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Abstract

In-air capturing is a promising concept for recovering winged reusable launch vehicles (RLVs) using a towing aircraft (TA),
without the need for any propulsion on board the RLV during descent. In this paper, the preliminary electromechanical
design of an airborne device is presented, which is central to in-air capturing. The device is an autonomous system, towed
by the TA, and docks with a boom attached to the nose of the RLV. A design space exploration and load analysis are per-
formed using a simplified towing model, revealing significantly higher towing loads compared to previous estimates. The
design of a probe-drogue docking mechanism is proposed, which uses a set of actuated wedges to lock the RLV boom in
place. Actuator and sensor solutions are studied, aiming at a redundant and robust mechanism design. Based on reference
commercial-off-the-shelf components, the size, weight, and power footprints of essential avionics are estimated, and a pre-
liminary dimensioning of the required battery system is performed. Finally, a comprehensive, electromechanical computer-
aided design model is developed, with which the overall inertial properties of the vehicle are estimated. The position of its
centre of gravity is studied, revealing the need for a forward trim mass. Compared to previous design studies, the estimated
total mass is increased to 175.44 kg, while the design’s overall safety factor grows to 1.51.

Keywords In-air capturing - Aerodynamically controlled capturing device - Electromechanical design - Reusable launch
vehicles
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While numerous concepts for launch vehicle reusability have
been surfacing all over the space industry, programs such
as the Space Transportation System—and various concep-
tual analyses—have shown that minimizing recovery and

Systemanalyse Raumtransport, Deutsches Zentrum fiir
Luftund Raumfahrt, Linzer StraSSe 1, Bremen, Germany

Department of Space Engineering, Delft University
of Technology, Kluyverweg 1, Delft, The Netherlands

Published online: 31 August 2025 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12567-025-00660-5&domain=pdf

B. Luyten et al.

refurbishment costs is vital to drive down overall launch
costs, and increase access to space [1]. Among reusability
concepts, the in-air capturing approach developed at the
German Aerospace Center promises a significant reduction
in launch costs, with an expected performance similar to the
downrange landing technique practiced by SpaceX [2, 3].

For in-air capturing, shown schematically in Fig. 1, the
first stage of a reusable launch vehicle (RLV) is equipped
with aerodynamic surfaces. Using these, the RLV decel-
erates after stage separation, and enters a descending for-
mation flight with a repurposed commercial airliner—the
towing aircraft (TA). It is then captured in mid-air by an aer-
odynamically controlled capturing device (ACCD), which
is deployed from the TA like an aerial refueling drogue [4].
After capture, the TA tows the RLV back to the vicinity of a
landing site, where it is released. The RLV then executes an
autonomous, unpowered descent and landing using its own
landing gear on a conventional runway.

Evidently, the ACCD plays a vital role in the in-air cap-
turing procedure. As depicted in Fig. 2, it uses four aerody-
namic control surfaces to maneuver relative to the TA, while
connected to it via a tether [5]. This allows it to bridge the
gap between the TA and RLV while both are flying in forma-
tion — which is particularly crucial given the low maneuver-
ability of the RLYV, and the limited duration of the available
capture window [6, 7]. Reliable relative navigation between

Fig. 1 Schematic overview of the in-air capturing procedure
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the ACCD and RLV requires the use of a combined GNSS/
INS/VisNav system [8], while the capture itself is performed
by a docking mechanism housed inside the ACCD. Once
docked, the ACCD then forms the main structural interface
between the RLV and TA, supporting the towing loads gen-
erated by the 40-ton RLV during tow-back. Finally, it also
handles the release of the RLV from the tethered connection
with the TA while near a suitable landing site. This com-
bined functionality of maneuverability, docking and release
operations, as well as structural towing interface, makes the
ACCD a highly unique aerodynamic vehicle, requiring con-
siderable design efforts.

In previous studies, major key aspects of the in-air cap-
turing technique have been extensively investigated. These
include RLV design and return trajectories [2], dimensioning
and modeling of the tether [5], and control design for the
formation flight between RLV and TA [6]. Especially crucial
for successful in-air capturing is the aerodynamic compat-
ibility between the TA and RLV. Hence, detailed studies on
the aerodynamic performance of both vehicles have been
performed [6, 9]. While the RLV has a lift-to-drag ratio of
6, typical commercial aircraft suitable for the role of TA
have lift-to-drag ratios of up to 20. This gap is narrowed by
deploying drag-inducing surfaces on the TA during forma-
tion flight, such as spoilers and landing gear. In recent years,
both full-scale simulations and sub-scale experimental test
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Fig.2 Schematic view of an aerodynamically controlled capturing device (ACCD), connected to a towing aircraft (TA) and in final approach

with a reusable launch vehicle (RLV)

