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Abstract

This paper presents the design, development and scaled prototyping of a civil electric vertical take-off and land-
ing aircraft based on the combination of a box-wing lifting architecture and a lift-and-cruise electric propulsion
layout. The target operational framework is the low-altitude economy, including civil low-altitude missions such
as autonomous logistics, medical transport, inspection, emergency delivery, last-mile cargo, and, in the longer
term, urban and extra-urban passenger mobility. The proposed aircraft is conceived as a scalable platform,
moving from drone-based applications toward larger advanced air mobility vehicles. Particular attention is de-
voted to the integration of lateral booms conceived as aerodynamic and structural fairings for the vertical-lift
system, allowing the inactive lift rotors to be stowed during cruise. A dynamically reduced scaled model is
discussed as a functional demonstrator of the design-to-prototype process, including manufacturing, system
integration, preliminary ground verification and low-speed taxi activity.
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1. Introduction
1.1 Low Altitude Economics
The term low-altitude economy is increasingly used to describe a civil aviation domain centred
on dense, short-range operations in near-ground airspace, enabled by the convergence of elec-
tric propulsion, increasing automation, digital airspace management, distributed propulsion and new
demand for short-duration aerial services. It does not refer only to a market segment, but to an op-
erational ecosystem in which aircraft, ground nodes, communication and surveillance layers, traffic-
management services, maintenance procedures and regulatory constraints are coupled from the
earliest design stages. In this sense, the low-altitude economy overlaps with urban air mobility and
advanced air mobility, but it is broader because it includes unmanned logistics, emergency support,
inspection and monitoring missions whose technical requirements are often more immediate than
those of routine passenger transport [1–6]. For an aircraft design study, this framing is important be-
cause the vehicle cannot be assessed only through isolated hover or cruise metrics. Its architecture
affects the feasible mission profile, the ground infrastructure, the safety case, the acoustic footprint
and the repeatability of the service.
Representative civil applications include rapid transport of blood products, organs, defibrillators and
rescue medications, emergency payload delivery, search-and-rescue support, infrastructure inspec-
tion, environmental and territorial monitoring, precision services for distributed assets, last-mile lo-
gistics and, in a longer-term perspective, urban, suburban and regional passenger mobility [3,7–10].
These missions differ from conventional aviation in several respects. Ranges are generally shorter,
but flight frequency can be much higher. Turnaround time, recharge or battery-swap logistics, in-
spection intervals and dispatch reliability can become dominant contributors to operational viability.
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Operations take place near populated areas, obstacles and sensitive receptors, where noise, per-
ceived safety, emergency procedures and landing-site compatibility are not secondary constraints.
The economic sensitivity of such services is therefore severe: small penalties in mass, drag, cruise
efficiency, maintenance complexity or availability may become relevant when the same mission is
repeated many times per day.
The vehicle is thus a first-order enabling element of the low-altitude economy, rather than a simple
carrier for batteries, sensors or payload. Mission-level efficiency depends on the interaction among
hover power, cruise lift-to-drag ratio, installed energy, structural mass, propulsor efficiency and con-
trol strategy. Reliability and redundancy must be obtained without excessive mechanical complex-
ity or a disproportionate mass penalty. Maintainability is equally important, since highly distributed
operations require aircraft that can be inspected, serviced and returned to operation with limited in-
frastructure. Infrastructure compatibility also constrains vehicle dimension, footprint, door or payload
access, charging interfaces and ground-handling procedures. At the same time, digital airspace con-
cepts for urban and low-altitude operations show that vehicle capability and operating concept are
strongly coupled: aircraft with different automation, performance, navigation and contingency char-
acteristics impose different requirements on separation management, route structure and vertiport
design [2,11].
This explains the strong interest in vehicles with vertical take-off and landing capability powered by
electricity, the so-called electric vertical take-off and landing aircraft (eVTOL). There are several types
of eVTOL aircraft, namely multicopter, tilt-rotor, tilt-wing and lift-and-cruise configurations [11–13].
Multicopters provide direct vertical-lift capability, control simplicity and high redundancy through mul-
tiple rotors, and they are attractive for short hover-dominated missions. Their main limitation is due
to the absence of the wing, with detrimental effects in forward flight. Tilt-rotor and tilt-wing configu-
rations belong to the category of vectored-thrust aircraft; they exploit wing-borne cruise while using
the same propulsive system, or part of it, for vertical and forward flight, and they can improve cruise
efficiency but require tilting mechanisms, stronger aero-propulsive coupling and a more demanding
transition-control process.
Lift-and-cruise configurations are particularly relevant when cruise represents a substantial fraction
of the mission. By separating vertical lift from forward propulsion, the aircraft can retain a fixed wing
for cruise while avoiding the full mechanical burden of rotating wings or large propulsors. This is
attractive for logistics, medical transport, inspection and regional shuttle missions where the energy
spent in horizontal flight cannot be neglected. The separation also allows the cruise propulsors to be
sized for a more specific aerodynamic operating point and can simplify the mechanical architecture
relative to convertiplanes. However, lift-and-cruise is not free from penalties. Lift propulsors that are
inactive during cruise still add mass and, unless carefully integrated, parasitic drag [14]. Their place-
ment influences trim, transition, emergency control, structural loads and the usable payload volume.
The transition phase remains a critical part of the flight envelope because lift must be progressively
transferred from propulsors to wings without unacceptable attitude excursions, power peaks or loss
of controllability [11]. Lift-and-cruise should therefore be considered a promising compromise for
cruise-relevant low-altitude missions, not a generally superior architecture. eVTOL aircraft generally
exploit distributed electric propulsion, since it offers further degrees of freedom in propulsor place-
ment, redundancy and low-speed control, but it also increases the importance of aero-propulsive
interference, acoustic design, wiring, thermal management and structural integration [5,11].
The endurance problem further indicates that propulsion layout alone cannot solve the aircraft-design
challenge. With present electric-storage limitations [15–19], increasing installed battery mass does
not produce a proportional increase in useful mission capability, because the additional mass in-
creases the required lift, hover power, structural demand and cruise energy. Improvements in low-
altitude aircraft performance must therefore come from a balanced combination of aerodynamic ef-
ficiency, compactness, low-speed controllability and airframe-propulsion integration [20]. Compact
civil eVTOL aircraft must combine a limited ground footprint with sufficient lifting area, acceptable
induced drag, stable low-speed behaviour and a configuration that can host distributed propulsors
without excessive interference or mechanical complication [21–25]. For eVTOL aircraft, which fall in
the category of unconventional aircraft, the comparison with classical configurations must be mission-

