23.9%
Total 3.95kg 1.88 kg 52.3% 100%

3.1.2 Material Distribution Analysis

Analysis of the AM design revealed the following material distribution by feature type:

Solid load-bearing structure: 58.3% of total mass (1.10 kg)

BCC lattice infill: 26.1% of total mass (0.49 kg)

Integrated features (mounts, interfaces): 12.9% of total mass (0.24 kg)
Support structures (removed): 2.7% of total mass (0.05 kg, excluded from final
mass)

YV V VYV V

The functionally graded lattice contributed significantly to buckling resistance while adding
only 26% of the mass that an equivalent solid panel would require.

3.2 Quasi-Static Structural Performance

3.2.1 Load-Deflection Behavior
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Figure 1 presents the load-deflection curves for the AM boom under vertical loading,
compared to the baseline steel design simulation and the FEA predictions.

Figure 1: Load vs. Tip Deflection Comparison

(Description: Graph showing linear elastic behavior up to 600 N for all designs. AM
experimental curve closely follows FEA prediction. Baseline steel shows higher deflection at
all load levels.)

Key stiffness results at 500 N design load:

» AM experimental: Tip deflection = 8.2 mm (measured, average of three specimens,
6 =0.15 mm)

AM FEA: Tip deflection = 7.9 mm (3.7% error, within acceptable range)

Baseline steel (simulated): Tip deflection = 13.4 mm

Stiffness improvement: 38.7% reduction in deflection (AM vs. baseline steel)

At 750 N (150% design load):

AM experimental: Tip deflection = 12.5 mm, fully elastic recovery upon unloading
No permanent deformation: Observed, indicating linear behavior within tested
range

YV ¥V VVYVY

3.2.2 Stress Distribution and Correlation

Strain gauge measurements at 24 locations showed excellent correlation with FEA
predictions. Table 2 summarizes stress at critical locations under 500 N load.

Table 2: Stress Comparison at Critical Locations (500 N Load)

Location FEA Stress Measured Stress Error Status
(MPa) (MPa)

Base boom root (top 98.2 94.7 3.6% Within
flange) limit

Base boom root (side 76.5 72.1 5.8% Within
web) limit

Intermediate boom 84.3 81.2 3.7% Within
transition limit

Lattice-solid interface 52.1 48.9 6.1% Within
limit

Locking pin boss 43.7 41.2 5.7% Within
limit

Maximum measured stress of 94.7 MPa at the base boom root corresponds to a safety factor
of 2.43 against yield (230 MPa), exceeding the design requirement of 2.0.

3.2.3 Digital Image Correlation Results
Full-field strain mapping via DIC revealed:

» Strain concentration factors: Maximum at fillet radii near mounting points (K t=1.8-
2.2)

» Lattice region strains: Average micro-strain of 350 pe in lattice members, with peak of
1200 pe at strut junctions
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» Load path visualization: Clear transmission of loads through curvilinear ribs,
confirming optimization efficacy
3.2.4 Lateral and Torsional Performance

Under LC2 (200 N lateral load):

> Lateral tip deflection: 3.4 mm (AM) vs. 5.9 mm (baseline) — 42.4% improvement
> Combined loading (vertical + lateral): Deflection increased by 11% relative to
linear superposition, indicating minor interaction effects

Under LC3 (50 Nm torque):

> Angular deflection: 0.82° (AM) vs. 1.35° (baseline) — 39.3% improvement
3.3 Buckling Analysis Results
3.3.1 Linear Buckling Predictions

Eigenvalue buckling analysis predicted:

> First buckling mode: Local panel buckling in intermediate boom lattice region at
4,200 N (critical load factor = 8.4)
> Second mode: Global Euler buckling at 8,500 N (factor = 17.0)

3.3.2 Nonlinear Buckling Validation

Physical testing to buckling was not performed due to safety constraints, but nonlinear FEA
with imperfections predicted:

> Critical buckling load: 3,850 N (local panel buckling)
> Post-buckling behavior: Stable, with load-carrying capacity maintained to 4,200 N

For a mass-equivalent conventional design (3 mm steel reduced to match 1.88 kg), the
predicted critical buckling load was 1,510 N. The AM design achieved a 156% higher
critical buckling load due to lattice-enhanced panel stability.

3.4 Fatigue Performance
3.4.1 Cyclic Testing Results

The AM boom successfully completed 500,000 cycles at 400 N maximum load (80% of
design load) with no observable failure. Key observations:

> Stiffness degradation: 3.2% reduction in stiffness over 500,000 cycles (measured via
actuator displacement)

> Strain amplitude stabilization: Strain gauge readings stabilized after 50,000 cycles,
indicating shakedown behavior

> Crack detection: No cracks detected via dye penetrant inspection at 100,000,
250,000, and 500,000 cycle intervals

3.4.2 Fatigue Life Prediction

Using FEA-based stress results and AISi10Mg S-N data, the predicted fatigue life at design
load (500 N) is:
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> Miner's rule cumulative damage: 0.21 after 500,000 cycles at 400 N, corresponding
to approximately 2.4 million cycles to failure at design load

> Infinite life threshold: Stress amplitude at critical location = 48 MPa < 95 MPa
fatigue limit — theoretically infinite life per ISO 10972-1

3.5 Modal Analysis Results
3.5.1 Natural Frequencies
Experimental modal analysis identified the first five natural frequencies and mode shapes:

Table 3: Natural Frequencies Comparison

Mode Descrintion AM Experimental | AM FEA Baseline Change vs.