flights have been executed [10-12], demonstrating the poten-
tial of this highly innovative reusability concept. As for the
ACCD, a preliminary aerodynamic shell has been defined
and analyzed, with a total length of 2 m, a 1.5 m wing-
span, and NACAOQO012 aerofoils [13]. Additionally, an initial
mechanical study into the ACCD’s docking mechanism was
performed through computer-aided design (CAD) and finite
element analysis [14, 15]. However, this design did not yet
cover vital subassemblies such as the tether attachment or
wing structure, while major design loads were significantly
underestimated. Furthermore, full-scale electronic systems
were not yet included, and their impact on the feasibility of
the mechanical design was not analyzed. To address these
areas of improvement, the current work performs a com-
prehensive study of the ACCD’s electromechanical design
space. Using the previously defined aerodynamic shell as
a fixed boundary condition, the overall design is reiterated
with a better safety factor.

The nature of the ACCD’s design is similar to systems
used in automated aerial refueling [16] and aerial towing
[17], as well as docking mechanisms often employed in
space applications [18]. However, significant differences
still exist, as aerial refueling applications do not require a
structural connection between both vehicles, while in-space
docking systems lack the aerodynamic maneuverability
required by the ACCD. At the same time, only a limited
number of (publicly available) studies have documented the
electromechanical design of such systems, so the current
study also aims to support design practices in these related
fields of application.

First, to characterize the ACCD’s inertial design space,
and obtain refined estimates for design loads, the behavior of
the ACCD as part of an overarching towing system is studied

in Sect. 2. This is achieved using a surrogate towing model,
which analyses the position of the ACCD relative to the
TA, as well as extreme towing forces. Next, a preliminary
electromechanical design for the ACCD’s docking mecha-
nism is proposed in Sect. 3, based on a probe-drogue meth-
odology. A study is performed regarding the sensors and
actuators required to monitor and deploy the mechanism,
while its structural strength is studied using finite element
analysis. A preliminary estimation for the size, weight, and
power (SWaP) footprint of the ACCD’s avionics and battery
system is then presented in Sect. 4, based on reference com-
mercial-off-the-self (COTS) solutions. Finally, in Sect. 5,
a CAD model is developed for the entire electromechani-
cal design, with which the vehicle’s inertial properties are
estimated.

2 Towing system analysis

To map the ACCD’s inertial design space, and analyze extreme
towing loads, the overarching towing system is considered. In
this study, the towing system is defined as all elements con-
nected to the TA: the tether, ACCD, and potentially RLV (dur-
ing tow-back). Previously, a dynamic, six-degrees-of-freedom
model of the towing system was developed in Simulink [5, 10].
However, because of the highly complex nature of this coupled
system, simulation is computationally expensive. This impedes
an efficient exploration of the available design space, which
requires a large number of simulations to quantify the effect
of key parameters, such as the ACCD’s mass and centre of
gravity (CoG). A reduced-complexity surrogate model is thus
required, which is able to capture the fundamental behavior of
the towing system at a significantly decreased computational
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effort. Within the context of the ACCD’s design space explo-
ration, the system’s steady-state behavior can serve as a first-
order approximation to obtain target inertial properties and
reference design loads. In reality, any dynamic effects such as
tether oscillations, wind gusts, and turbulence will be counter-
acted as much as possible using the vehicles’ control systems.
Additionally, highly conservative estimates are used for the
steady-state quantities obtained hereafter, to compensate for
any missing dynamic contributions.

2.1 Surrogate towing model

To develop the surrogate model, a physics-based method
is used rather than a data-based one [19]. This is to avoid a
black-box approach and enable insight into the fundamental
behavior of the system. A data-based surrogate model would
also require a large number of simulations to be performed
with the full-scale high-complexity Simulink model — again
slowing down the overall design space exploration. Hence, a
two-dimensional steady-state model is developed in Python,
shown schematically in Fig. 3. Both the ACCD and RLV are
represented as finite volumes with a distinct tether attachment,
CoG, and moment reference point. Towing loads Fy and Fy
acting at the ACCD’s tether attachment are computed using
the force and moment equilibria shown in Eq. 1:

Fy=L-siny+D-cosy—m-X%

Fy=—-L-cosy+D-siny+m-g—m-¥y

M=(L-cosa+D-sina)-(e+f)— 1)
m-g-e-cos(a+y)

In these equations, y is the flight path angle, while e and
f are the distance of the CoG and moment reference point
relative to the ACCD’s tether attachment. Lift L, drag D,
and pitching moment M are calculated as a function of the
ACCD’s angle of attack (AoA) a and pitch control deflection
6, using available computational fluid dynamics (CFD) data

TA thrust
TA mass
Flight path

[9, 20]. During tow-back, when the RLYV is attached to the
ACCD, the latter’s aerodynamic influence is neglected [21].
g = 9.81m/s?is the gravitational acceleration, while m is the
mass of the ACCD (and RLV during tow-back). m - X and
m - y represent d’Alembert contributions to the towing loads
resulting from excess thrust applied by the TA [22]. They
are calculated with Eq. 2, where primed quantities refer to
the TA. my is the tether’s mass, while F, is the TA’s thrust,
based on propulsion data obtained with the GasTurb tool
[23]. In all equations, the 1976 US Standard Atmosphere
is used to model the altitude-dependence of air density and
temperature [24].