2



LIFT-AND-CRUISE eVTOL BOX-WING CONFIGURATION

consistent; an arrangement that is not optimal under a conventional transport-aircraft benchmark may
become attractive when the design objective includes vertical operation, compact ground infrastruc-
ture, high-frequency service and limited installed energy [11,26].
In this framework, the box-wing configuration can be considered as a candidate lifting architecture for
civil low-altitude eVTOL applications. A box-wing is a closed lifting system formed by two staggered
horizontal wings connected near the tips by vertical or nearly vertical surfaces. The configuration
has a long theoretical background associated with induced-drag reduction in multiplane systems of
finite span, and recent studies have reconsidered it because of its potential to combine compact
span, favourable lift distribution, structural load paths and payload integration opportunities [27–30].
For low-altitude vehicles, these characteristics may be useful because span and footprint are con-
strained, while cruise efficiency and low-speed handling remain central to mission economics. The
closed lifting system may also provide multiple different locations for propulsor integration and vertical
surfaces, and offer structural integrity. These possible advantages depend on wing stagger and verti-
cal gap, interference between horizontal and connecting surfaces, longitudinal and lateral-directional
stability, control authority, stall behaviour, aeroelastic effects and the interaction with lift and cruise
propulsors [26,28,29,31,32]. A box-wing cannot be treated as an isolated aerodynamic improvement;
it must be assessed as an integrated aircraft architecture.
Despite the rapid growth of literature on eVTOL aircraft [33–36], urban air mobility and low-altitude
operations, the combined assessment of a box-wing lifting system with a lift-and-cruise propulsion
arrangement remains limited. Previous studies on box-wing eVTOL or UAV concepts have mainly
considered tilt-wing or broader unconventional arrangements, while the lift-and-cruise literature has
generally focused on more conventional wing layouts [11,30]. The gap is wider when the scope is ex-
tended from conceptual sizing to configuration definition, propulsion-airframe integration, scaled pro-
totyping and preparation for experimental activity. The present paper addresses this gap by present-
ing the design rationale, conceptual development, configuration definition and scaled demonstrator of
a box-wing lift-and-cruise eVTOL conceived for civil low-altitude operations, from unmanned logistics
and utility missions to a possible evolution toward larger advanced-air-mobility vehicles. The paper
is organized as follows. Section 2 describes the integrated design workflow, including the design
problem, box-wing geometry, hover and cruise power sizing, transition modelling, mass and stability
constraints, and the transition from the full-scale concept to scaled prototyping. Section 3 reports the
reference configuration, the preliminary design indicators, the scaled prototype implementation, the
manufacturing and integration activity, and the first ground-test evidence. Section 4 draws the main
conclusions and identifies the subsequent technical developments.

2. Methodology
2.1 Rationale of the integrated design workflow
The methodology adopted in this paper is formulated as an integrated conceptual design workflow
for a box-wing lift-and-cruise eVTOL aircraft intended for civil low-altitude operations. The objective
is to define a coherent design chain in which the aircraft architecture, mission model, aerodynamic
assessment, propulsion sizing, mass estimation and scaled prototyping are treated as connected
steps. This distinction is important because low-altitude aircraft are often assessed by isolated figures
of merit, such as hover power, number of rotors, maximum endurance or cruise lift-to-drag ratio.
These quantities are useful, but they do not determine the feasibility of the aircraft unless they are
considered within a mass and energy balance that also includes vertical flight, transition, reserve
energy, installed propulsion, stability and ground integration.
The workflow is organised as a design-to-performance chain rather than as a sequence of indepen-
dent sizing calculations. At the first level, the aircraft is defined by the architectural class, namely
a closed box-wing lifting system combined with a separated lift-and-cruise propulsion layout. This
choice fixes the main functional allocation of the aircraft, but it does not fix the detailed geometry. At
the second level, a mixed set of continuous and discrete variables defines wing span, wing areas,
aspect ratios, stagger, vertical separation, lift-rotor diameter, propulsor number and propeller rota-
tional speed; the battery mass is then obtained as the positive residual of the prescribed take-off
mass after the remaining mass groups have been evaluated. At the third level, the geometry is con-
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verted into aerodynamic and propulsive performance through a build-up estimate of parasite drag, a
vortex-lattice estimate of lift distribution and induced drag, hover-rotor sizing, cruise-propeller sizing
and electric-machine selection. The last step is the mission-energy post-processing, in which hover,
reserve and wing-borne cruise energy are evaluated from the same design state.
This ordering is important because the performance quantities are not independent targets imposed
after the configuration has been drawn. Cruise power follows from the drag polar, the selected cruise
speed and the propeller efficiency assumed at the operating point; hover power follows from take-off
mass, lift-disk area and rotor non-idealities; endurance and range follow from the energy remaining
after the vertical-flight, transition and reserve terms have been allocated. The procedure therefore
links each performance estimate to the design variables that generate it. A candidate that improves
one indicator but violates rotor clearance, tip Mach number, motor power, static margin, wing loading,
packaging or energy balance is not retained as a feasible aircraft candidate.
The aerodynamic layer combines component build-up methods and vortex-lattice calculations. The
build-up model is used for the parasite contribution in cruise, while the vortex-lattice analysis supports
the estimation of lift distribution, neutral point and equivalent induced-drag efficiency of the closed
lifting system [37, 38]. In this formulation, the equivalent induced-drag efficiency is not interpreted
as the Oswald factor of an isolated conventional cantilever wing. It is an induced-drag parameter
associated with the complete box-wing lifting system; values larger than those typical of conventional
wings are admissible for closed lifting arrangements and are consistent with the Prandtl-Frediani
interpretation of induced-drag reduction in non-planar systems [39,40].
The configuration is assessed within the assumptions of conceptual design, and the numerical results
that follow from the workflow must be understood as preliminary estimates. More detailed analyses,
including unsteady transition simulation, high-fidelity aerodynamic interference studies [41], aeroa-
coustic assessment, structural sizing and failure-case control allocation, are outside the present level
of modelling and are identified as subsequent steps. The scaled model is then used as a functional
demonstrator of the architecture and of selected integration solutions. It is not interpreted as a direct
full-scale performance validation.

2.2 Design problem definition and top-level requirements
The aircraft class considered in the methodology is a lift-and-cruise eVTOL platform with a box-wing
lifting system. The vertical-lift function and the forward-thrust function are separated. Dedicated lift
rotors provide take-off, landing and low-speed vertical support, whereas dedicated cruise propul-
sors provide horizontal thrust during wing-borne flight. This functional separation is consistent with
missions in which cruise represents a relevant fraction of the total energy demand, and where the me-
chanical complexity of tilting large lifting surfaces or propulsors is to be avoided. The design problem
is therefore defined as the search for an aircraft layout that can provide vertical take-off and landing
capability while preserving an efficient fixed-wing cruise segment.
The mission model adopted at conceptual level is composed of a vertical take-off and hover segment,
an acceleration and transition segment, a wing-borne cruise segment, a terminal transition segment,
and a vertical landing segment. The total available battery energy is written as

Eb = ebmb, (1)

where eb is the battery specific energy expressed in energy per unit mass and mb is the installed
battery mass. Only a fraction of this energy is available for the mission, because battery management,
reserve requirements and operational margins must be retained. The usable energy is therefore
written as

Euse = kbEb, (2)

where kb is a usable-energy factor. The cruise energy is obtained after subtracting the energy re-
quired by vertical flight, transition and reserve allocation:

Ecr = kbebmb −Ehov −Etr −Eres. (3)

The term Etr is kept explicit, rather than being hidden inside an equivalent hover duration, because
the transition between rotor-borne and wing-borne flight is one of the critical features of lift-and-cruise
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aircraft. When detailed transition data are not available, this term may be evaluated by a conservative
conceptual approximation, as described in Section 2.4, or retained as a prescribed design margin.
A useful preliminary range scaling follows from the level-flight energy balance. If mTO is the take-off
mass, g is the standard gravity and (L/D)cr is the cruise lift-to-drag ratio, the cruise range can be
written as

R =
(L/D)cr

g
Ecr

mTO
. (4)

Substitution of Eq. (3) gives

R =
(L/D)cr

g

[
kbeb

mb

mTO
− Ehov +Etr +Eres

mTO

]
. (5)

The same equation can be expressed through the mass balance

mTO = mstr +msys +mprop +mb +mpay, (6)

where mstr is the airframe structural mass, msys is the systems and equipment mass, mprop is the
propulsion-system mass, mb is the battery mass and mpay is the payload mass. For a prescribed
take-off mass, the battery mass is obtained residually as mb = mTO − (mstr +msys +mprop +mpay) and
is required to satisfy mb > 0. This leads to

