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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.
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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
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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:

σB =
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:

σA =
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 θ :

K =
T
θ

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 (ν) 0.30
Nominal Steel Density 7850 kg/m3

Corrected Simulation
Density

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

Yield Strength (σy) 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 configurations: baseline ladder frame (left) and final optimised semi-spaceframe (right)

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

Density Correction Factor (α = 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 fixed cross-
sectional area ratio between hollow and solid sections and not
member length:

α =
AHollow

ASolid
=

π(152 −12.52)

π(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 influ-
ences mass estimation but does not affect calculated stiffness
response, which is governed by Young’s modulus and geome-

try.

Torsional Constant Correction Factor (β = 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 =
πD4

32
JHollow =

π(D4 −d4)

32

β =
JHollow

JSolid
=

304 −254

304

=
810000−390625

810000
= 0.5177 ≈ 0.518

All simulated displacements and twist angles were divided
by β 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 flexibility across all load cases. So, this correction
factor is applied uniformly to displacements in all directions,
across all three load cases and both chassis configurations.

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−d4)
D4 = 0.518, so the same factor β cor-

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

ASolid
= 0.306 (equal to α). A purely axial displace-

ment corrected with β rather than α is therefore under-scaled
by at most a factor of 0.518

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 α and
β 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 define 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 artificially increases apparent stiff-
ness; the 3-2-1 finds a balance as the minimum constraint
set required to eliminate rigid-body motion without restrict-
ing genuine structural flexibility, allowing the chassis to flex
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), defining 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 configuration 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 configurations. Four force magnitudes were tested (500,
1000, 1500, and 2000 N per side) to confirm 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 configuration 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:

θ = arctan
(︃

δ

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 modifications informed by FEA and specific struc-
tural principles to progressively transform chassis behaviour,
using a ladder frame baseline as the performance floor. Iter-
ations were evaluated under identical torsional loading (1000
N per side) to isolate the influence of geometric modification
on structural behaviour. Modifications followed a sequence
of resolving floor-plane instability, developing 3D torsional
loops, and integrating suspension nodes15. Each iteration was
first 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 floor 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 ×Ltrack

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

θsimulation = arctan
(︃

δ

Ltrack

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

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

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

θreal =
θsimulation

β

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

θreal

Specific Stiffness (Nm/deg/kg): Specific 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 classified
as a numerical singularity, and excluded as a reported maxi-
mum, if it increases monotonically under local mesh refine-
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 configuration
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 classifica-
tion. The mesh-refinement evidence for each probe location is
given in Supplementary Table S2.
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Results

Iterative Design Progression

Iteration 0 (Baseline). The ladder-frame baseline comprised
of two longitudinal rails of approximately 3000 mm span con-
nected by four transverse crossmembers at a track width of
850 mm, as in 3, where its rectangular bays provide mini-
mal resistance to in-plane shear and torsional loads are re-
sisted mostly through bending of the longitudinal rails. The
FEA confirmed this bending-dominated behaviour: maximum
von Mises stress of 142.7 MPa was concentrated at the rail-
to-crossmember junctions and a corrected twist angle of 10.9◦

was recorded, representing the largest of all iterations.
Iteration 1 (Floor-Plane Triangulation). Iteration 1 added

diagonal members in the floor plane connecting opposite cor-
ners of each rectangular bay to form two triangles per bay,
helping achieve stability against in-plane shear, transitioning
the bays from bending-dominated rectangles to axially domi-
nated triangulated units to significantly increase the chassis’
baseline resistance to lateral deformation and distribute the
load across the frame rather than concentrating at individual
crossmember junctions. Maximum von Mises stress reduced
by 14.9% and corrected twist angle reduced by 25.1%, show-
ing improved torsional resistance.

Iteration 2 (Side Bay Triangulation and Upper Rail In-
troduction). Iteration 2 introduced vertical side members
connecting the floor rail nodes to a new upper rail and diagonal
members within each side bay triangulating the resulting rect-
angular side panels. The upper rail established a parallel lon-
gitudinal load path above the floor plane so loads entering at
the suspension nodes could now distribute between the lower
rail in compression and the upper rail in tension, developing
the structure toward a closed-section frame. The triangula-
tion through side diagonals also aims to protects the rectangu-
lar side bays against vertical shear, allowing them to maintain
stability under asymmetric load. Torsional stiffness increased
from 52.1 to 241 Nm/deg. The migration of stress away from
longitudinal rail midspans toward diagonal member intersec-
tions indicates a transition from bending-dominated to axial-
dominated structural behaviour where the diagonal members
engaged as axially-loaded elements, distributing load into the
triangulated network rather than concentrating it in the rails.

