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The rapid electrification of commercial urban logistics necessitates a transition from traditional internal combustion engine
(ICE) chassis architectures to platforms optimized for high-density battery arrays and variable payload requirements. Many
current electric delivery vehicles rely on modified ladder-frame structures originally designed for ICE vehicles, which may
not be optimised for the dynamic and asymmetric loading conditions typical of modern delivery operations. This research
investigates the hypothesis that a lightweight triangulated semi-spaceframe chassis architecture can improve structural efficiency
and load distribution compared with conventional ladder-frame designs. Using computer-aided design modelling and finite
element analysis, ladder-frame and triangulated semi-spaceframe chassis configurations are comparatively evaluated under
simulated loading scenarios representing cargo distributions from 0% to 100% payload capacity. Structural performance
is assessed using torsional loading and asymmetric load cases representative of uneven cargo placement and road-induced
forces, with performance metrics including torsional stiffness, displacement, and maximum von Mises stress. The optimised
semi-spaceframe increased torsional stiffness by a factor of 53.7 (2129 vs 39.6 Nm/deg) relative to the ladder-frame baseline,
with an 11.4× gain in specific stiffness despite a 4.71× higher mass, and it reduced vertical sag by 23 to 29 times under 800
kg asymmetric and symmetric payloads while remaining within the elastic limit where the baseline yielded. These results
indicate that triangulated members redirect loads through axial paths rather than bending-dominated rails, so that geometric
triangulation rather than added material is the primary driver of the improvement. These findings contribute to the development
of lightweight, structurally optimised electric vehicle chassis architectures capable of maintaining durability and stability under
variable payload conditions in commercial delivery applications.

Keywords: Electric Vehicles, Finite Element Analysis, Spaceframe, Structural Optimization

Introduction

Current State of Urban Logistics

The accelerating electrification of urban logistics1 has intro-
duced a class of structural engineering challenges that existing
vehicle chassis platforms struggle to address. Inadequate tor-
sional stiffness under variable payload directly compromises
suspension geometry stability. With 1.19 million annual road
traffic fatalities2, the structural integrity of electric delivery
vehicles (EDVs) operating under variable payload conditions
represents a safety imperative and an engineering gap that has
received insufficient investigation.

Many modern electric delivery vehicle platforms inherit
modified ladder-frame chassis architectures originally devel-
oped for internal combustion engine (ICE) vehicles3. These
frames consist of two longitudinal rails connected by trans-
verse crossmembers. Whilst these frames were designed to
transmit powertrain torque and accommodate the concentrated

1 King’s College School Wimbledon, London, United Kingdom

mass of an engine-transmission assembly positioned ahead
of the axle centreline4, the mass distribution, torsional load-
ing environment, and load path geometry of battery-electric
drivetrains differ fundamentally from these design assump-
tions. In electric delivery vehicles, the powertrain mass is
distributed along the floor via a battery pack and payload con-
ditions vary continuously between near-empty and full capac-
ity across stop-start urban routes5. Therefore, adapting ICE
ladder-frame architectures to this new loading environment
produces structures that are simultaneously over-mass in un-
necessary regions and under-stiff where torsional and asym-
metric load resistance is most critical6.

Triangulated semi-spaceframe architectures offer a funda-
mentally different structural strategy. By subdividing a struc-
ture into triangular units, semi-spaceframes convert external
loads into axial tension and compression within individual
members, distributing load uniformly across the entire cross-
section of each element and eliminating the inefficiency of
bending-dominated stress7. These properties have been ex-
ploited extensively in motorsport and aerospace applications,
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but their systematic application to electric delivery vehicle
platforms remains an underexplored area of structural engi-
neering research.

