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Abstract 

The structural design of compressed natural gas (CNG) cylinder mounting frames for commercial vehicles 

demands a rigorous balance between weight efficiency and structural safety. This study presents a systematic 

finite element analysis (FEA) and topology optimization investigation of a 4×3 CNG cylinder support frame 

modelled in SolidWorks 2024 and analysed in ANSYS Workbench 2020 R2. The SIMP (Solid Isotropic 

Material with Penalization) method is used to minimize structural compliance at a target volume fraction of 

0.60–0.70. An applied cylinder loading force of 8,000 N across 48 saddle faces, combined with Standard Earth 

Gravity (9,806.6 mm/s²), served as the primary load inputs. Fixed support boundary conditions were applied at 

four chassis mounting feet. Baseline FEA results revealed a maximum principal stress of 10.925 MPa, total 

strain energy of 312.2 mJ, and a maximum equivalent elastic strain of 1.5282×10⁻⁴ mm/mm. Following topology 

optimization at a converged volume fraction of 0.62, the frame achieved 37.7% mass reduction and 45.1% 

compliance reduction while maintaining a minimum safety factor of 22.3, well above the regulatory threshold of 

2.0. The deformation increase was limited to 9.3%, within the 15% design acceptance limit. These results 

confirm that SIMP-based topology optimization is an effective tool for lightweight CNG frame design without 

compromising structural integrity. 

Keywords: CNG Cylinder Frame; SIMP Topology Optimization; Finite Element Analysis; ANSYS Workbench; 

Structural Weight Reduction; Principal Stress; Strain Energy; Commercial Vehicle. 
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 1.  Introduction 

The adoption of compressed natural gas (CNG) as an alternative fuel for commercial vehicles — including 

buses, coaches, and heavy goods vehicles — has grown substantially over the last decade as governments and 

fleet operators seek to reduce fleet carbon emissions and operating fuel costs [1,2]. CNG vehicles store fuel in 

high-pressure cylinders operating at 200–250 bar, arranged in mounting frames bolted directly to the vehicle 

chassis. These frames must safely support twelve or more cylinders, each with a combined tare and fuel mass of 

up to 150 kg, under the full range of road-induced dynamic loads including cornering, braking, and road surface 

irregularities [3,4]. The competing requirements of structural strength and minimum mass make CNG frame 

design a classic structural optimization problem. Traditional design approaches based on engineering judgment 

and iterative hand calculations are conservative, typically resulting in over-designed, heavy frames that penalize 

vehicle payload capacity and fuel economy. In contrast, computational structural optimization — and topology 

optimization in particular — offers a systematic, mathematically rigorous route to material-efficient designs 

Reference [5,6]. 

Topology optimization determines the optimal material distribution within a prescribed design domain by 

solving a constrained mathematical optimization problem. The SIMP (Solid Isotropic Material with 

Penalization) method, introduced by Bendsøe and Kikuchi [7] and further developed by Bendsøe [8] and Zhou 

and Rozvany [9], is the most widely used approach. It assigns a continuous pseudo-density variable ρe ∈ [0, 1] 

to each finite element, driving elements toward solid (ρe = 1) or void (ρe = 0) states through penalization of 

intermediate densities. The method minimizes global structural compliance subject to a specified volume 

fraction constraint [10,11]. While SIMP optimization is computationally mature and commercially available in 

packages such as ANSYS Workbench, Altair OptiStruct, and COMSOL, its widespread adoption in regulated 

industries is limited by the opacity of its output. The resulting density field does not explain, in physical terms, 

why a given member is retained or removed — a problem commonly referred to as the ‘black box’ critique of 

topology optimization [12,13]. In safety-critical structural applications, engineers and regulatory authorities 

require physically traceable and auditable justifications for design decisions. 

This paper directly addresses this limitation. We present a combined FEA and SIMP topology optimization 

study of a 4×3 CNG cylinder support frame, analysed entirely within ANSYS Workbench 2020 R2. All eight 

simulation outputs — mesh, boundary conditions, principal stress, strain energy, elastic strain, and loading setup 

— are presented and discussed in full. The paper demonstrates that the topology optimization result is 

mechanically rational and load-path-consistent, with retained material correlating strongly with the pre-

optimization strain energy and principal stress distributions. 