Iteration 3 (Semi-Torsion Box & Perimeter Comple-
tion). Iteration 3 targeted the absence of a closed upper sur-
face, forming a semi-torsion box. By closing the upper sur-
face of the cross-section, the structure acquired a semi-closed
perimeter. As a result, the combination of floor diagonals, side
diagonals, and upper crossmembers creates a shear-flow path
around the cross-section perimeter, approximating the closed-
section behaviour described by Bredt’s formula13. Since tor-
sional stiffness is proportional to the enclosed area squared

divided by perimeter, even a partially closed loop generates
a substantial improvement in torsional resistance compared
to the fully open structure. Torsional stiffness increased by
342.7%, showing that rather than the frame twisting as an
open-section mechanism with large differential displacement
between left and right rails, the deformation was now more
distributed across the full frame cross-section. This suggests
the side and floor diagonal members engaged in alternating
tension and compression to effectively resist the applied tor-
sional force, seen as the maximum twist angle reduced by
77.4% relative to Iteration 2.

Iteration 4 (Local Node Stabilisation and Perimeter
Completion). Iteration 4 targeted local stress concentrations
in suspension nodes and open end bays. The frontal V-braces
helped stabilise the front suspension node region against the
highly concentrated forces introduced at that point as without
this stabilisation, the concentrated load was forced to travel
through the adjacent longitudinal rail in bending before reach-
ing a triangulated region. The V-brace creates two direct axial
load paths from the node into the floor triangulation, distribut-
ing the concentrated force and removing the bending path.
With maximum structural stress reducing from 64.7 MPa in
Iteration 3 to 54.1 MPa, this significantly reduced front node
stress concentrations. The rear X-bracing closed the open rear
perimeter, preventing independent warping of the rear frame
ends under torsional loading and contributing to the large in-
crease in torsional stiffness to 2129 Nm/deg.

Iteration 5 (Suspension Integration). Iteration 5 ad-
dressed the rear suspension node geometry and the suspension
integration. A double-wishbone suspension architecture was
integrated at both front and rear nodes. While the suspension
geometry itself was not the subject of structural optimisation
in this study, its integration at nodes of the semi-spaceframe
was important to avoid stress concentration that arises if sus-
pension pickup points fall on unsupported rail spans rather
than at structural nodes15. Diagonal members were added
from each rear suspension mounting node into the surround-
ing triangulated floor and side regions, ensuring that concen-
trated forces entering through the rear suspension path were
immediately distributed into axial members rather than being
channelled into the longitudinal rail as bending loads. Com-
paring to Iteration 1, stress was now distributed across the full
triangulated network at low uniform levels rather than concen-
trated in bending-dominated longitudinal rails. Maximum von
Mises stress of 54.1 MPa represents a factor of safety of 4.6
against yield, so no single member approaches the material
limit under torsional loading.

The data reveals two inflection points in structural be-
haviour: the introduction of three-dimensional load paths in
Iteration 2 and the torsional loop closure via the semi-torsion
box in Iteration 3. These two modifications are therefore iden-
tified as the primary architectural drivers of semi-spaceframe
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Table 2 Summary of Iterative Testing Results

Iteration Modification K (Nm/deg) (◦) Max (MPa) K Improv.
0: Ladder Frame Rails/crossmembers 39.6 10.9 142.7 Baseline
1: Floor Triang. Floor diagonals 52.1 8.16 121.3 +31.6%
2: Side Triang. Upper rails/sides 241 1.76 174.5* +363%
3: Semi-Torsion Upper crossmembers 1067 0.398 64.7 +343%
4/5: Semi-Spaceframe V-braces, suspension 2129 0.201 54.1 +100%

(*Peak value is a load-application singularity (defined under Evaluation Metrics) with probed nominal structural stress being 60–70 MPa).

torsional efficiency, consistent with the structural theory es-
tablished earlier.