R =
(L/D)cr

g
kbeb

[
1−

mstr +msys +mprop +mpay

mTO
− Ehov +Etr +Eres

kbebmTO

]
. (7)

Equation (7) is used only as a conceptual design relation. It shows the coupling among aerodynamic
efficiency, battery fraction, structural and system mass, propulsion mass, payload and non-cruise
energy. It also clarifies that increasing the battery mass alone is not sufficient to increase useful
range if the corresponding mass penalty reduces the remaining mass available for payload, structure
and propulsion.
These relations define the analytical backbone of the sizing and performance problem. They also
provide the link between the design variables and the mission indicators used to compare feasible
candidates. When the design search is oriented toward endurance or range, the ranking quantity can
be expressed through the wing-borne energy available after the prescribed non-cruise allocations.
With the cruise power evaluated at the selected cruise condition, this objective can be written as

tcr =
Ecr

Pel,C
, R =Vcrtcr, (8)

where Pel,C is the electric power required in cruise and Vcr is the sizing cruise speed. Equation (8) is
a post-processing relation, not an independent performance assumption. The value of Pel,C depends
on the drag polar, propeller efficiency, motor-drive efficiency and cruise speed generated by the
candidate design.
The continuous design vector x includes, depending on the design iteration, the wing span, front and
rear wing areas or aspect ratios, taper ratios, sweep angles, longitudinal stagger, vertical separation,
root-chord positions, hover-rotor diameter, propeller rotational speeds and cruise-propeller sizing pa-
rameters. In the present implementation, battery mass is not an independent search variable; it is
obtained from the mass balance and constrained to remain positive. The discrete design vector z
includes the number of lift rotors, the number of cruise propulsors, motor selections from the prelimi-
nary electric-machine database and other architecture-level integer choices, such as the admissible
propeller/blade arrangement. The conceptual design problem can therefore be written in the generic
mixed discrete-continuous form

max
x,z

J(x,z)

subject to c(x,z)≤ 0,
r(x,z) = 0,
xmin ≤ x ≤ xmax, z ∈ Z ,

(9)
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where J may be the achievable range, endurance, payload-range product or a mission-specific en-
ergy margin. For an endurance- or range-driven search, J is evaluated after the non-cruise energy
terms have been allocated and after the cruise power has been computed from the same aerody-
namic and propulsive state. The inequality constraints c collect hover thrust and power margins, disk
loading, tip Mach number, rotor-clearance constraints, cruise thrust and power requirements, battery
usable-energy and reserve requirements, static-stability bounds, trim capability and motor/propeller
database limits. The equality constraints r include the aircraft mass-balance consistency condition,
the prescribed top-level requirements and, when imposed, the alignment between the centre of grav-
ity and the centre of the vertical-lift thrust system in the nominal hover condition.
When the cruise speed is prescribed by the top-level aircraft requirements, CL,cr is not treated as
an independent geometric design variable. It is computed from the current weight, reference area,
air density and cruise speed, and is retained in Table 1 only as an aerodynamic sizing/check output
constrained to an admissible range. In the alternative sizing mode used by Eq. (19), the same relation
can be inverted to infer Vcr from a target CL,cr.
The design-search structure associated with Eq. (9) is reported in Tables 1 and 2. The formulation is
separated into two parts in order to avoid mixing design degrees of freedom and feasibility checks.
Table 1 reports each variable or selected discrete quantity on a separate row, together with the search
interval or admissible set available in the present preliminary sizing environment. Table 2 reports the
objective function and the independent constraints used to accept, reject or rank a candidate design.
These limits define the conceptual search domain of the present application. They should not be
interpreted as certification requirements or as final installation margins.

Table 1 – Individual design variables and boundaries used in the preliminary mixed discrete-
continuous sizing search. The table defines the methodological search space and does not anticipate
the numerical design states reported in the results section.

Design block Individual design variable or selected
quantity

Symbol Boundary or admissible set

Mission and mass Take-off mass state mTO Numerical search state with upper value
3600 kg

Mission and mass Payload mass mpay 450–500 kg
Mission and mass Battery mass allocation mb Residual from the mass balance, mb =

mTO − (mstr +msys +mprop +mpay)> 0
Box-wing geometry Fuselage diameter used for integration D f us Fixed equivalent-cylinder diameter de-

fined so that the cylinder wetted area
equals the fuselage wetted area obtained
from CAD

Box-wing geometry Span b 8–14 m
Box-wing geometry Longitudinal wing stagger ∆x 0.2–14 m
Box-wing geometry Front-wing aspect ratio AR1 8–12
Box-wing geometry Front-wing taper ratio λ1 0.3–1.0
Box-wing geometry Rear-wing aspect ratio AR2 8–12
Box-wing geometry Rear-wing taper ratio λ2 0.3–1.0
Box-wing geometry Front-wing sweep angle Λ1 −30◦–20◦

Box-wing geometry Rear-wing sweep angle Λ2 −30◦–20◦

Hover propulsive system Number of lift rotors per half span NH/2 2–4
Hover propulsive system Hover motor selection IDH Discrete motor ID 1–229 in the prelimi-

nary database
Hover propulsive system Hover gearbox ratio Nprop/Nmot 0.1–10
Hover propulsive system Hover rotor speed ΩH 1000–15000 rpm
Hover propulsive system Hover rotor diameter DH 40–200 in
Hover propulsive system Rotor blade chord-to-radius ratio c/R 0.15–0.30
Cruise propulsive sys-
tem

Cruise motor selection IDC Discrete motor ID 1–229 in the prelimi-
nary database

Cruise propulsive sys-
tem

Cruise propeller speed ΩC 1000–15000 rpm

Cruise propulsive sys-
tem

Cruise propeller pitch-to-diameter ratio P/D 0.4–1.2

Aerodynamic siz-
ing/check output

Cruise lift coefficient at prescribed TLAR
cruise speed

CL,cr Computed from W , S, ρ and Vcr; admissi-
ble target range 0.2–0.6
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Table 2 – Objective function and independent constraints used in the preliminary sizing loop. The
values are imposed in the design-search formulation and are therefore methodological inputs, not
results of the configurations discussed later. The stated bounds and definitions correspond to the
adopted preliminary sizing implementation.

Class Qualitative meaning Mathematical or computational state-
ment

Imposed value or
bound

Objective Wing-borne endurance after vertical-flight,
transition and reserve allocation

J = tcr = Ecr/Pel,C, with R =Vcrtcr Maximize among fea-
sible candidates

Energy balance Usable cruise energy after non-cruise allo-
cation

Ecr = Euse −Ehov −Etr −Eres in the gen-
eral formulation

Positive residual
cruise energy, Ecr > 0;
no prescribed upper
bound

Hover installation Lift-rotor disks compatible with the effective
boom length

DH Nside ≤ Le f f Candidate-dependent
Le f f

Hover installation Rotor radius compatible with semi-span
clearance

DH/2 ≤ b/2 Candidate-dependent
semi-span

Packaging Rotor, door and boom non-overlap proxy Clearance proxy ≥ RH Exact geometric defi-
nition

Fuselage integration Fuselage length within the adopted instal-
lation envelope

L f us ≤ L f us,max L f us,max = 14 m

Longitudinal stability Positive static-margin proxy (xNP − xCG)/c̄re f ≥ 0 Lower bound 0
Trim/stability proxy Center of pressure/CG distance limited

within the conceptual envelope
(xCP − xCG)/c̄ ≤ 0.5 Upper bound 0.5

Aerodynamic envelope Maximum lift coefficient used for stall-
speed check

CL,max used in Vst estimate CL,max = 1.2; prelim-
inary conservative
value for a 14%-thick
airfoil with a simple
plain flap and no com-
plex high-lift system