-

. —=F,-cos(@ +y)+([L+L)-siny
X = +

m+m' +my

(D+D')-cosy

m+m +my
y 2
F,-sin(@ +y)+(L+L")-cosy

m+m' +my
(D+D'")-siny

m+m' +my

L

Finally, the two-dimensional towing position (x, y) of the
ACCD is computed relative to the TA, expressed in a local-
vertical, local-horizontal reference frame, centered around
the TA’s tether attachment. For this, the tether is modeled as
a catenary, negligibly influenced by lift and drag [5]. Under
this assumption, the ACCD’s towing position is given by
Egs. 3 and 4, where [; is the length of the tether:

arsinh (tan 6, )— arsinh (tan 0,)
{ X = = lT

tan f; —tan 6,
__ secf;—sec 02] (3)

- tan 6, —tan 6, T

CFD data

Tether length
Tether mass

Altitude
Airspeed

ACCD/RLV mass

ACCD/RLV CoG, MRP
Pitch control deflection
CFD data

Fig.3 Schematic setup of the towing model, with main inputs (blue) and outputs (red)
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0, = arctan(Fy /Fy)
where { 0, = arctan((Fy + my - g)/Fy) @)

Fixed nominal values for relevant parameters are defined in
Table 1, while the main variable parameters are the ACCD’s
mass m, axial CoG position e, and pitch control deflection 4,
as well as the TA’s engine thrust, altitude and air speed.

Figure 4 shows part of the model verification efforts,
where results from the surrogate towing model are com-
pared to the transient simulation obtained with the Simulink
model. This comparison shows that steady-state results differ
less than 5% between both models, while the newly pro-
posed model arrives at these conditions in around 0.1% of
the computational time—49 ms compared to 44 s required
by the Simulink model. Since a 1.5 safety factor is applied
to towing loads obtained from this model, the <5% discrep-
ancy between the surrogate model and the Simulink model
is deemed acceptable for the purpose of this study. For the
ACCD’s inertial design space exploration, a similarly con-
servative approach is used.

With an efficient surrogate towing model established,
capable of performing multiple simulations in less than
a second, the ACCD’s inertial design space can now be
explored. This is done by studying the effect of the ACCD’s
mass, CoG location, and pitch control deflection on its tow-
ing position. Additionally, the model can be used to estimate
extreme towing loads, by investigating the influence of the
TA'’s thrust, flight altitude, and airspeed on the towing forces.

2.2 Inertial design space

As the ACCD is towed behind the TA, it is at risk of being
affected by the latter’s wake—which significantly constrains
the ACCD’s available inertial design space. Because of its
disturbing nature, the ACCD should avoid this turbulent
region of airflow at all times [7]. Hence, a no-go zone is
defined behind the TA, subtending an angle of 7.5° below its
flight path—which is based on a CFD characterization of the
wake [9]. By staying clear of this no-go zone, the ACCD can
avoid the most disturbing region of the wake, for TA AoAs
of up to 10° [22]. At the same time, to intercept the RLV, the

Table 1 Nominal towing model inputs during formation flight and
tow-back

Variable Nominal value
Iy 250 m

my 85.3 kg

y (formation flight) —6.5°

y (tow-back) 0°

m (RLV) 80 Mg

e (RLV) 41 m

250 4 == K 0.4
b it ),

'£200{ | —— Simulink r03
£ 2 LY e
c -==Towing Model = L0.2 x
o O
2 150 1 AoA o4 S
3 1 Z
o S
g,100- 0.0 P
E -012
2 50 <

-0.2

0- T T T T T T _03

0 10 20 30 40 50
Time [s]

Fig.4 Comparison of steady-state ACCD position and angle of
attack (AoA) between surrogate towing model and Simulink model

ACCD requires a sufficiently large operational range below
the wake—allowing a vertical translation of at least +30 m
relative to its neutral position [22]. Taking into account the
10° deflection limit of the ACCD’s control surfaces [25], the
towing model reveals that such an operational range requires
a pitch control trim of 7°, with a control surplus of 3° in
both directions. Within this context, trim refers to the control
deflection required for aerodynamic stability at the desired
operational point (i.e., towing position and flight conditions).
As shown in Fig. 5, this, in turn, means that the upper towing
position should correspond to a 4° control deflection or less.