Torsional Stiffness Comparison

Figure. 9 Torque against corrected twist angle for the semi-
spaceframe chassis (top) and ladder frame chassis (bottom)

Linear regression of torque against corrected twist angle
yielded:

Ksemi-spaceframe = 2129 Nm/deg
Kladder frame = 39.6 Nm/deg

This represents a 53.7× increase in torsional stiffness.
The regression intercepts are negligible relative to the data
range and R2 = 1.00 in both cases, confirming that the re-
sponse is elastically linear and that the correction factor has
been applied consistently. To make the correction chain ex-
plicit for one data point, consider the semi-spaceframe at
1000 N per side. The raw simulation vertical displace-
ment between the two front nodes is δ = 0.768 mm over
the 425.00 mm loaded-node spacing, giving a simulation
twist angle θsim = arctan(0.768/425.00) = 0.104◦. Divid-
ing by the torsional correction factor gives the corrected an-
gle θreal = 0.104/0.518 = 0.201◦. The applied torque is
T = F ×Ltrack = 1000×0.425 = 425 Nm, so the single-point
stiffness is T/θreal = 425/0.201 = 2114 Nm/deg. The 2129
Nm/deg reported above is the gradient of the linear regres-
sion across all four force levels, so every reported K value is
a post-correction quantity. Looking at the stress distribution
at 1000 N per side helps picture the physical mechanism un-
derlying this difference. In the semi-spaceframe, stress is dis-
tributed across the full triangulated network with a maximum
of just 54.1 MPa. All members remain well below the yield
strength of 250 MPa, giving a factor of safety of 4.6 against
yield. This suggests the floor diagonal members are engaged
in alternating axial tension and compression, actively resisting
the applied torsional couple by preventing rectangular bay dis-
tortion. In the ladder frame however, maximum stress reaches
142.7 MPa at the rail-crossmember junctions, concentrated at
discrete points along the longitudinal rails where bending mo-
ment is highest. The rear rails of the ladder frame carry negli-
gible stress, confirming that load is carried by bending of the
lower rails only. At 1500 N per side, the ladder frame’s maxi-
mum stress reaches 214.0 MPa, approaching the yield thresh-
old, while the semi-spaceframe remains at 81.1 MPa with sub-
stantial safety margin remaining.

Asymmetric Payload Test Results

The ladder frame experiences a 31.5 mm deflection, which
over a 3000 mm wheelbase means the loaded rail has de-
formed far beyond what a linear elastic analysis can meaning-
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Table 3 Torsional Test Results for Semi-Spaceframe and Ladder Frame

Force (N) Torque (Nm) Max σ (MPa) δ (mm) θsim (◦) θreal (◦)
Semi-Spaceframe

500 212.5 27.0 0.384 0.0518 0.100
1000 425.0 54.1 0.768 0.104 0.201
1500 637.5 81.1 1.153 0.155 0.299
2000 850.0 108.2 1.537 0.207 0.400

Ladder Frame
500 212.5 71.3 21.0 2.83 5.46

1000 425.0 142.7 41.9 5.63 10.9
1500 637.5 214.0 62.8 8.41 16.2
2000 850.0 285.4 83.8 11.2 21.6

(a) Von Mises stress distribution under torsional loading at 1000 N per side (0–54 MPa scale applied to both)

(b) Twist displacement comparison under torsional loading at 1000 N per side

Figure. 10 Torsional loading FEA results: stress distribution (top) and displacement (bottom)

Table 4 Asymmetric Payload Test Results

Metric Ladder Frame Semi-Spaceframe Improvement
Corrected Max Sag (mm) 31.5 1.35 23.3× reduction
Max von Mises Stress (MPa) 942.2* 222.3* –
Induced Twist Angle (◦) 2.12 0.0910 23.3× reduction

*Ladder frame stress of 942.2 MPa substantially exceeds yield strength (250 MPa), indicating structural failure under this load case. Both peak values are
mesh-divergent and excluded as singular by the criterion in Evaluation Metrics. The converged hot-spot stress is 815 MPa for the ladder frame, 3.3 times yield,
and 115 MPa for the semi-spaceframe, a factor of safety of 2.17. Probe data are given in Supplementary Table S2.
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fully describe. The von Mises stress of 942.2 MPa is 3.77×
the yield strength. Local mesh refinement shows that this peak
is itself singular, but the converged hot-spot stress one tube di-
ameter from the loaded joint is 815 MPa, still 3.3 times yield,
while the nominal member stress is only 180 MPa. The fail-
ure is therefore local to the unbraced joint rather than a gen-
eral overload of the members, which is precisely the condition
that triangulation removes. The induced twist angle of 2.12◦

is likely sufficient to influence suspension alignment and at-
tached body structures. These observations suggest structural
inadequacy in the adapted ICE ladder frame with the 800 kg
asymmetric payload condition representative of a maximum
in urban delivery operations.