Cruise force balance Cruise thrust-drag residual at the sizing
point

|TC −D| ≤ εT εT = 0.05; residual
normalization

Hover thrust margin Vertical-lift thrust greater than take-off
weight

TH/W ≥ 1 Lower bound 1

Hover tip speed Compressibility/acoustic bound on lift ro-
tors

Mtip,H ≤ 0.60 Upper bound 0.60

Cruise tip speed Compressibility/acoustic bound on cruise
propellers

Mtip,C ≤ 0.75 Upper bound 0.75

Hover motor torque Hover motor torque within available
database value

QH ≤ QH,lim QH,lim = 500 Nm in the
preliminary database

Hover motor power Hover shaft power within imposed power
margin

PH ≤ 0.70PH,rated 70% of database-
rated power

Cruise motor power Cruise shaft power within imposed power
margin

PC ≤ 0.70PC,rated 70% of database-
rated power

Cruise static thrust Static cruise-thrust proxy above minimum
installation threshold

T0,C/W ≥ 0.25 Lower bound 0.25;
normalization
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The separation between design variables and constraints is methodologically important. The vari-
ables in Table 1 define the search space, whereas the constraints in Table 2 define the feasibility filter
applied before endurance or range is evaluated. The rotor diameter, for example, is beneficial for
reducing disk loading and hover induced power, but it is admissible only if the lateral boom length,
blade-stowage condition, semi-span clearance and door geometry remain compatible. Similarly, the
cruise propeller is not selected from thrust alone: propeller speed, tip Mach number, motor-power
margin and the cruise drag generated by the same aerodynamic state must remain consistent. Bat-
tery mass and take-off mass are also coupled: after all other mass groups have been evaluated, mb
is obtained as the positive residual of the prescribed mTO; the resulting stored energy then modifies
hover power, wing loading and the mass state from which cruise performance is computed.
Because the problem contains both continuous and discrete variables and relies on preliminary mod-
els, the objective is not to claim a unique global optimum. The adopted procedure is instead a
disciplined engineering search that rejects infeasible layouts, ranks feasible candidates according to
the selected endurance/range objective and keeps each retained configuration traceable to explicit
aerodynamic, propulsive, geometric, stability, packaging and mass-energy constraints.

2.3 Aircraft geometry and box-wing architectural variables
The aircraft lifting system is described by two main horizontal wings connected near the tips by
vertical or nearly vertical surfaces, forming a closed lifting arrangement in front view. The geometry is
parameterised using the span b, the front and rear wing reference areas S1 and S2, the corresponding
aspect ratios AR1 and AR2, taper ratios, longitudinal stagger, vertical separation, sweep angles and
relative root-chord positions. For each lifting surface, the basic relation between span, reference area
and aspect ratio is

ARi =
b2

Si
, i = 1,2. (10)

The total reference area is
S = S1 +S2, (11)

with the associated wing loading W/S. The distribution of area between front and rear wings is not
treated as a purely geometrical choice. It affects lift sharing, induced drag, static margin, trim, struc-
tural load paths and the placement of the vertical-lift rotors. Consequently, the geometry is generated
in a way that preserves compatibility between aerodynamic performance and the mechanical integra-
tion of the lift-and-cruise propulsion system.
The vertical-lift propulsors are located in lateral booms connecting the front and rear lifting elements.
This solution is intended to reduce the exposure of inactive vertical-lift propulsors during cruise and to
preserve a compact lifting system. At conceptual level, the geometry must satisfy minimum clearance
constraints between rotor disks, wing surfaces, booms and movable doors. If DH is the hover-rotor
diameter and RH = DH/2 its radius, the rotor centre must be placed so that

RH +∆clr ≤ dmin, (12)

where dmin is the minimum distance from the rotor centre to any interfering airframe boundary and
∆clr is a prescribed clearance allowance.
The aerodynamic assessment of the box-wing system is performed in two steps. A preliminary
parasite-drag estimate is obtained through a component build-up method, including the main lift-
ing surfaces, fuselage, booms and exposed installation contributions where available [37, 42]. The
induced-drag trend, lift distribution and longitudinal aerodynamic characteristics are then assessed
using vortex-lattice analysis. The vortex-lattice model is appropriate for the linear, attached-flow part
of the cruise and low-angle-of-attack envelope, and it is used accordingly. It is not used to vali-
date stall behaviour, separated flow, propeller-wing interaction, door-open aerodynamics or transition
aerodynamics. These effects require higher-fidelity aerodynamic analyses or dedicated tests.
The component build-up is applied to the cruise, door-closed configuration. The wetted and refer-
ence areas of the fuselage, lifting surfaces, vertical tip-wings, booms and exposed installation items
are treated as separate contributions, so that the drag penalty of the propulsion-airframe integration
remains visible at sizing level. This representation is consistent with conceptual design, because it
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preserves the dependency of the cruise power on geometry and installation choices without introduc-
ing unsupported high-fidelity corrections. The door-open state is not used to infer the cruise polar; it
belongs to the low-speed and transition envelope and requires a dedicated interference analysis.
The vortex-lattice model is used as the lifting-surface layer of the same aerodynamic chain. The
front wing, rear wing and vertical tip-wings are represented as lifting panels in the linear attached-
flow regime. The model provides lift sharing between the two horizontal wings, the induced-drag
trend, the neutral-point estimate and the equivalent induced-drag parameter used in the parabolic
polar. Its role is therefore to connect the box-wing geometry to the cruise polar and to the stability
quantities used in the sizing loop. Viscous drag, airfoil stall, separated flow at the junctions, rotor
slipstream effects and the aerodynamic consequences of open boom doors are not inferred from the
vortex-lattice solution.
When the induced-drag contribution is recast into an equivalent parabolic-polar form, the efficiency
factor must be interpreted as an equivalent parameter of the closed lifting system, not as the Oswald
factor of a conventional cantilever wing. Values larger than those usually expected for conventional
aircraft may arise in this formulation because the box-wing arrangement modifies the finite-span lifting
system and its induced-drag distribution, consistently with the Prandtl closed-wing rationale and with
vortex-lattice assessments of box-wing configurations [27,28].

2.4 Hover, cruise and transition power sizing
The notation used in the propulsion sizing distinguishes consistently between mass and weight. The
take-off mass is denoted by mTO, while the corresponding weight is

W = mTOg. (13)

In hover, the vertical equilibrium of a configuration with NH identical lift rotors requires

NHTH =W, (14)

where TH is the thrust produced by each hover rotor in the nominal symmetric condition. The hover-
rotor sizing is based on actuator-disk and propeller relations appropriate to preliminary V/STOL anal-
ysis [43]. The total disk area is

AH = NH
πD2

H

4
. (15)

The ideal induced power in hover can be written as

Pi,H =
W 3/2

√
2ρAH

, (16)

where ρ is the air density. In the actual sizing, this value is corrected by a figure of merit or an
equivalent efficiency factor, and by profile and installation losses. The electric power required for
hover is therefore expressed as

Pel,H =
κHPi,H

ηm,H
, (17)

where κH accounts for non-ideal rotor and installation effects and ηm,H is the electrical-to-shaft effi-
ciency of the hover motor and drive system. The hover energy is then obtained from the prescribed
hover duration, including take-off, landing and low-speed vertical manoeuvring margins,

Ehov = Pel,Hthov. (18)