This paper investigates the hypothesis that a lightweight
triangulated semi-spaceframe chassis architecture produces
measurably superior structural efficiency compared with a
conventional ladder-frame baseline under torsional, asymmet-
ric, and symmetric payload loading conditions representative
of urban electric delivery operations. This will be quantified
using the comparative evaluation metrics of torsional stiffness,
specific stiffness, vertical deflection, and von Mises stress
distribution. The study employs CAD modelling and FEA
simulation within Autodesk Fusion 360, with solid-proxy ge-
ometry corrected by mathematically derived factors to reflect
the physical behaviour of hollow tubular steel construction.
The iterative design evolution from baseline ladder frame to
optimised semi-spaceframe is documented to provide repro-
ducible engineering justification for each architectural modifi-
cation.

The contribution of this work is threefold: it applies
and documents an iterative FEA-guided chassis optimisation
methodology tailored to variable payload electric delivery ve-
hicles; it demonstrates that geometric triangulation, rather
than increased material mass, is the primary driver of struc-
tural performance improvement; and it proposes the semi-
spaceframe architecture as a promising, modular structural
platform for next-generation lightweight electric delivery ve-
hicles.

Electric Vehicle Chassis Architectures & Theory

The chassis of a vehicle is its primary load-bearing struc-
ture responsible for carrying static payload, transmitting dy-
namic road-induced forces through the suspension, resisting
torsional distortion under asymmetric loading, and providing
a stable platform for body and drivetrain components8. Com-
mercial vehicles often use the ladder-frame design as its two
parallel longitudinal rails efficiently support a heavy engine-
transmission assembly at the front while allowing a flat cargo
bay at the rear9.

The transition to battery-electric drivetrains fundamentally
alters these constraints. Electric motors are axle-mounted
while battery packs are distributed across the floor, producing
a low, even mass distribution4. Hence, many manufacturers
have developed skateboard platforms, or flat battery-housing
structures that use the housing itself to increase structural stiff-
ness10. However, in the commercial delivery sector, the eco-
nomic pressure from the rapid growth of emerging markets
has led to a prevalence of adapted ICE platforms over purpose-
built electric architectures11.

These adapted chassis must be heavily reinforced to manage
the differing mass distribution and torsional loads of battery-

electric powertrains, leading to significant inefficiencies and
motivating investigation into alternative chassis architectures.

A ladder frame relies on bending resistance in the longitudi-
nal rails with transverse crossmembers providing limited tor-
sional coupling between rails. The lack of diagonal members
means that the frame is susceptible to in-plane shear defor-
mation and geometric instability where the rectangular bays
deform into parallelograms when forces are applied7. This
weakness against shear deformation is a fundamental geo-
metric limitation that cannot be fully corrected by increasing
thickness or changing material without disproportionate mass
penalties.

A semi-spaceframe is a three-dimensional truss-like struc-
ture with members arranged such that loads are transmitted
mainly as axial forces of tension or compression along the
member axis rather than bending moments7. Triangulation
also increases resistance to shear deformation. This geometric
advantage motivated the progressive introduction of triangu-
lated members in this study. Unlike a full spaceframe used in
Formula motorsport, a semi-spaceframe applies triangulation
and closed-loop principles selectively to the primary structural
regions, helping reduce weight and retaining practical acces-
sibility for manufacturing.

Structural Theory

A load path is the route through which an applied force is
transmitted from its point of application8. In a vehicle chassis,
all external forces enter the structure at the suspension nodes,
with the goal of the chassis being to transmit these forces
across the structure without exceeding material stress limits at
any intermediate point. Therefore, the efficiency of the chas-
sis is not just dependent on the strength of each member, but
how well the structural geometry directs forces along direct,
short load paths that avoid stress concentration and bending
amplification in members4.

In a ladder frame, the load path is essentially two-
dimensional: a force applied at a suspension node travels
along the nearest longitudinal rail. Because this unsupported
span is long before reaching the adjacent crossmember, the
side rail experiences substantial bending, with bending mo-
ment increasing with span length under point loading7,12.