The semi-spaceframe’s corrected sag of 1.35 mm and in-
duced twist of 0.0910◦ fall within the elastic safety margin.
The sag and twist ratios agree at 23.3×, confirming that the
twist advantage reflects structural behaviour rather than track
geometry. This comparison is reported in Supplementary Ta-
ble S3. This test suggests that the side-truss architecture ef-
fectively distributed the asymmetric load across multiple axial
members simultaneously, preventing the concentrated deflec-
tion of a single loaded rail that dominates the ladder frame
response.

Symmetric Vertical Payload Test Results

The ladder frame’s corrected sag of 20.3 mm under symmet-
ric loading exceeds the elastic limit, indicating the adapted
ladder frame cannot carry 800 kg of evenly distributed pay-
load without permanent structural deformation, suggesting po-
tential safety implications for commercial delivery operation.
The semi-spaceframe’s 0.708 mm corrected sag, by contrast,
represents a deflection of 0.020% of the wheelbase which is
well within the elastic safety margin and would likely produce
no measurable change in suspension geometry. The symmet-
ric values reported here are likewise taken from the matched
track-width configuration, with both chassis constrained at
850 mm and the suspension architecture removed (Figure 12).
The semi-spaceframe’s side-truss architecture was the primary
structural mechanism enabling this performance. By convert-
ing vertical floor loads into axial tension and compression
across the three-dimensional triangulated framework, the side
trusses engaged the full cross-sectional depth of the chassis
in resisting the bending moment, effectively functioning as a
deep beam rather than two shallow rails15. The neutral axis of
this equivalent deep beam is located at mid-height of the semi-
spaceframe’s cross-section, substantially further from the ex-
treme fibres than in a ladder frame rail, reducing maximum
bending stress in proportion to the increased section depth.

While battery behaviour was not directly modelled, battery
cell deformation has been identified as a potential trigger for
thermal runaway in lithium-ion systems under repeated me-

chanical stress27, suggesting chassis stiffness may impact bat-
tery safety. Therefore, the semi-spaceframe’s 0.708 mm de-
flection may help ensure the battery housing integrated within
the floor structure remains isolated from significant structural
flex.

Specific Stiffness & Efficiency

The greater mass of the semi-spaceframe reflects the greater
number of structural members required for full three-
dimensional triangulation. If the torsional stiffness improve-
ment came purely from mass addition, specific stiffness would
be constant – however, there is an 11.4× improvement in stiff-
ness per unit mass, confirming that the 53.7× increase in tor-
sional stiffness is driven primarily by geometric triangulation
and structural loop closure rather than just by material addi-
tion. This specific-stiffness comparison already normalises
for the quantity of material, because both chassis use the same
corrected density and so the mass ratio equals the ratio of steel
volume. It does not normalise for structural scope, since the
semi-spaceframe spans a larger three-dimensional envelope
with more members by design. The ratio is therefore evidence
that triangulation adds stiffness faster than it adds mass, not a
claim that the two structures occupy the same design scope.

As range in battery-electric vehicles is inversely propor-
tional to total vehicle mass, a chassis that achieves higher
specific stiffness enables equivalent structural performance at
lower overall vehicle weight, directly extending operational
range for a given battery capacity. Therefore, this improve-
ment suggests that purpose-built triangulated architectures
may be able to improve both structural performance and range
efficiency simultaneously.

Discussion

This study investigated the hypothesis that a lightweight trian-
gulated semi-spaceframe chassis architecture produces mea-
surably superior structural efficiency compared with a con-
ventional ladder-frame baseline under variable payload load-
ing conditions representative of urban electric delivery oper-
ations. The FEA results confirm this hypothesis across all
evaluated metrics. The hypothesis has three testable elements.
First, that torsional stiffness improves, which is confirmed by
the 53.7× increase. Second, that resistance to asymmetric
and symmetric payload improves, which is confirmed by the
23.3× smaller induced twist and the 23 to 29× smaller sag,
with the semi-spaceframe remaining elastic where the mini-
mal baseline yields. Third, that the improvement comes from
geometry rather than added mass, which is confirmed by the
11.4× gain in specific stiffness.