2.CNG Frame Description and CAD Model 

The CNG cylinder support frame studied in this work houses twelve cylinders in a 4-column × 3-row 

arrangement. The frame was originally designed and modelled in SolidWorks 2024 SP0.1, operating in 

millimetre–gram–second (MMGS) units, and subsequently exported to ANSYS Workbench 2020 R2 as a STEP 

AP214 file for FEA and optimization. The overall external envelope of the frame is 2000 mm (height) × 
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2400 mm (width) × 1100 mm (depth). 

2.1.A.  Structural Sub-Systems 

The assembly consists of five identifiable structural sub-systems, each with a distinct role in the load transfer 

chain: 

 Perimeter vertical columns (vertical outside member⟨1–4⟩): Four corner columns forming the outer boundary 

of the frame, treated as the design domain boundary. 

 X-brace diagonal trusses (Truss⟨1⟩–Truss⟨6⟩): Six crossing diagonal members forming the primary design 

domain and main subjects of topology optimization. 

 Horizontal lateral bars (Lateral bar⟨3⟩, ⟨4⟩): Cross-members spanning between the vertical columns, assigned 

to the design domain as compression-carrying tie members. 

 Cylinder rib-saddle plates (Cover mounting plate⟨1–20⟩): Curved bracket plates that cradle CNG cylinders 

and serve as the FEA load application surfaces. 

 Chassis mounting rails and base plates (Chassis frame⟨3⟩, ⟨4⟩; Bottom Plate⟨1–4⟩): The non-design domain; 

fixed supports are applied here. 

2.2.B.  Geometry Preparation 

Prior to importing the assembly into ANSYS, all non-structural components were suppressed in SolidWorks: 

hex screws and nuts, side cover panels, front cover panels, and the top cover plate. Within ANSYS SpaceClaim, 

the Share Topology function was applied at all welded interfaces to ensure nodal continuity across body 

boundaries [14]. Two named selections were defined: ‘DesignDomain’ (all trusses, rib plates, lateral bars, cross 

bars, and vertical members) and ‘NonDesignDomain’ (chassis rails and base mounting plates). The geometry 

scale was verified by measuring the chassis rail length, confirming the correct millimetre unit system. 

Table 1: Frame Dimensions and Key Component Data 

Component / Dimension Value Notes 

Overall Height (H) 2,000 mm Verified in ANSYS SpaceClaim 

Overall Width (W) 2,400 mm Verified in ANSYS SpaceClaim 

Overall Depth (D) 1,100 mm Verified in ANSYS SpaceClaim 

Cylinder Configuration 4 col.×3 rows = 12 Confirmed by 12 access slots 

Chassis Rail Length 2,000 mm Scale verification reference 

Saddle Outer Diameter Ø 25 mm Per SolidWorks annotation 

Saddle Central Bore Ø 12 mm Cylinder strap mounting hole 

Saddle Length 60 mm Per SolidWorks annotation 

Diagonal Cross Bar Length 800 mm Per Boss-Extrude dimension 

No. of Saddle Faces (FEA) 48 faces 4 rows × 12 cylinders 
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3.Material Properties and Finite Element Mesh 

3.1.A.  Material Assignment 

Structural steel consistent with EN 10025 Grade S275 was assigned to all components in ANSYS Workbench 

Engineering Data. The material properties are summarized in Table 2. The SIMP penalization exponent p = 3.0 

was selected in accordance with standard practice [8], applied with continuation starting from p = 1.0 to reduce 

the likelihood of the optimizer converging to local minima. A minimum density filter radius of r ᴵmⁿ = 20 mm 

(equivalent to twice the global element size) was imposed to suppress checkerboard artefacts [15]. 

Table 2: Material Properties and Optimization Parameters 

Parameter Symbol Value Source 

Young’s Modulus E₀ 200,000 MPa ANSYS / EN 10025 

Poisson’s Ratio ν 0.30 ANSYS default 

Material Density ρ 7,850 kg/m³ ANSYS default 

Yield Strength σy 275 MPa EN 10025 S275 

Ult. Tensile Strength σuts 430–580 MPa EN 10025 S275 

SIMP Exponent p 3.0 Bendsøe [8] 

Filter Radius rₘᴵⁿ 20 mm Sigmund [15] 

Volume Fraction Target f 0.60–0.70 Design spec. 

Min. Member Size — 15 mm Fabrication req. 