The motor selection is constrained by shaft power, torque, rotational speed, tip Mach number, rotor
diameter and thrust margin. The tip Mach number is limited to reduce compressibility and acoustic
penalties, while the disk loading is kept as low as compatible with aircraft footprint and integration
constraints.
During cruise, the aircraft is treated as a fixed-wing vehicle. The cruise speed corresponding to a
prescribed lift coefficient CL,cr is

Vcr =

√
2W

ρSCL,cr
. (19)
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The cruise drag is evaluated through a parabolic polar,

Dcr =
1
2

ρV 2
crS

(
CD0 +KC2

L,cr
)
, (20)

where CD0 is estimated by the build-up method and KC2
L,cr is the induced contribution assessed by

means of the vortex-lattice solver. The cruise propulsive system is not sized from a static-thrust
requirement equal to aircraft weight. It is sized from the thrust and power required in forward flight,
with additional margins for climb, acceleration, transition and thermal operation. The minimum cruise
thrust requirement is

TC ≥ Dcr, (21)

while the electric power required in level cruise is

Pel,C =
DcrVcr

ηp,Cηm,C
, (22)

where ηp,C and ηm,C are the cruise propeller and motor-drive efficiencies. The final motor and pro-
peller selection must also satisfy rotational speed, torque, diameter, tip-speed and available-power
limits.
The propeller model is kept at sizing fidelity and is expressed through the standard non-dimensional
quantities

J =
V
nD

, CT =
T

ρn2D4 , CP =
Ps

ρn3D5 , (23)

where n is the rotational speed in revolutions per second and D is the propeller diameter. In forward
flight, the propulsive efficiency is written as

ηp =
JCT

CP
. (24)

The hover-rotor calculation corresponds to the low-advance-ratio limit and is anchored by the actuator-
disk estimate of Eq. (16), corrected through the non-ideal factors introduced above. The cruise
propeller is instead evaluated at the wing-borne operating point, where diameter, rotational speed,
pitch-to-diameter ratio, tip Mach number and required shaft power are constrained simultaneously.
The adopted formulation is adequate for ranking candidate configurations and estimating power lev-
els, but it is not a replacement for blade-element analysis, propeller-map generation or aeroacoustic
assessment.
The electric-machine integration is treated consistently with the preliminary nature of the design loop.
For each candidate propulsive installation, the rotor or propeller calculation provides the required
shaft power and rotational speed. The corresponding shaft torque is

Q =
Ps

Ω
, (25)

where Ps is the shaft power and Ω is the angular speed. The motor selection is then checked against
the available entries of the preliminary database by using power, speed, torque when the torque
information is available, and a sizing margin on the available motor power,

Ps ≤ σPPrated , (26)

where σP is the adopted power-margin factor. The same logic is applied to the hover motors and
to the cruise motors, although the two installations have different operating points: the hover group
is dominated by static thrust, disk loading and low-speed induced power, while the cruise group is
dominated by propeller efficiency, shaft power, rotational speed and tip Mach number in wing-borne
flight.
At this level of modelling, the cruise propulsion group is therefore assessed through the quantities that
are directly supported by the preliminary sizing chain: required shaft power, propeller diameter, rota-
tional speed, available motor-power margin and mission-energy consequence. Detailed motor-drive
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matching, including the final torque margin, inverter limits, thermal derating and possible transmission
architecture, belongs to the propulsion-installation refinement. The performance table consequently
reports cruise power and energy indicators, but it does not present unsupported conclusions on the
definitive torque margin of the motor-drive installation.
The electric-machine selection is supported by a preliminary motor database assembled from avail-
able manufacturer data and published specifications. Each entry contains, when available, the man-
ufacturer, model, mass, power rating used by the sizing loop, torque, voltage class and maximum
rotational speed. The database is used in two different ways. First, it provides discrete motor can-
didates for the hover and cruise propulsive groups. Second, it defines a power-to-mass trend used
to avoid unrealistically optimistic extrapolations when a candidate lies outside the directly tabulated
range. Entries without torque data are retained for power-mass trend assessment, but they are not
used to demonstrate torque feasibility.
The high-power entries relevant to the present sizing were checked against publicly available spec-
ifications. For example, the EMRAX 268 data are consistent with a motor mass of about 21.4–22.3
kg, a peak power of 210 kW, continuous power up to 117 kW, peak torque of 500 Nm and continuous
torque up to 250 Nm. The current EMRAX 348 specification reports a mass of about 43.1–43.9 kg,
peak power of 340 kW and continuous power up to 140 kW, with torque ratings depending on the op-
erating definition. The Siemens SP260D public factsheet reports a 260 kW continuous aircraft motor,
2500 rpm maximum continuous speed, approximately 1000 Nm continuous torque and 50 kg system
weight including the propeller bearing [44–46]. These comparisons confirm the order of magnitude
of the database, but they also show why the database cannot be interpreted as a final motor-drive
qualification: continuous, peak and short-duration ratings depend on cooling, controller capability,
drive cycle and installation conditions.
Figure 1 reports the power-mass distribution used for this preliminary assessment. The solid curve
is a power-law fit of the available entries above 5 kW, while the dashed portion represents only
the extrapolated continuation of the same trend beyond the directly populated high-power range.
This extrapolated trend is used as a conservative design aid and not as evidence that a specific
commercial motor exists at the extrapolated point.
In log-log form, the fitted relation is

Pdb = 5.50m0.875
mot , (27)

where Pdb is expressed in kW and mmot in kg. The coefficient of determination of the log-log fit for
database entries above 5 kW is R2 = 0.906.
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Figure 1 – Electric-motor power-mass chart used for preliminary propulsion sizing.
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A simplified transition model is introduced only as a conceptual sizing check. It is not a substitute for
a six-degree-of-freedom flight-dynamics simulation. The transition is represented as a quasi-steady
level acceleration from hover to wing-borne flight. At each speed V , the wing lift L(V,α) progressively
reduces the thrust required from the lift rotors:

TL(V ) = max [W −L(V,α),0] . (28)

The cruise propulsors provide the thrust required to overcome drag and accelerate the aircraft,

TC(V ) = D(V,α)+mTOV̇ , (29)

where V̇ is the prescribed transition acceleration. The corresponding transition power is estimated as

Pel,tr(V ) =
κLTL(V )3/2

ηm,L
√

2ρAH
+

TC(V )V
ηp,Cηm,C

. (30)

The transition energy is obtained by integration over the adopted speed schedule,

Etr =
∫ Vcr

0

Pel,tr(V )

V̇
dV. (31)

In the numerical performance indicators reported in Section 3.1, the range is interpreted as a prelimi-
nary wing-borne range estimate after vertical-flight and reserve-energy allocation. The transition term
remains explicit in the general formulation because it is part of the aircraft-level energy balance, but
it is not promoted to a separate numerical result unless a dedicated transition schedule and control
law are available.