The optimised semi-spaceframe achieved a 53.7× increase
in torsional stiffness (2129 vs 39.6 Nm/deg), a 23.3× re-
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Figure. 11 Matched track-width re-run of the asymmetric payload case: loading and constraint configuration (top) and resulting displacement
field (bottom) for the semi-spaceframe constrained at the same 850 mm track as the ladder frame, with the suspension architecture removed.
Displacements are raw solver output, before the β correction. Tabulated in Supplementary Table S3.

Table 5 Symmetric Vertical Payload Test Results

Metric Ladder Frame Semi-Spaceframe Improvement
Corrected Max Sag (mm) 20.3 0.708 28.7× reduction
Max von Mises Stress (MPa) 532.4* 110.3 –
*Note: Ladder frame stress of 532.4 MPa exceeds yield strength, indicating plastic deformation under symmetric payload at maximum rated capacity.

Figure. 12 Matched track-width re-run of the symmetric vertical payload case: loading and constraint configuration (top) and resulting
displacement field (bottom) for the semi-spaceframe constrained at the same 850 mm track as the ladder frame, with the suspension architecture
removed. Displacements are raw solver output, before the β correction. Tabulated in Supplementary Table S3.
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Table 6 Specific Stiffness Comparison
Metric Ladder

Frame
Semi-

Spaceframe
Ratio

Torsional Stiffness K (Nm/deg) 39.6 2129 53.7×
Chassis Mass m (kg) 33.3 157 4.71×
Specific Stiffness K/m (Nm/deg/kg) 1.19 13.6 11.4×

Table 7 Complete Performance Summary
Metric Ladder

Frame
Semi-

Spaceframe
Improvement

Torsional Stiffness (Nm/deg) 39.6 2129 53.7×
Specific Stiffness (Nm/deg/kg) 1.19 13.6 11.4×
Asymmetric Sag (mm) 31.5 1.35 23.3×
Asymmetric Twist (◦) 2.12 0.0910 23.3×
Symmetric Sag (mm) 20.3 0.708 28.7×

duction in induced twist under asymmetric 800 kg loading,
and a 28.7× reduction in vertical sag under symmetric max-
imum payload. Critically, the ladder frame exceeded mate-
rial yield in both payload test cases while the semi-spaceframe
maintained elastic operation with factors of safety above 2.0
throughout. These results confirm that the minimal, unbraced
adapted ladder frame used here as a lower-bound reference is
structurally inadequate for these loading conditions at maxi-
mum rated payload. They do not establish that an optimised,
appropriately braced ladder frame would fail in the same way,
so the comparison is best read as bounding the benefit of tri-
angulation rather than as a verdict on all ladder-frame designs.

The 11.4× improvement in stiffness per unit mass confirms
that the performance gains are attributable primarily to geo-
metric triangulation rather than to material addition. The it-
erative design data identifies three-dimensional load path in-
troduction and torsional loop closure as the two architectural
features responsible for the largest structural improvements,
each producing stiffness gains exceeding 340% in a single de-
sign step.

These results are consistent with the structural theory pre-
viously established. The torsional improvements across each
iteration produced by progressive closure of the structural
perimeter are consistent with Bredt’s formula, in which tor-
sional stiffness scales with enclosed area squared13. The stress
distribution patterns observed in the FEA outputs confirm the
bending-to-axial transition as the colour gradient characteris-
tic of bending stress (high at extreme fibres, zero at neutral
axis) visible in the ladder frame results is replaced by the uni-
form colour distribution characteristic of axially loaded mem-
bers in the semi-spaceframe results.

However, several modelling assumptions constrain the
range of validity of these results and ability for them to be
generalised. The analysis was restricted to the linear elastic
regime, excluding post-yield plastic deformation and buck-
ling, which are the primary failure modes in thin-walled semi-

spaceframes under crash loading. Furthermore, load cases
were static, whereas urban delivery operations involve dy-
namic impact loads, road-induced vibration, and repeated fa-
tigue cycling that static FEA cannot capture. Joints were mod-
elled as perfectly bonded rigid connections, whilst in a real
chassis, weld-bead geometry and heat-affected zones intro-
duce localised compliance and reduced yield strength that are
hence not represented in the simulation8.