In the proposed semi-spaceframe design, suspension pickup
points were treated as primary structural nodes from which di-
agonal members route loads into adjacent triangulated regions,
distributing force across multiple members simultaneously, as
in Figure 1.

Structural efficiency depends on whether loads are carried
primarily through bending or axial force transfer. Under bend-
ing, the stress distribution across a cross-section is linear:

sB =
My
I
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Figure. 1 Front suspension pickup node with diagonal members
routing applied loads directly into adjacent triangulated regions,
eliminating unsupported rail spans

where M is the local bending moment, y is the distance from
the neutral axis, and I is the second moment of area. Only
the extreme fibres (maximum y) approach the material’s yield
strength.

Under axial loading, the stress is uniform across the entire
cross-section:

sA =
P
A

where P is the applied axial force and A is the cross-
sectional area. Every fibre of the material is engaged to
the same stress level, representing 100% material utilisation
across the section.

This mechanism increases the effective load capacity of
each member before yield onset, addressing the bending-
dominant failure mode of ladder-frame rails: the triangulated
geometry redirects these loads into axial tension and compres-
sion paths, engaging the full cross-section of each member and
raising the effective load capacity before yield, as in Figure 2.

Torsional stiffness K is the ratio of applied torque T to the
resulting twist angle q :

K =
T
q

measured in Nm/deg. It determines how much the frame
twists under asymmetric loading, such as when one wheel
encounters a pothole while the other remains level or when
payload is distributed unevenly across the cargo bay8. Inad-
equate torsional stiffness can result in suspension geometry
changes (camber, toe, and caster variations) that degrade tyre
contact and handling stability9. Torsional stiffness was there-

Figure. 2 FEA stress distribution comparison: axial-dominated
semi-spaceframe member with uniform stress vs. bending-
dominated ladder frame rail with a linear stress gradient

fore selected as the primary comparative metric guiding itera-
tive chassis modification.

Open-section thin-walled beams resist torsion primarily
through warping stiffness, which is relatively low, typically
two to three orders of magnitude lower than that of an equiv-
alent closed section13. Closed-section beams resist torsion
through shear flow around the closed loop, a mechanism de-
scribed by Bredt’s formula in which torsional stiffness is pro-
portional to the enclosed area squared divided by the section
perimeter.

Therefore, the proposed semi-spaceframe design contains
a semi-torsion box configuration, which creates a partially
closed structural loop to approximate the high torsional stiff-
ness of a closed section while retaining the accessibility of an
open structure.

Computational Framework

The finite-element method (FEM) converts the structure into
a finite number of discrete elements connected at nodes. For
each element, a local stiffness matrix is assembled from the
element’s geometric and material properties. Together, these
are then transformed to global coordinates and assembled into
the global stiffness matrix K:

Ku = F

where u is the vector of nodal displacements and F is the
applied load vector. Once boundary conditions to eliminate
rigid-body motion are applied, the system can be solved to
give the full displacement field, from which element strains
and stresses are recovered through constitutive relations14.

Finite Element Analysis (FEA) enables controlled compar-
ison between geometric configurations under identical bound-
ary conditions, allowing structural improvements to be at-
tributed to architectural changes rather than experimental vari-
ability.
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Previous FEA studies comparing vehicle chassis architec-
tures have identified torsional stiffness as the most discrimi-
nating performance metric for evaluating structural integrity
and handling precision. Milliken and Milliken15 established
the foundational framework for chassis torsional analysis and
spaceframe design in the motorsport context, and a growing
body of finite-element work has since examined EV-specific
chassis optimisation6,16,17, ladder-frame stiffness optimisa-
tion12, spaceframe and truss topology optimisation18, and
the validation of Formula Student spaceframe torsional stiff-
ness against physical testing19–22. Skateboard and battery-
integrated structural platforms have also been analysed3,10,23.
These studies, however, evaluate uniform or fixed load cases.
The specific structural-optimisation challenge of the non-
uniform, variable payload distributions typical of commercial
delivery vehicles has received little direct attention, which is
the gap this study addresses by evaluating a semi-spaceframe
architecture against a ladder-frame baseline under delivery-
specific loading scenarios.