2.5 Mass consistency, trim and stability constraints
The sizing loop enforces the mass balance of Eq. (6). The reference case discussed in the paper is
associated with the take-off mass reported in the preliminary sizing table of Section 3.1. The mass
model is formulated as an aircraft-level mass-consistency problem rather than as a post-processing
table or a bookkeeping exercise. For a candidate design, all mass items are evaluated from the
same design state that defines the geometry, mission energy, hover sizing, cruise sizing and stability
checks. The mass-balance residual is defined as

εm =
mstr +msys +mprop,H +mprop,C +mb +mpay −mTO

mTO
, (32)

and the candidate is considered admissible only if |εm| is lower than the adopted conceptual-design
tolerance. If this condition is not met, the design is not interpreted as a mass-consistent aircraft and
the sizing variables, propulsion selection or energy allocation must be revised.
The individual mass terms are linked to the physical drivers of the configuration. The structural mass
is associated with the lifting-system geometry, the two-wing load sharing, the vertical tip-wings, the
lateral booms carrying the lift rotors, the fuselage integration and the assumed load and material set.
The hover-propulsion mass is obtained from the required hover thrust, power, torque, number of ro-
tors and rotor diameter, using the adopted motor and propeller database or an equivalent regression.
The cruise-propulsion mass is evaluated from the forward-flight thrust, shaft power, torque, rotational-
speed and propeller-diameter requirements. The battery mass is obtained as the positive residual of
the prescribed take-off mass after the structural, systems, propulsion and payload masses have been
evaluated. The corresponding usable energy is then checked against the assumed battery specific
energy, reserve policy and operational margins. Systems and payload masses are retained as explicit
terms so that changes in mission requirement or equipment assumptions directly affect the aircraft
mass balance. Table 3 reports the mass groups used to enforce aircraft-level mass consistency.
Numerical entries are to be reported in the results section from the adopted structural assumptions,
battery specification, motor database and payload definition.
The location of the centre of gravity is computed from the same mass groups used in the aircraft
mass balance. In hover, the nominal centre of gravity is placed close to the centre of the thrust of
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Table 3 – Mass groups used for the aircraft-level mass consistency of the reference configuration.

Mass group Symbol Evaluation in the sizing loop
Aircraft take-off mass mTO Prescribed reference value reported in the sizing ta-

ble
Airframe structure mstr Geometry- and load-dependent estimate for wings,

vertical tip-wings, booms and fuselage integration
Systems and equipment msys Equipment, flight-control, wiring, landing and instal-

lation allowances
Hover propulsion mprop,H Rotor, motor and installation mass from hover thrust,

power, torque, NH and DH

Cruise propulsion mprop,C Propeller and motor mass from cruise thrust, shaft
power, torque, speed and diameter constraints

Battery system mb Positive residual of prescribed mTO after the other
mass groups; usable energy checked through eb, re-
serve policy and operational margins

Payload mpay Mission requirement and payload definition
Total propulsion mprop mprop,H +mprop,C

the vertical-lift rotor system to guarantee, in the nominal symmetric condition, an equal distribution
of the thrust among the rotors devoted to hover, take-off and landing. This is a useful architectural
criterion, but it does not by itself guarantee acceptable controllability. The method therefore requires
a centre-of-gravity envelope and corresponding rotor-thrust margins to be checked as the payload
and system layout are refined.
For wing-borne flight, longitudinal trim is imposed through the pitching-moment equilibrium and is
written as

Cm(α,δe,xCG) = 0, (33)

where δe denotes the relevant longitudinal control variable or equivalent differential-control action.
Static stability is imposed through a positive static margin,

SM =
xNP − xCG

c̄re f
, SMmin ≤ SM ≤ SMmax, (34)

where xNP is the neutral-point position and c̄re f is a reference chord of the complete lifting system. The
admissible interval for SM is not assigned as a universal constant. It must be selected consistently
with the control authority, mission envelope and handling-quality requirements of the final vehicle.

2.6 Transition from full-scale concept to scaled prototyping
The scaled model is introduced after the conceptual design phase to verify the physical integration
of the architecture and to support the preparation of subsequent experimental activity. Its role is
primarily functional. It allows the arrangement of the box-wing system, lift rotors, cruise propulsors,
lateral booms, door mechanism, internal installation and control hardware to be assessed on a phys-
ical platform. In the adopted implementation, the lift rotors are housed inside the lateral booms that
connect the front and rear portions of the box-wing system, with a door mechanism intended to avoid
detrimental aerodynamic effects during the cruise phase. The door mechanism is considered as a
specific propulsion-airframe integration item: it must provide adequate clearance for rotor deploy-
ment and stowage, limit the aerodynamic exposure of inactive lift propulsors during cruise, avoid
interference with the booms and rotor disks, and remain accessible for inspection and maintenance.
The upper doors are opened during vertical-lift operation to expose the rotor disks and are closed
during the cruise or CTOL configuration to recover a cleaner external shape. When the lift rotors
are switched off, a permanent-magnet indexing system is used to park the two-blade propellers in a
longitudinal position, allowing the blades to be contained within the boom volume before door closure.
The scaled prototype is not used as a direct validation of the full-scale aerodynamic efficiency, range,
hover power, acoustic footprint or certification-level safety. A reduced-scale aircraft cannot simul-
taneously preserve Reynolds number, Froude scaling, Mach number, structural flexibility, rotor disk
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loading, motor dynamics and control bandwidth. For this reason, the interpretation of the scaled tests
is limited to the maturity of the design concept and to the demonstration of selected architectural func-
tions. Full-scale performance predictions remain those obtained from the conceptual design model
and from subsequent aerodynamic, structural and flight-dynamic analyses.
This distinction is central to the present methodology. The scaled aircraft is a bridge between paper
design and physical implementation, not a replacement for high-fidelity full-scale validation. Its value
lies in exposing integration issues that are often hidden in purely numerical conceptual studies: avail-
able internal volume, accessibility of components, blade alignment and storage, interference between
moving parts, cable routing, maintenance access and practical flight-control implementation.
The reference configuration used for this integration step is sketched in Fig. 2.

Figure 2 – Reference box-wing lift-and-cruise configuration used for the scaled prototype, shown
through plan, perspective and front-view sketches.

2.7 Advancement over previous studies and current limitations
The methodological contribution of the paper is the combination of three elements: a box-wing lifting
system, a lift-and-cruise propulsion architecture and a design-to-prototype development path for low-
altitude civil missions. Previous conceptual studies on eVTOL aircraft and box-wing configurations
provide the technical background for individual parts of the problem [11, 28]. The present workflow
connects these elements in a single preliminary design process, with explicit attention to mass-energy
estimation, propulsive separation, rotor integration in the closed lifting system and the functional role
of the scaled demonstrator.
The present modelling scope is deliberately kept at conceptual-design fidelity. Aerodynamic anal-
ysis is limited to attached-flow and build-up estimates; separated flow, rotor slipstream interaction,
propeller-wing interference, door-open aerodynamics and aeroacoustics require dedicated analyses.
The transition model is quasi-steady and serves as a sizing-level energy and power check. Structural
mass, motor and propeller selection, stability constraints and trim capability are treated consistently
with this level of fidelity, while flight-dynamic handling qualities, control allocation, gust response and
failure cases remain part of the subsequent modelling and test programme. The scaled prototype
supports the development of the architecture by documenting physical integration, manufacturability
and functional operation of the stowage concept within the selected scale.

3. Reference configuration, scaled prototype and preliminary verification
3.1 Baseline and refined design preliminary performance assessment
The design-to-performance chain described in Section 2. is here applied to two numerical states of
the same box-wing lift-and-cruise architecture. The first state is denoted as the baseline design. It
corresponds to the reference configuration and to the geometry used to guide the scaled prototype
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integration. The second state is denoted as the refined design. It is obtained by applying the same
sizing method with an endurance/range-driven ranking criterion, while preserving the same architec-
tural class, namely a box-wing lifting system, four vertical-lift rotors housed in lateral booms and two
dedicated cruise propulsors.
This distinction is introduced only at the results level. The baseline and refined designs are not
two unrelated aircraft. They are two feasible design states generated within the same conceptual
search domain. Their comparison is useful because it shows how the architecture responds when
the sizing loop modifies the main geometric, energetic and propulsive variables under the feasibility
constraints reported in Table 2. The comparison is not intended to prove a global optimum, but to
quantify the effect of the refined sizing state on disk loading, installed energy, wing loading, cruise
power, endurance and wing-borne range.
The reported indicators are divided into design-state quantities and derived quantities. The design-
state quantities include take-off mass, payload, battery mass, installed energy, wing span, reference
area, rotor diameter and propeller diameter. The derived quantities include wing loading, disk loading,
hover energy allocation, cruise endurance, wing-borne range and cruise energy consumption. This
distinction remains relevant because every derived indicator depends directly on the adopted design-
state quantities and on their reported precision.