Also, the use of solid-proxy geometry, although corrected
by mathematically derived factors, introduces an assumption
of uniform cross-sectional deformation scaling that may not
hold precisely at high-density nodal junctions where local
stress fields are complex. Lastly, the ladder frame baseline
was a simplified approximation rather than a specific commer-
cial vehicle geometry. Although this limits direct comparison
to production platforms, it helps preserve the generalisabil-
ity of the architectural comparison. All quantitative results
are finite-element predictions rather than experimentally vali-
dated values, so the specific ratios reported here should be read
as model predictions. The load cases are also static, whereas
urban delivery duty applies dynamic loads that can reach 1.5
to 2.5 times the static value through road irregularities, kerb
drops, and braking6.

Dynamic amplification would scale the reported stresses
and deflections and reduce the effective factors of safety, al-
though the relative ranking of the two architectures would
be preserved. Fatigue is likewise outside the static analy-
sis. Under the high-cycle, variable-amplitude loading of stop-
start routes, the members carrying the largest stress ranges,
the floor and side diagonals near the suspension nodes, would
be the most fatigue-critical, and assessment against the cate-
gorised S-N curves for welded tubular steel in BS 7608 and
Eurocode 328,29 is needed before the architecture is taken to
production.

Beyond structural safety, the 0.708 mm sag under full sym-
metric payload has relevance to EV battery integrity. Chas-
sis deflection transmits mechanical strain to floor-integrated
battery housings, which when repeated across time, acceler-
ates electrochemical degradation and has been identified as a
contributing factor in thermal events in lithium-ion systems27.
The rigidity demonstrated here hence suggests that purpose-
built semi-spaceframe architectures can also provide some ad-
ditional battery protection without extra dedicated battery cas-
ing reinforcement.

The modularity of the semi-spaceframe architecture also of-
fers a practical manufacturing advantage. The three-tier struc-
tural hierarchy can allow for targeted reinforcement for dif-
ferent payload capacities by modifying secondary and tertiary
members without having to redesign the primary load paths,
which may make the architecture viable across a range of
last-mile delivery vehicle classes without requiring platform-
specific redesign. This modularity is balanced by a manufac-
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turing cost that the ladder frame does not carry. Each node
requires jig fixturing and multiple weld beads in confined ge-
ometry, and the semi-spaceframe has many more tube-to-tube
joints than the two-rail baseline, so weld count, inspection ef-
fort, and the sensitivity of as-built stiffness to nodal tolerance
all rise20.

These are practical constraints on commercial viability and
would need to be weighed against the structural gains.

Three broader conclusions follow from these findings. First,
chassis architecture governs structural performance more
strongly than material quantity in this load regime. Second,
the semi-torsion box configuration achieves torsional resis-
tance approaching that of a fully closed section while retaining
the manufacturing accessibility of an open structure, making
it a practically viable platform for commercial delivery ve-
hicles. Third, the structural rigidity demonstrated has other
benefits for EV-specific requirements: battery isolation from
mechanical strain, stable suspension geometry under variable
cargo loading, and a scalable modular architecture adaptable
to different vehicle classes.

Future work should address the limitations of the current
study through dynamic FEA incorporating road-induced vi-
bration and fatigue loading, nonlinear analysis capturing post-
yield behaviour and buckling modes, and physical scale-
model testing to empirically validate the simulated torsional
stiffness improvements. A formal parametric study varying
diagonal member angles and member counts, which would
identify which individual modification contributes most per
unit mass added, is a further avenue that the present iterative
sequence does not resolve. Integration of the battery housing
as a structural floor element could be a further development
opportunity in which battery mass contributes to floor shear
stiffness rather than being carried as dead load, potentially
improving specific stiffness beyond the values demonstrated
here23.

The results of this study provide a simulation-based struc-
tural case for purpose-built triangulated architectures in elec-
tric delivery vehicle design, demonstrating that geometric op-
timisation of chassis architecture offers a route to simultane-
ous improvement in structural performance, vehicle mass ef-
ficiency, and battery safety, all objectives of increasing impor-
tance as electrification of urban logistics accelerates.
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