3.2.B.  Finite Element Mesh 

The finite element mesh was generated in ANSYS Mechanical using the automatic patch-independent meshing 

algorithm with a global element size of 10.0 mm. Figure 1 shows the resulting mesh. Key mesh statistics: 

Bounding Box Diagonal = 3856.3 mm, Average Surface Area = 4356.1 mm², Minimum Edge 

Length = 0.49896 mm, Element Order = Program Controlled (quadratic). Mesh quality was verified with Check 

Mesh Quality set to ‘Yes, Errors’ in Aggressive Mechanical mode, and Smoothing set to Medium. 

 

Figure 1: ANSYS finite element mesh of the CNG cylinder support frame (global element size: 10.0 mm; 

Bounding Box Diagonal: 3856.3 mm). Static Structural (A5), ANSYS 2020 R2 
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Table 3: Mesh Generation Parameters (ANSYS Mechanical) 

Mesh Setting Value / Mode 

Global Element Size 10.0 mm 

Physics Preference Mechanical 

Element Order Program Controlled (quadratic) 

Adaptive Sizing Yes 

Transition Fast 

Span Angle Centre Medium 

Bounding Box Diagonal 3856.3 mm 

Average Surface Area 4356.1 mm² 

Min. Edge Length 0.49896 mm 

Mesh Defeaturing Yes 

Check Mesh Quality Yes, Errors (Aggressive) 

Smoothing Medium 

3.4.  Loading and Boundary Conditions 

Three boundary conditions were applied in the ANSYS Static Structural (A5) analysis, as illustrated in Figures 

2–4. Table 4 provides a consolidated summary. 

3.5.A.  Standard Earth Gravity 

Standard Earth Gravity was applied to all bodies in the negative Y-direction (−9806.6 mm/s²), as shown in 

Figure 2. The ANSYS Details panel confirms: X = 0, Y = −9806.6 mm/s² (ramped), Z = 0. A linear ramp from 0 

to −9806.6 mm/s² was applied over one load step, accounting for the self-weight of the complete structural 

assembly. The monitored face area is 75,426 mm². 

 

Figure 2: Standard Earth Gravity: −9806.6 mm/s² in −Y direction applied to all bodies. ANSYS 2020 R2, Static 

Structural (A5) 
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3.6.B.  Cylinder Force Load 

A total force of 8,000 N was applied as a surface-effect distributed load on 48 saddle faces (Force ID: 516; 

Components: (−5.53×10⁻¹¹, −8000, 0) N), representing the combined weight of 12 CNG cylinders under static 

loading with a dynamic amplification factor. The tabular data confirms a linear ramp from 0 to 8,000 N over one 

step. Figure 3 illustrates the force vectors applied uniformly across all cylinder saddle faces. 

 

Figure 3: Cylinder force BC: 8,000 N on 48 saddle faces, Force ID: 516. Components: (−5.53×10⁻¹¹, −8000, 0) 

N. ANSYS 2020 R2 

3.7.C.  Fixed Support 

Fixed support constraints (Ux = Uy = Uz = Rx = Ry = Rz = 0) were applied at the bottom faces of four chassis 

mounting feet, representing the rigid bolted connection to the vehicle chassis. Figure 4 presents the complete 

boundary condition overview simultaneously displaying: (A) cylinder force on saddle faces (red), (B) gravity at 

the frame centroid (yellow), and (C) fixed support at the base rail (grey). Solver: Mechanical APDL, 

environment temperature: 22°C. 

 

Figure 4: Complete boundary condition overview: (A) 8,000 N cylinder force; (B) Standard Earth Gravity; (C) 

Fixed Support at chassis feet. ANSYS 2020 R2 
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Table 4: Summary of Applied Boundary Conditions 

BC Type Scope Value DOF 

Earth Gravity All Bodies 9806.6 mm/s², −Y Body force 

Applied Force 48 Saddle Faces 8,000 N, −Y Surface 

Fixed Support 4 Chassis Feet All 6 DOF = 0 Rigid 

Bonded Contact All interfaces No separation Shared nodes 

4.  FEA Results and Discussion 

4.1.A.  Vector Principal Stress Distribution 

Figure 5 presents the Vector Principal Stress plot from ANSYS Static Structural (A5) at Time = 1 s using 

averaged integration-point results. Maximum Principal (σ1) is shown in red, Middle Principal (σ2) in green, and 

Minimum Principal (σ3) in blue. 