P (Hz) (Hz) Steel (Hz) Baseline

1 Vertical bending 28.4 29.1 18.7 +51.9%

2 | Lateral bending 34.7 35.8 223 +55.6%

3 Torsion 51.2 52.6 37.9 +35.1%

4 | Secondvertical 96.8 98.4 68.2 141.9%
bending

5 Second lateral 112.3 114.7 79.5 +41.3%
bending

The significant increase in natural frequencies (35-55%) indicates substantially improved
dynamic stiffness, which translates to reduced vibration susceptibility and improved
positioning accuracy during operation.

3.5.2 Damping Ratios

Modal damping ratios were extracted using half-power bandwidth method:

> Mode 1 damping ratio: 0.82% (AM) vs. 1.05% (baseline estimate)
> The slightly lower damping is attributed to the lack of bolted joints and welded
interfaces in the AM design, which typically provide frictional damping.

3.6 Impact Performance
3.6.1 Drop-Weight Impact Results

Impact testing on lattice-infilled panels (gyroid in impact zones, BCC in structural zones)
revealed:

Table 4: Impact Performance Comparison

Specimen Type Peak Energy Specific Energy Damage Area
Force Absorption (J) Absorption (J/g) (mm?)
(kN)
Solid panel (3 8.2 18.4 6.1 185
mm)
BCC lattice (25% 5.6 32.7 21.8 420
density)
Gyroid lattice 4.8 38.5 25.7 580
(25% density)
Hybrid (graded) 6.1 35.2 23.5 350
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The gyroid lattice exhibited the highest specific energy absorption (25.7 J/g), which is 4.3
times greater than the solid panel (6.1 J/g). The hybrid design, which used gyroid in the
impact zone and BCC in adjacent regions, provided a balanced combination of energy
absorption and damage containment.

3.6.2 Micro-CT Analysis

Post-impact micro-CT scanning of the hybrid specimen revealed:

>
>

Lattice strut fracture: Localized within 50 mm of impact point

Damage propagation: Arrested at the gyroid-BCC interface, demonstrating effective
damage containment

No solid structure damage: The underlying solid load paths remained intact,
preserving global structural integrity

>

3.7 Comparative Performance Summary

Table S: Comprehensive Performance Comparison

Metric Baseline Steel | AM-Optimized | Improvement

Total mass (kg) 3.95 1.88 -52.3%

Tip deflection at 500 N (mm) 13.4 8.2 -38.7%
Stiffness (N/mm) 37.3 61.0 +63.5%
Lateral stiffness (N/mm) 33.9 58.8 +73.5%
Torsional stiffness (Nm/°) 37.0 61.0 +64.9%
First natural frequency (Hz) 18.7 28.4 +51.9%
Critical buckling load (N) 1,510%* 3,850 +155.0%
Specific energy absorption (J/g) 6.1 23.5 +285.2%
Safety factor (yield) 2.15 243 +13.0%

*Mass-equivalent conventional design (scaled to 1.88 kg)*

| XK

(a) Conventional prismatic boom baseline. (b) Topology-optimized design space and result. ~ (c) Final CAD model with integrated lattice
infill.

Figure 1: Design Evolution and Analysis
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Figure 2: Manufactured AISi10Mg — g Applied Load (N)
Telescopic Boom Stages. Figure 3: Experimental Test Setup. Figure 4: Deflection Comparison Graph.
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4. Discussion
4.1 Interpretation of Results
4.1.1 Mass-Stiffness Efficiency

The 52.3% mass reduction combined with 63.5% stiffness increase yields a specific stiffness
(E/p) improvement of 3.4x relative to the baseline design. This remarkable gain stems from
three synergistic factors:

1. Material substitution: AISi110Mg's specific modulus (25.5 MN-m/kg) is 1.6x higher
than steel (25.5 vs. 15.9 MN-m/kg)

2. Topology optimization: Material redistribution increased the second moment of area
at high-moment regions by 2-3x compared to constant-section designs

3. Lattice infill: Provided panel stabilization at 26% of the mass of equivalent solid
panels

4.1.2 Load Path Optimization Validation

DIC results visually confirmed that the topology-optimized geometry successfully created
load paths aligned with principal stress trajectories. This was particularly evident in:

> The curvilinear ribs that transitioned from the base mounting points to the
intermediate stage interface

> The flared cross-sections that efficiently resisted bending moments without adding
mass at the tip

4.1.3 Lattice Structure Benefits

The graded lattice approach proved highly effective, with several key observations:

> Buckling enhancement: The lattice increased panel critical buckling stress by 156%
relative to a mass-equivalent solid panel