Table 4 – Baseline and refined design states obtained from the preliminary sizing workflow.

Quantity Baseline design Refined design Design note
Aircraft class Four passengers plus

one pilot
Four-passenger class
payload

Civil low-altitude eVTOL
platform

Take-off mass, mTO 2200 kg 2900 kg Adopted sizing values
Payload 475 kg 475 kg Passenger-class payload

assumption
Airframe, systems and
propulsion-installation mass

1210 kg 1593.3 kg Aggregated values at
available precision

Battery mass 515 kg 829 kg Residual mass from the
aircraft mass balance

Installed battery energy 103.0 kWh 165.8 kWh Based on 200 Wh/kg battery
specific energy

Wing span, b 12.50 m 14.00 m Compact box-wing span
Total wing reference area, S 33.4 m2 45.9 m2 S = S1 +S2
Wing loading, mTO/S 65.9 kg/m2 63.2 kg/m2 Derived sizing indicator
Lift rotors, NH 4 two-blade rotors 4 two-blade rotors Dedicated vertical-lift system
Lift-rotor diameter, DH 3.94 m 5.08 m Large low-disk-loading rotors
Total lift-disk area, AH 48.7 m2 81.1 m2 AH = NH πD2

H/4
Disk loading, mTO/AH 45.2 kg/m2 35.8 kg/m2 Derived from take-off mass

and lift-disk area
Cruise propulsors 2 fixed propulsors 2 fixed propulsors Dedicated wing-borne thrust

system
Cruise propeller diameter 2.10 m 1.84 m Preliminary propeller sizing
Cruise speed 151.0 km/h 147.7 km/h Sizing cruise condition
Hover power, total 558.2 kW 588.0 kW Power associated with the

prescribed 5 min hover
allocation

Cruise propulsion power, total 145.3 kW 90.9 kW Preliminary installed-power
sizing entry

Hover energy allocation 46.5 kWh 49.0 kWh Derived from the prescribed
hover time

Estimated cruise L/D 17.2 17.1 Build-up/VLM-level estimate
for attached cruise condition

Cruise endurance 19.1 min 63.1 min Wing-borne endurance after
hover and reserve-energy
allocation

Estimated wing-borne range 48.0 km 155.4 km After prescribed hover and
reserve allocations

Cruise energy consumption 962 Wh/km 615 Wh/km Derived from cruise energy
and range

Clean CL,max used for stall check 1.20 1.20 Conservative preliminary
14%-thick-airfoil/plain-flap
assumption; no complex
high-lift system

Table 4 should be read as a quantitative trace of the sizing workflow. For a fixed aircraft class, the
mass and battery entries determine the available energy. Wing span and reference area define the
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wing loading and the cruise lift coefficient at the sizing speed. The aerodynamic build-up and VLM-
induced contribution provide the cruise polar and the estimated lift-to-drag ratio. The rotor diameter
fixes the total lift-disk area and hence the disk loading that drives the hover-power estimate. The
remaining wing-borne energy, after the prescribed hover and reserve allocations, is then converted
into cruise endurance and range through the cruise power calculated at the same design state.
The refined design modifies the energy and disk-loading balance in a quantitatively relevant way.
Battery mass increases from 515.0 kg to 829 kg, corresponding to an installed-energy increase from
103.0 kWh to 165.8 kWh. The lift-rotor diameter increases from 3.94 m to 5.08 m; because disk
area scales with the square of diameter, the total lift-disk area increases from 48.7 m2 to 81.1 m2.
Consequently, although the refined design has a higher take-off mass, the disk loading decreases
from 45.2 kg/m2 to 35.8 kg/m2. This reduction is directly relevant to the vertical-flight power balance
and explains why the hover power remains of the same order, 558.2 kW for the baseline and 588.0
kW for the refined design, despite the larger aircraft mass. However, in the second case a higher
torque is required.
The wing-borne part of the mission shows a more pronounced change. The refined design increases
the wing span from 12.50 m to 14.00 m and the reference area to 45.9 m2, while keeping the wing
loading close to the baseline value, 63.2 kg/m2 against 65.9 kg/m2. At the same time, the estimated
cruise propulsion power decreases from 145.3 kW to 90.9 kW. Within the preliminary model, this
translates into a cruise endurance increase from 19.1 min to 63.1 min and an estimated wing-borne
range increase from 48.0 km to 155.4 km. The associated cruise energy consumption decreases
from 962 Wh/km to 615 Wh/km. These values should be interpreted as conceptual-design indicators,
but they show that the refined design does not improve range only by adding battery energy. The
improvement is produced by the coupled change in installed energy, disk loading, wing sizing, cruise
power and propulsive operating point.
The electric-machine data are used at sizing level. Hover and cruise powers are reported because
they are directly obtained from the propeller and mission-energy calculations. The final torque-speed
matching of the cruise motor, the inverter limits, the thermal derating policy and the possible transmis-
sion architecture are not used here to claim definitive propulsion-installation maturity. This separation
avoids mixing a conceptual performance estimate with a detailed motor-drive qualification that be-
longs to a later design phase.
The baseline-refined comparison also clarifies the architectural relevance of the rotor-stowage solu-
tion. The lift rotors are deliberately large in order to keep disk loading low during vertical operation.
The refined design reinforces this trend, increasing the rotor diameter while further reducing disk load-
ing. The same choice would normally increase the aerodynamic penalty of a lift-and-cruise aircraft
in forward flight if the inactive rotors remained exposed. Their integration inside the lateral booms is
therefore part of the mission-level efficiency rationale of the configuration, because it connects hover
efficiency, packaging and cruise aerodynamic cleanliness within the same design logic.

3.2 Scaled prototype development
The reference configuration was translated into a dynamically reduced scaled model to assess the
feasibility of the selected integration choices. The model scale is 1:8, with an overall length of ap-
proximately 1.55 m and a span of approximately 1.60 m. These dimensions make the demonstrator
suitable for handling, bench checks and initial ground operation while preserving the recognizable
layout of the full-scale concept. The model is not interpreted as a full dynamic-similarity replica.
Its function is to preserve the architectural arrangement, the distribution of the main components,
the interaction between the box-wing and the lift-and-cruise propulsion system, and the mechanical
accessibility of the selected solution.
The two principal configuration states are shown in Fig. 3. In the cruise or CTOL arrangement, the lift
rotors are contained inside the lateral booms and the upper doors are closed, reducing their external
exposure. In the VTOL arrangement, the doors are open and the vertical-lift propulsors are exposed
for rotor-borne operation. The booms therefore act as structural connectors, aerodynamic fairings
and propulsion-integration volumes. Their role is central to the proposed architecture because they
mitigate a recurring weakness of lift-and-cruise vehicles: the presence of lift propulsors that are
necessary for vertical flight but inactive during cruise.
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(a) Closed-boom arrangement representative of
cruise or CTOL operation.

(b) Open-boom arrangement with the vertical-lift
propulsors exposed.