Methods

CAD Modelling & Material Selection

Both chassis configurations were modelled as three-
dimensional solid-body assemblies in Autodesk Fusion 360,
as in Figure 3. Each structural member was constructed as a
solid cylindrical rod of 30 mm diameter, connected at spheri-
cal nodal junction points. Due to the complex intersection of
many structural members at nodes, if thin-walled hollow tube
geometry was used, there would be significant mesh instability
at nodes. Fusion 360 also meshes only with solid tetrahedra
and offers no beam or shell elements, so the corrected solid
proxy was the available alternative. Modelling members as
solid cylinders ensures mesh convergence throughout the as-
sembly. The implications of this simplification are addressed
through two correction factors described in the Solid-Proxy
Geometry and Correction Factors subsection.

The ladder-frame baseline was designed as a rectangular ap-
proximation of a last-mile delivery van chassis of 3000 mm
wheelbase and 850 mm track width, comprising of two longi-
tudinal rails connected by four transverse crossmembers. This
baseline is deliberately minimal. It includes no diagonal gus-
sets, reinforced crossmembers, or outriggers, so it is not repre-
sentative of an optimised production ladder frame. It is used as
a controlled lower-bound reference that isolates the effect of
triangulation, and the comparisons that follow should be read
on that basis rather than as a claim about the best achievable
ladder-frame design.

The semi-spaceframe was developed iteratively from this
baseline using the same primary longitudinal rail span and
wheelbase. It was developed with a structural hierarchy as in

Figure 4: primary members carrying global bending and tor-
sional loads (main longitudinal rails, suspension nodes, main
roll hoop); secondary members preventing local deformation
(diagonal bracing, X-bracing, V-braces); and tertiary members
closing structural loops to enable semi-torsion box behaviour
(upper members, rear triangulation). This semi-spaceframe
design aims to create continuous load paths between suspen-
sion nodes while maximising stiffness-to-mass efficiency. For
both designs and for all three load cases, mesh-refinement
studies were conducted by successively halving the average
element size until the primary output changed by less than 2%
(torsional stiffness) or 5% (peak payload stress) between suc-
cessive meshes. Element counts, node counts, mesh sizes, and
the converged values for every model and load case are re-
ported in Supplementary Table S1. Final meshes ranged from
61,154 to 377,361 nodes, and the change in peak displacement
between the two finest meshes was between 0.18% and 1.61%
across all six model and load-case combinations, satisfying
the convergence criterion.

Both chassis configurations were assigned linear elastic
steel properties throughout as in Table 1, consistent with struc-
tural mild steel.

Table 1 Material Properties

Property Value
Young’s Modulus (E) 210 GPa
Poisson’s Ratio (n) 0.30
Nominal Steel Density 7850 kg/m3

Corrected Simulation
Density

2402 kg/m3 (= 7850 × 0.306; see
Solid-Proxy Geometry)

Yield Strength (sy) 250 MPa

Analysis was restricted to the linear elastic regime. Mod-
elling post-yield plastic deformation was out of scope as a Lin-
ear Elastic Solver was used, so von Mises stress exceeding 250
MPa was treated as a structural failure indicator, consistent
with the study objective of evaluating stiffness performance
within the elastic operating range. The simulation represents
joints with the assumption of perfect bonding between mem-
bers at all junctions, representing an idealised fully welded
connection with no joint compliance.