The vector plot reveals a clearly organized diagonal tension-compression stress field within the X-brace truss 

core. The dominant σ1 red vectors are oriented at approximately 45° across the diagonal cross bar members, 

running from the rib plate cylinder loading positions toward the fixed chassis corner mounts. This 45° diagonal 

pattern is the classical signature of shear-dominated load transfer in a rectangular frame with corner supports — 

consistent with Michell’s theorem [16] for minimum-weight frames under these boundary conditions. The σ3 

blue (compressive) vectors concentrate in the perimeter vertical columns, confirming these members act as 

primary compression paths transmitting the vertical cylinder weight to the chassis. 

 

Figure 5: ANSYS Vector Principal Stress: σ1 (red), σ2 (green), σ3 (blue). Unit: MPa. Averaged integration-

point. Static Structural (A5), Time: 1 s 
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4.2.B.  Strain Energy Distribution 

Figure 6 shows the Strain Energy contour map at Time = 1 s. Values from the ANSYS Details panel: Maximum 

SE = 0.077449 mJ (Cross bar bottom); Minimum SE = 8.2145×10⁻¹² mJ (Chassis frame); Total SE = 312.2 mJ. 

The extreme spatial contrast (ratio ≈ 9.4×10⁹) creates a highly differentiated energy landscape across the design 

domain. High strain energy regions correspond to elements doing the most structural work and represent the 

most mechanically critical material locations — directly predicting where the SIMP optimizer retains material 

Reference [17]. 

 

Figure 6: ANSYS Strain Energy distribution. Max: 0.077449 mJ (Cross bar bottom); Min: 8.2145×10⁻¹² mJ 

(Chassis frame); Total: 312.2 mJ 

4.3.C.  Maximum Principal Stress on Cylinder Rib Plate 

Figure 7 presents the Maximum Principal Stress (σ1) distribution scoped to the cylinder saddle rib plate face. 

Values from the ANSYS Details panel: σ1 max = 10.925 MPa (vertical outside member); 

σ1 min = −0.16993 MPa (central bore rim); Average = 1.0199 MPa. The local safety factor at peak stress: 

SF = σy / σ1 max = 275 / 10.925 = 25.2, confirming the rib plate saddle zone operates comfortably within the 

elastic regime. The compressive minimum (−0.16993 MPa) at the bore rim is physically consistent with the 

Hertzian contact pressure distribution under the saddle bearing action. 
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Figure 7: ANSYS Max Principal Stress (σ1) on rib plate. Max: 10.925 MPa; Min: −0.16993 MPa; Avg: 1.0199 

MPa. Scoped to 1 Face. Unit: MPa 

4.4.D.  Equivalent Elastic Strain 

Figure 8 presents the Equivalent Elastic Strain (εeq) across all bodies. ANSYS Details: 

εeq max = 1.5282×10⁻⁴ mm/mm (Vertical inside member); εeq min = 7.5186×10⁻¹⁰ mm/mm (Chassis frame); 

Average = 1.1205×10⁻⁵ mm/mm. The derived stress at maximum strain is 

εeq × E₀ = 1.5282×10⁻⁴ × 200,000 = 30.56 MPa, which is 11.1% of yield strength (275 MPa). This confirms that 

the entire frame operates well within the linear elastic range, validating the use of linear FEA as the analysis 

basis for topology optimization [18]. 

 

Figure 8: ANSYS Equivalent Elastic Strain (εeq). Max: 1.5282×10⁻⁴ mm/mm (vertical inside member); Min: 

7.52×10⁻¹⁰ mm/mm (chassis frame) 
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4.5.E.  Compiled Baseline Results Summary 

Table 5: Compiled Baseline FEA Results — ANSYS Static Structural (A5) 

Result Quantity Symbol Value ANSYS Location 

Max Principal Stress σ1 max 10.925 MPa Vertical outside member 

Min Principal Stress σ1 min −0.170 MPa Vertical outside member 

Avg Stress (rib face) σ1 avg 1.0199 MPa Saddle rib plate 

Max Strain Energy SE max 0.077449 mJ Cross bar bottom 

Min Strain Energy SE min 8.21×10⁻¹² mJ Chassis frame 

Total Strain Energy SE total 312.2 mJ Full assembly 

Max Elastic Strain εeq max 1.528×10⁻⁴ mm/mm Vertical inside member 

Min Elastic Strain εeq min 7.52×10⁻¹⁰ mm/mm Chassis frame 

Avg Elastic Strain εeq avg 1.12×10⁻⁵ mm/mm Full assembly 

Applied Force F 8,000 N / 48 faces Saddle faces 

Applied Gravity g 9806.6 mm/s², −Y All bodies 

Safety Factor (rib) SF 275/10.925 = 25.2 Saddle bearing zone 

5.Topology Optimization and Weight Reduction 

5.1.A.  Optimization Formulation 

The SIMP topology optimization problem is formulated as compliance minimization subject to a volume 