Figure 3 – Scaled demonstrator in the two main configuration states used to verify the integration of
the box-wing lifting system with the lift-and-cruise propulsion layout.

The doorway mechanism and the blade-parking concept are detailed in Fig. 4. The permanent-
magnet indexing system is used to align the two-blade propellers with the boom axis after motor
shutdown. This avoids an arbitrary blade stop position before door closure and reduces the risk of
local interference between blades, doors and the internal boom volume. For this demonstrator, the
relevant prototype-level evidence concerns the physical compatibility of the stowage sequence and of
the opening and closing arrangement. Quantitative aerodynamic benefits in cruise will be assessed
through dedicated aerodynamic analysis and subsequent experimental activity.

Figure 4 – Detail of an opened lateral boom showing the lift-propeller installation, the longitudinal
blade-parking condition and the door aperture used for VTOL operation.

3.3 Manufacturing and system integration
The prototype documentation indicates a modular manufacturing approach, in which the fuselage,
wings, vertical tip-wings, lateral booms and propulsion modules are prepared as separate assem-
blies and then aligned into the closed lifting system. Figure 5 illustrates two representative stages
of this process. The manufacturing route is relevant to the design argument because the proposed
architecture requires more than the placement of rotors around a conventional airframe. The booms
must accommodate the lift motors and propellers, provide sufficient stiffness and alignment between
front and rear lifting elements, allow the door mechanism to operate without interference, and pre-
serve access for inspection and maintenance.
The large fuselage access panel is especially relevant because battery packs, electronic speed con-
trollers, wiring, flight-control hardware and the autopilot must remain accessible without compromis-
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ing the closed-wing layout. The integration sequence therefore remains part of the architectural
assessment, since the closed lifting system, the lateral booms and the propulsion installation must
be compatible with assembly, inspection and preparation of the demonstrator.

(a) Intermediate assembly state used to align
fuselage, wings and lateral booms.

(b) Bench integration state showing fuselage access
and cruise-propulsion installation.

Figure 5 – Manufacturing and integration stages of the scaled demonstrator, with emphasis on
modular assembly, accessibility and propulsion-airframe integration.

3.4 Ground verification and initial taxi activity
After assembly, the model was used for prototype-level checks before the extension toward a ded-
icated flight-test campaign. The activity included bench verification, static propulsion checks, func-
tional checks of door opening and closure, verification of blade parking and stowage, inspection of
accessible installations, ground handling and initial low-speed taxi runs. These checks provide evi-
dence that the architecture can be assembled, inspected, actuated and operated at low speed without
changing the basic design logic.
The ground-test configuration is shown in Fig. 6. The image is used to document the readiness
level of the demonstrator and the coherence between the conceptual arrangement and the physical
aircraft. The observations obtained at this stage concern configuration integrity, ground handling,
accessibility and operational preparation. The continuation of the experimental programme will ex-
tend this evidence toward transition performance, closed-loop flight-dynamic behaviour, hover and
cruise efficiency, and acoustic response through dedicated instrumentation, flight-test procedures
and higher-fidelity analysis.

Figure 6 – Scaled demonstrator positioned on the outdoor test area during preliminary
ground-handling and low-speed taxi activity.
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3.5 Discussion of the prototype-level evidence
The main information obtained from the prototype is architectural. The model shows that the com-
bination of a box-wing lifting system and a lift-and-cruise propulsion layout can be translated into a
physically consistent arrangement in which the inactive lift rotors are not left as exposed appendages
during cruise. This point is important because the lift-and-cruise concept is often attractive at the
functional level, but it tends to transfer part of the design difficulty to the integration of the unused lift
system in wing-borne flight. In the proposed configuration, this difficulty is addressed by the lateral
booms, which perform several functions at the same time: they connect the front and rear lifting ele-
ments, house the vertical-lift propulsors, provide the volume required for blade stowage, support the
door mechanism and contribute to the external cleanliness of the cruise configuration.
The scaled demonstrator also clarifies practical aspects that are difficult to assess from conceptual
drawings alone. These include the clearance between blades and doors, the repeatability of blade
parking before closure, the available space for wiring and propulsion components, the accessibility
of batteries and avionics, and the assembly sequence of the closed lifting system. These observa-
tions complement the subsequent aerodynamic and flight-dynamic validation activity by reducing the
risk of pursuing a configuration that is attractive on paper and impractical in hardware. The proto-
type therefore provides design-to-prototype evidence that supports the next quantitative assessment
steps.
The current level of maturity suggests a clear continuation of the work. The next experimental phase
should extend the present ground-test and integration activity toward a dedicated flight-test campaign,
including transition manoeuvres, closed-loop control tuning and quantitative flight-dynamic assess-
ment. In parallel, the conceptual performance estimates should be consolidated through detailed
aerodynamic interference modelling of the open and closed boom states, refined propulsion maps,
structural sizing of the closed-wing load path, aeroacoustic assessment and a complete control-
allocation model for nominal and degraded configurations.

4. Conclusions
This paper presented the design rationale, conceptual sizing methodology and scaled prototype im-
plementation of a civil box-wing lift-and-cruise eVTOL configuration for low-altitude economy applica-
tions. The study was motivated by the need for aircraft architectures that are not optimized only for
vertical take-off, but for the complete mission, including hover, transition, cruise, ground operation,
maintainability and integration with limited infrastructure. Within this framework, the box-wing lifting
system was considered as a compact closed architecture suitable for hosting a separated lift-and-
cruise propulsion layout.
The baseline and refined designs were reported through a consistent set of mass, geometry, propul-
sion and energy indicators. Their comparison documents the transition from design variables to
performance estimates after the methodology has been defined. Take-off mass, battery allocation,
wing geometry and rotor diameter define the energy and aerodynamic problem; hover power, cruise
power, endurance and range are then obtained as derived quantities of the same sizing state. The re-
fined design shows, at conceptual level, that range improvement is produced by the coupled change
of installed energy, disk loading, wing sizing and cruise power rather than by battery increase alone.
The baseline aircraft is a four-passenger plus one-pilot class configuration with a take-off mass of
2200 kg, a 12.50 m span, a total wing reference area of 33.4 m2 and four large lift rotors housed in
lateral booms.
The principal architectural contribution is the integration of the inactive lift rotors inside faired lateral
booms during cruise. These booms are not treated as simple structural supports. They connect
the box-wing elements, contain the vertical-lift propulsors, support door opening and closure, enable
blade stowage through a longitudinal parking condition and reduce the exposed inactive-rotor instal-
lation in wing-borne flight. This addresses one of the main penalties of lift-and-cruise aircraft while
avoiding the mechanical complexity of tilting large lifting surfaces or propulsors.
The scaled model was presented as a functional demonstrator of the design-to-prototype process.
Its role is not to validate full-scale performance directly, but to verify the physical compatibility of the
architecture, the manufacturability of the closed lifting system, the accessibility of the internal instal-
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lations, the integration of propulsion and control hardware, the operation of the door and stowage
mechanism, and the preparation for further experimental activity. Preliminary bench checks, func-
tional ground checks and initial low-speed taxi activity provide integration-level evidence that the
layout can be built and operated at prototype level.
Subsequent work will extend the present ground-test and integration activity toward a dedicated flight-
test campaign, including transition manoeuvres, closed-loop control tuning and quantitative flight-
dynamic assessment. Further developments will also include higher-fidelity aerodynamic interference
analysis of the open and closed boom configurations, refined motor-propeller matching, battery-pack
consolidation, structural sizing of the box-wing and boom load paths, aeroacoustic assessment and
a consolidated mission-level performance evaluation.
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