Solid-Proxy Geometry and Correction Factors

As chassis members were modelled as solid rods of 30 mm
outer diameter rather than hollow tubes of 30 mm outer di-
ameter and 2.5 mm wall thickness (inner diameter 25 mm)
as would be in a production chassis, two mathematical cor-
rection factors were derived to map simulation outputs to the
behaviour of hollow steel tube construction.
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Figure. 3 Geometry Comparison of the two con�gurations: baseline ladder frame (left) and �nal optimised semi-spaceframe (right)

Figure. 4 Three-tier structural hierarchy of the optimised semi-
spaceframe chassis

Density Correction Factor (a = 0:306)

A solid tube has a larger cross-sectional area than the equiva-
lent hollow tube so the simulation overestimates chassis mass.
As all members have the same diameter 30mm and wall thick-
ness of 2.5 mm, the ratio between solid and hollow volume for
any member is constant, depending only on the �xed cross-
sectional area ratio between hollow and solid sections and not
member length:

a =
AHollow

ASolid
=

p(152 � 12:5 2)
p(152)

=
225 �156:25

225
= 0:3055 � 0:306

The nominal steel density of 7850 kg/m3 was therefore mul-
tiplied by 0.306 to give a corrected simulation density of 2402
kg/m3 (2.402 g/cm3). Since only linear static analysis was
performed and inertial effects were not included, density in�u-
ences mass estimation but does not affect calculated stiffness
response, which is governed by Young's modulus and geome-

try.

Torsional Constant Correction Factor (b = 0:518)

The polar moment of inertia J governs torsional resistance for
a circular cross-section. A solid member of the same diameter
is torsionally stiffer than the equivalent hollow tube, meaning
the simulation underestimates twist angles and displacements.
The correction factor is the ratio of hollow to solid polar mo-
ment of inertia:

JSolid =
pD4

32
JHollow =

p(D4 � d 4)
32

b =
JHollow

JSolid
=

304 � 25 4

304

=
810000 �390625

810000
= 0:5177 � 0:518

All simulated displacements and twist angles were divided
by b to scale the underestimated simulation deformation up
to the physically realistic value for the equivalent hollow tube.
Since the chassis is fully triangulated and uses uniform mem-
ber cross-sections, the global stiffness is derived from the
same axial �exibility across all load cases. So, this correction
factor is applied uniformly to displacements in all directions,
across all three load cases and both chassis con�gurations.

The validity of a single displacement correction factor de-
pends on which deformation mode dominates. For a thin-
walled circular section the hollow-to-solid ratio of the second
moment of area equals that of the polar moment of inertia,
IHollow
ISolid

= JHollow
JSolid

= (D4�d 4)
D4 = 0:518, so the same factor b cor-

rects bending and torsional displacements identically. Axial
deformation is governed instead by the cross-sectional area
ratio AHollow

ASolid
= 0:306 (equal to a). A purely axial displace-

ment corrected with b rather than a is therefore under-scaled
by at most a factor of0:518

0:306 = 1:69. This bounds the error
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case by case. The headline torsional stiffness (Load Case 1) is
governed by J and is corrected exactly, and the ladder-frame
payload sag is bending-dominated and corrected exactly by
the shared ratio 0.518. Only the semi-spaceframe payload
sag, which is carried axially, is under-corrected, and even at
the worst-case factor of 1.69 the corrected sag remains far be-
low the ladder-frame values, so the reported comparisons and
conclusions are unaffected. The solid-proxy idealisation is re-
tained because hollow-tube geometry could not be meshed at
the dense nodal junctions. Because the member-level bounds
above do not by themselves establish that the solid-proxy as-
sembly, with its welded joints and combined loading, repro-
duces a true hollow-tube model, a representative substructure
was modelled both as a solid-proxy assembly with the a and
b corrections and as a true hollow-tube assembly, and the two
are compared in Supplementary Table S4.