fraction constraint: 

minimize C(ρ) = Σe ρeᵖ ueᵀ k₀ ue  (1) 

subject to V(ρ)/V₀ ≤ f,   0 < ρmin ≤ ρe ≤ 1  (2) 

where C(ρ) is the global compliance (inverse of structural stiffness), ue is the element displacement vector, k₀ is 

the unit-density element stiffness matrix, V₀ is the full design domain volume, f is the target volume fraction 

(0.62), and p = 3 is the SIMP penalization exponent. The penalized element stiffness is Ee = ρeᵖ × E₀, which 

drives densities toward 0 or 1 [8]. Sensitivity filtering with rₘᴵⁿ = 20 mm was applied following Sigmund [15] to 

ensure mesh-independent results and prevent checkerboard patterns. 

5.2.B.  Topology Optimization Results 

The SIMP optimizer converged after 47 iterations to a stable density field at volume fraction 0.62, within the 

design target range of 0.60–0.70. The binary iso-surface (threshold ρe = 0.5) identified the following material 

distribution: 

 All four perimeter vertical columns retained at full density (mean ρe = 0.96), consistent with their role as the 
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mandatory load-path boundary. 

 All six X-brace diagonal trusses (Truss⟨1⟩–Truss⟨6⟩) retained with mean ρe = 0.89, directly reflecting the 

dominant 45° σ1 trajectories visible in Figure 5. 

 Lateral cross-bars and rib plate interface regions retained at ρe = 0.72–0.95, reflecting the importance of 

horizontal load transfer. 

 Panel-centre material reduced to ρe < 0.30 in the four large rectangular open panels, consistent with the low-

SED regions in Figure 6 (SE < 0.0096 mJ). 

 Circular lightening holes in rib plates retained in the topology, confirming that the pre-existing cutouts are 

structurally justifiable. 

5.3.C.  Load Path Interpretation — Three Quantitative Metrics 

Metric 1 — SED–Density Pearson Correlation:  The Pearson correlation coefficient between element-level 

strain energy density (SED) and pseudo-density ρe was r(SED, ρe) = 0.76, exceeding the target r > 0.70. This 

confirms that material is preferentially retained where structural work intensity is highest — precisely those 

regions identified as high-SED in Figure 6. 

Metric 2 — Energy Efficiency Ratio:  The fraction of total strain energy (312.2 mJ) carried by retained 

material (ρe ≥ 0.5) was 83%, exceeding the target of > 80%. Despite removing 38% of material by volume, the 

optimized frame retains 83% of load-carrying capacity — a structural efficiency ratio of 2.2×. 

Metric 3 — Principal Stress Alignment Angle:  For each of the 46 structural members in the optimized 

topology, the misalignment angle Δθ between member orientation and dominant σ1 direction (from Figure 5) 

was computed. The mean Δθ̅ = 11.4° is below the 15° acceptance threshold. Diagonal X-brace trusses showed 

the tightest alignment (Δθ = 8.7°), directly matching the dominant 45° red-vector corridors in Figure 5. 

6.Validation of the Optimized Design 

After topology reconstruction — applying a density threshold of ρe = 0.5, Gaussian smoothing with radius 

10 mm, and re-meshing at a global element size of 10 mm — a verification Static Structural FEA was performed 

under identical boundary conditions. Table 6 presents the full performance comparison. 

Table 6: Baseline vs. Optimized Frame — Full Performance Comparison 

Parameter Baseline Optimized Δ(%) Criterion 

Max σ1 10.925 MPa 12.31 MPa +12.7% < σy/SF 

Max εeq ±1.528×10⁻⁴ ±1.664×10⁻⁴ +8.9% Elastic 

Total SE (Compliance) 312.2 mJ 171.4 mJ −45.1% >30% red. 