> Damage tolerance: Impact testing demonstrated that lattice regions act as sacrificial
energy absorbers, protecting primary load paths

> Stress transition: The graded interface between solid and lattice regions showed no
evidence of premature failure, validating the gradual density transition approach

4.2 Comparison with Literature

This study's results compare favorably with prior AM structural applications:

> Seidel et al. (2018): 30% weight reduction in excavator components (vs. 52.3% in
this study)

> Tang et al. (2020): 25% stiffness improvement in boom sections (vs. 63.5%)

> Brandl et al. (2012): AlSi10Mg fatigue limit of 95-110 MPa (consistent with our
predictions)

The superior results in this study are attributed to:

1. Holistic design approach considering the entire kinematic assembly
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Advanced hybrid solid-lattice modeling with functional grading
Comprehensive multi-axial load case consideration

4.3 Manufacturing Considerations
4.3.1 Build Success and Defects

Post-print inspection revealed:

> Porosity: 0.3-0.8% by volume (micro-CT, within acceptable range for structural
applications)

> Surface roughness: Ra = 6-8 um as-printed, reduced to 2-3 pm on machined
interfaces

> Geometric accuracy: 0.2 mm on critical features, £0.5 mm on non-critical features

> Support removal: Challenging for internal lattice cavities, requiring custom tooling

4.3.2 Post-Processing Impact

The stress relief treatment effectively reduced residual stresses, evidenced by:

> Minimal distortion after support removal (<0.3 mm on critical dimensions)
> Consistent mechanical properties across builds

The optional HIP treatment on one specimen showed:

> Porosity reduction to <0.1%

> 8% increase in elongation (from 8% to 8.6%)

> No significant change in yield strength
For this application, HIP was deemed unnecessary given the safety margin and fatigue
predictions.

4.4 Limitations and Future Work
4.4.1 Scale Limitations

Current SLM build volume (280 x 280 x 365 mm) constrained the maximum component
size. For industrial-scale cranes (extended lengths 5-20 m), larger-format AM systems (e.g.,
SLM 800, Velo3D Sapphire XC) or hybrid manufacturing approaches would be required.

4.4.2 Cost Analysis

The printing cost for the three booms was approximately $4,200 (material + machine time),
compared to estimated $800 for conventional steel fabrication. However, total cost of
ownership analysis should consider:

» Fuel savings: Estimated 8-12% reduction in machine fuel consumption due to
reduced boom mass

» Increased payload: Potential for 50 kg additional payload without counterweight
modification

> Reduced maintenance: Elimination of welded joints reduces inspection requirements

» A preliminary lifecycle cost analysis projects break-even at 3-5 years of operation,
depending on utilization.

4.4.3 Future Research Directions
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Future work will address:

> Large-scale demonstration: Extending methodology to 5 m boom using large-
format AM

> Multi-material printing: Incorporating bronze or steel wear surfaces for improved
tribology

> Active structures: Integrating sensors into lattice cavities for structural health
monitoring

> Field validation: Deploying the mechanism on a prototype aerial work platform

5. Conclusion

This research has comprehensively demonstrated the transformative potential of additive
manufacturing for telescopic crane mechanisms. The key conclusions are:

. Design Methodology: A systematic workflow integrating topology optimization,

functionally graded lattices, and AM process constraints successfully produced a three-stage
telescopic boom with unprecedented structural efficiency.

Mass Reduction: The AM-optimized design achieved a 52.3% mass reduction compared to a
conventional steel baseline, representing the largest reported weight reduction for a telescopic
mechanism to date.

Stiffness Improvement: Global stiffness increased by 63.5%, with corresponding
improvements in natural frequencies (35-55%) and buckling resistance (156%).

Fatigue Performance: The mechanism successfully completed 500,000 cycles at 80%
design load with no damage, meeting ISO 10972-1 requirements for mechanism class M4.
Damage Tolerance: Hybrid lattice-solid designs demonstrated 4.3x higher specific energy
absorption than conventional solid panels, with lattice regions effectively containing impact
damage.

Experimental Correlation: Strong agreement between FEA predictions and experimental
measurements (error < 6% for critical metrics) validates the predictive capability of the
design workflow.

This work establishes a new paradigm for mobile machinery design, demonstrating that the
design freedom afforded by additive manufacturing can achieve performance metrics
previously unattainable with conventional manufacturing methods. The TeleCrane concept
provides a blueprint for the next generation of lightweight, high-performance, and energy-
efficient lifting equipment.
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Appendix A: Detailed Material Properties

Table Al: AISi10Mg Material Properties (SLM, Stress-Relieved)

Property Value Test Standard

Yield strength (0.2%) 230 £ 12 MPa ASTM E8
Ultimate tensile strength 340 £ 15 MPa ASTM E8
Elastic modulus 68 £2 GPa ASTM E8
Elongation at break 8.0+1.5% ASTM E8

Hardness 115+ 8 HV ASTM E384

Fatigue limit (107 cycles, R=0.1) 95 MPa ASTM E466

Density 2.67 g/cm? Archimedes
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