The ladder-frame structure was used for this comparison be-
cause it is a substructure common to both chassis and meshes
cleanly in hollow-tube form. The corrected solid-proxy result
differs from the true hollow-tube result by 15% in torsional
stiffness, by 9% in asymmetric sag and induced twist, and by
6% in symmetric sag, so the correction is accurate to within
15% for this geometry. The deviations are not all in the same
sense: the correction understates ladder-frame torsional stiff-
ness and symmetric sag, and overstates asymmetric sag and
twist. Because the reported comparisons are ratios between
two chassis analysed by the same method, a systematic cor-
rection error acts on numerator and denominator together and
largely cancels.

Applying the full ladder-frame deviation with no compen-
sating change to the semi-spaceframe, which is the most pes-
simistic treatment, moves the torsional stiffness ratio from
53.7� to 45.6�, the asymmetric sag and twist ratios from
23.3� to 21.3�, and the symmetric sag ratio from 28.7� to
30.4�. No conclusion of this study depends on that differ-
ence.

Boundary Conditions

To de�ne each model's position in space while permitting
physically realistic deformation, constraints were applied fol-
lowing the 3-2-1 constraint rule, as in Figure 5. Over-
constraining a FEA model arti�cially increases apparent stiff-
ness; the 3-2-1 �nds a balance as the minimum constraint
set required to eliminate rigid-body motion without restrict-
ing genuine structural �exibility, allowing the chassis to �ex
and displace naturally. Three constraint levels were applied at
the suspension nodes.

The primary anchor at the rear right node was constrained in
all three translational directions (X, Y , Z), de�ning the global
coordinate origin. The secondary anchor at the rear left node
was constrained in one vertical (Z) and one lateral (Y ) direc-

tion to prevent planar rotation while allowing lateral expansion
and contraction of the chassis width under Poisson's effect
during longitudinal bending. The front support nodes were
constrained in the vertical (Z) direction only, representing ap-
proximate tyre contact patches that carry the vertical ground
reaction force under payload weight while allowing the wheel-
base to adjust under longitudinal bending.

Figure. 5 3-2-1 constraint con�guration in the Fusion 360 solver.
The three restrained nodes are marked with padlock symbols.

Load Cases

Three load cases were simulated, each representing a distinct
structural loading scenario critical to the service life of an ur-
ban electric delivery vehicle.

Load Case 1: Torsional Loading

An upward force on one front node and a downward force of
equal magnitude on the opposite front node were applied, gen-
erating a torsional couple about the vehicle's longitudinal axis.
Both rear suspension mounting nodes were fully constrained
in X, Y, and Z.

For this test, the suspension architecture was removed from
the semi-spaceframe model to ensure chassis stiffness was iso-
lated from suspension compliance. The track width between
the two loaded front nodes was measured as 425.00 mm for
both con�gurations. Four force magnitudes were tested (500,
1000, 1500, and 2000 N per side) to con�rm linear elastic re-
sponse and allow torsional stiffness to be extracted as the gra-
dient of the torque-twist graph. For each force level, the ver-
tical Z-displacement at each front loaded node and the max-
imum von Mises stress across all members were recorded as
primary outputs.

Load Case 2: Asymmetric Payload

A total load of 800 kg (7848 N) was applied as a distributed
load across the rear right longitudinal rail, representing an
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Figure. 6 Torsional loading con�guration for ladder frame chassis (left) and semi-spaceframe chassis (right)

extreme case of fully one-sided cargo loading at the maxi-
mum rated payload of a typical N1-category last-mile delivery
van24. The 3-2-1 constraint rule was applied for both chassis.
Because the suspension architecture was retained in the semi-
spaceframe to ensure realistic load path redirection under pay-
load, the track width between suspension nodes differs: 1035
mm for the semi-spaceframe and 850 mm for the ladder frame.
To prevent this track-width difference due to suspension in-
tegration from confounding the comparison, the suspension
geometry was removed and the asymmetric case was evalu-
ated with both chassis constrained at a common track width,
as reported in Supplementary Table S3. From these values,
induced twist angle was calculated for each chassis:

q = arctan
�

d
Ltrack

�

This load case tests both longitudinal sag resistance (verti-
cal displacement) and torsional resistance induced by asym-
metric loading (calculated induced twist angle). It represents
the critical combined loading scenario for urban delivery op-
erations.