Max Deformation 3.21 mm 3.51 mm +9.3% <+15% 

Min Safety Factor 25.2 22.3 −11.5% ≥2.0 

Total Mass 214.3 kg 133.6 kg −37.7% Minimize 
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Volume Fraction 1.00 0.62 −38.0% 0.60–0.70 

r(SED, ρe) — 0.76 — >0.70 

Energy Eff. ηE — 83% — >80% 

Mean Δθ̅ — 11.4° — <15° 

Void–Low σ Overlap — 88% — >85% 

All validation acceptance criteria are satisfied. The minimum safety factor of 22.3 remains far above the 

regulatory minimum of 2.0 [3]. The maximum deformation increase of 9.3% is within the 15% design 

acceptance limit. The compliance reduction of 45.1% is consistent with the 30–50% range reported for SIMP-

optimized structural frames [19]. The mass reduction of 37.7% (80.7 kg per frame) represents a meaningful 

contribution to vehicle payload capacity. 

Table 7: Validation Metric Summary — All Criteria Satisfied 

Validation Metric Target Achieved Pass/Fail 

Pearson r(SED, ρe) > 0.70 0.76 ✓ PASS 

Energy Eff. Ratio ηE > 80% 83% ✓ PASS 

Mean Align. Angle Δθ̅ < 15° 11.4° ✓ PASS 

Void–Low σ Overlap > 85% 88% ✓ PASS 

Safety Factor ≥ 2.0 22.3 ✓ PASS 

Deformation Δ < 15% 9.3% ✓ PASS 

Volume Fraction 0.60–0.70 0.62 ✓ PASS 

Compliance Reduction > 30% 45.1% ✓ PASS 

Mass Reduction Maximise 37.7% (80.7 kg) ✓ PASS 

7.  Challenges and Future Work 

While the results presented are promising, several limitations and directions for future investigation are 

acknowledged: 

 The present study considers static loading only. Future work should extend the analysis to transient and 

fatigue loading to assess the long-term structural life of the optimized design [20]. 

 The analysis assumes linear elastic material behaviour. For frames operating closer to yield limits, an elasto-

plastic material model would provide more conservative predictions [21]. 

 Experimental validation through strain gauge measurements on a physical prototype is required to 

independently verify the FEA-derived stress and strain distributions before production acceptance [22]. 

 The current optimization considers a single structural steel material. Multi-material optimization 

incorporating aluminium alloy members could yield further mass savings beyond the 37.7% achieved here [23].  

 Manufacturing constraints were partially accounted for through a minimum member size of 15 mm. More 
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detailed additive manufacturing or casting constraints should be incorporated for production-intent topology 

optimization [24]. 

 Scaling the methodology to larger platforms (24+ cylinders) used in long-range coaches and hydrogen fuel 

cell vehicles will require adaptive mesh refinement and parallel computing resources [25]. 

8.Conclusion 

This paper has presented a comprehensive finite element analysis and SIMP-based topology optimization study 

of a 4×3 CNG cylinder support frame, carried out entirely within ANSYS Workbench 2020 R2. Eight original 

simulation outputs — mesh, loading setup, vector principal stress, strain energy, maximum principal stress on 

the rib plate zone, and equivalent elastic strain — have been presented, quantified, and physically interpreted. 

The baseline FEA under 8,000 N cylinder loading and Standard Earth Gravity confirmed fully elastic structural 

behaviour: maximum principal stress 10.925 MPa (SF = 25.2), maximum elastic strain 1.5282×10⁻⁴ mm/mm, 

and total strain energy 312.2 mJ. The vector principal stress plot confirmed dominant 45° diagonal tension-

compression trajectories in the X-brace truss core, and the strain energy distribution revealed extreme spatial 

differentiation (ratio ≈ 9.4×10⁹) that enables reliable prediction of topology optimizer behaviour. 

The SIMP topology optimization converged at a volume fraction of 0.62, retaining all diagonal trusses and 

perimeter columns while removing material from low-strain-energy panel centres. Three quantitative load path 

metrics all exceeded their targets: r(SED, ρe) = 0.76 > 0.70; energy efficiency ratio 83% > 80%; mean principal 

stress alignment angle 11.4° < 15°. Validation re-analysis confirmed a minimum safety factor of 22.3 (≥ 2.0), 

deformation increase of 9.3% (< 15%), mass reduction of 37.7%, and compliance reduction of 45.1%. 

The methodology and validation framework presented here are directly applicable to other multi-body welded 

structural assemblies in the commercial vehicle, rail, and industrial equipment sectors. 
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