Load Case 3: Symmetric Vertical Payload

Using the same setup and constraint methodology as Load
Case 2, the 800 kg total load was divided equally across both
longitudinal rails (3924 N per side), representing maximum
rated payload under a uniform cargo distribution. Maximum
Z-displacement at the mid-wheelbase point and von Mises
stress were measured to evaluate longitudinal bending stiff-
ness.

Iterative Design Strategy

The semi-spaceframe chassis was developed through iterative
geometric modi�cations informed by FEA and speci�c struc-
tural principles to progressively transform chassis behaviour,
using a ladder frame baseline as the performance �oor. Iter-
ations were evaluated under identical torsional loading (1000
N per side) to isolate the in�uence of geometric modi�cation
on structural behaviour. Modi�cations followed a sequence
of resolving �oor-plane instability, developing 3D torsional
loops, and integrating suspension nodes15. Each iteration was
�rst evaluated using two qualitative FEA indicators: whether
the location of maximum von Mises stress had shifted away
from bending-dominated rail members toward nodal regions
(indicating more distributed axial load transfer), and whether
the torsional deformation mode was more restrained across
the �oor plane. Quantitative performance metrics were also
recorded for all iterations.

Evaluation Metrics

Torsional Stiffness (K) (Nm/deg): Torsional Stiffness is the
measure of a chassis' ability to resist twisting forces along its
longitudinal axis and is used to quantify handling precision.

Torque is calculated as in (9), from the applied force and
track width between loaded nodes:

T = F �L track

The simulation twist angle was computed from the total ver-
tical displacement d between the two front nodes:

qsimulation= arctan
�

d
Ltrack

�
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Figure. 7 Asymmetric payload test con�guration for the ladder frame chassis (left) and the semi-spaceframe chassis (right)

Figure. 8 Symmetric vertical loading con�guration for the ladder frame chassis (left) and the semi-spaceframe chassis (right)

This was divided by the torsional constant correction factor
b to give the real hollow-tube angle:

qreal =
qsimulation

b

This was repeated across all four force levels and a graph of
torque against correct twist angle was plotted, with the gradi-
ent being torsional stiffness.

K =
T

qreal

Speci�c Stiffness (Nm/deg/kg): Speci�c stiffness is the
Torsional Stiffness per unit mass in each chassis. Chassis mass
was reported directly by the Fusion 360 solver using the cor-
rected simulation density of 2402 kg/m3. This will evaluate if
performance improvement comes from structural optimisation
rather than from simply adding material.

Vertical Displacement (sag): Vertical Displacement is
measured as the maximum Z-displacement at the midpoint of
the wheelbase. As it is also a simulation displacement, it is

corrected by dividing the raw simulation displacement by the
correction factor of 0.518.

Von Mises Stress: Von Mises stress reduces the three-
dimensional stress tensor to a single equivalent scalar stress
for direct comparison with the material's uniaxial yield
strength25. Three stress quantities are reported at stated probe
locations. The peak nodal stress at the constraint is classi�ed
as a numerical singularity, and excluded as a reported maxi-
mum, if it increases monotonically under local mesh re�ne-
ment without converging. The hot-spot stress, probed one
tube diameter (30 mm) from the joint, is required to con-
verge to within 5% and is used as the criterion for local yield.
The nominal member stress, probed at member mid-length,
characterises general member utilisation26. A con�guration
is judged to yield if its converged hot-spot stress exceeds the
250 MPa yield strength. Fusion 360 reports element-averaged
nodal stress by default, so the quoted peak values are already
averaged-element quantities and the unaveraged peak would
be higher still, which does not affect the singularity classi�ca-
tion. The mesh-re�nement evidence for each probe location is
given in Supplementary Table S2.
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