To translate this upper control deflection requirement
into the inertial design space of the ACCD, the design map
shown in Fig. 6 can be used—obtained with the towing
model. For given inertial properties (mass and CoG), it
indicates the minimal control deflection required to stay
below the wake no-go zone. The mainly horizontal nature
of the iso-deflection curves shows that the ACCD’s towing
position is largely insensitive to its total mass—especially
above 100 kg. On the other hand, the vehicle’s CoG posi-
tion has a significantly more pronounced effect. The design
map also shows that configurations with a small mass,

E = TA --- Flight Path ——"
g 507 mm wWake —— Tether =
g - s
@ “/‘]‘/ : _:..'-{—-' = i
8 0] L ee—— T -
> &
£
©
F 507 mmm ACCD (5=4°)
3 ACCD (5 = 7°)
©
5 ACCD (5 = 10°
> 100 1 ( :
-50 0 50 100 150 200 250

Horizontal Trailing Distance [m]

Fig.5 Required operational range (yellow-blue) of the ACCD, rela-
tive to its trimmed towing position (green)
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N
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N
)]
L

ACCD CoG [m]
o

[
3
f

0.0 1

50 100 150 200 250
ACCD Mass [kg]

Fig.6 Inertial ACCD design map: minimal pitch control deflection
required to stay below the TA’s wake

and front-located CoG position (i.e., lower left corner of
the map) require less control deflection to stay below the
wake, resulting in a larger control surplus and operational
range. Hence, all configurations below the § = 4° curve can
offer the control surplus required for a +30 m operational
range. As previous studies estimated the ACCD’s mass
between 100 and 200 kg [10, 13], this can further be sim-
plified by requiring that the vehicle’s CoG be positioned
no further than 1 m behind its nose. In previous studies,
a target position of 0.6 m was proposed based on a more
rudimentary analysis [13].

2.3 Preliminary load analysis

To obtain structural requirements for the primary load-
bearing elements inside the ACCD, an estimation for
extreme operational forces is required. These occur during
tow-back, when the RLV exerts significant towing loads
on the ACCD [22]. The magnitude is strongly dependent
on the environmental conditions of the tow-back flight,
governed by the flight altitude H and Mach number Ma.
Figure 7 shows a corresponding sensitivity study, applying
full TA engine throttle at all times—with thrust levels also
depending on the flight regime [26]. The range of realistic
tow-back conditions is limited by the TA’s engine perfor-
mance, as well as a 5° 5° AoA limit [22].

Based on this study, extreme tow-back conditions
shown in Eq. 5 are defined. While 1000 m corresponds to
the expected RLV release altitude, this operational point
is a substantial overestimation of realistic tow-back con-
ditions, which will occur at a higher altitude, and lower
velocity [22]. The overestimation serves as a safety margin
for the additional effect of dynamic loads, which are not
captured by the towing model. Additionally, a 1.5 yield
safety factor is applied in subsequent structural analyses
[27].

@ Springer
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Fig.7 Influence of tow-back flight altitude H and Mach number Ma
on the magnitude of axial towing loads F,,, under full-thrust condi-
tions

H = 1000m
Ma = 0.65 ®)

To address the influence of the RLV’s towed position on the
towing loads, two edge cases are further defined—where the
RLYV is positioned 1.5° and 10° below the TA’s flight path.
The former limit is imposed to prevent the tether from inter-
fering with the TA’s fuselage, while the latter is an opera-
tional boundary condition to limit loads on the RLV [22].
Additionally, a 5% increase relative to the RLV’s nominal
mass is considered as an additional margin. Under these con-
ditions, the axial towing loads corresponding to the upper
and lower RLV positions are 293.2 kN and 299.6 kN, respec-
tively. Based on this analysis, a 300 kN design load is pro-
posed, reflecting a 72% increase compared to previous esti-
mates [28]. The axial loads on the ACCD are driven by drag
generated by the RLV, while the RLV’s weight is almost
entirely counteracted by its own lift-generating surfaces.

3 Docking mechanism design

Based on the foregoing design space exploration, a prelimi-
nary design for the ACCD’s electromechanical interior is
proposed. Its general structure is shown schematically in
Fig. 8 and builds upon subassemblies identified during pre-
vious studies [14, 15]. Because the docking system com-
prises the functional core of the ACCD, while its aft location
has a potentially unfavorable effect on the overall CoG, its
design requires special attention.

3.1 Functional principle

The proposed design of the docking mechanism relies on a
probe-drogue principle, where a boom attached to the nose
of the RLV (the probe) is inserted into a guiding cone at the
ACCD’s aft (the drogue) [18]. The conical surfaces of the
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Fig.8 Schematic overview of the main subassemblies inside the ACCD

boom and guiding cone aid in reducing initial misalignments
between the RLV and ACCD, guiding the tip of the boom
towards the throat of the guiding cone. Additionally, spring
elements in the guiding cone absorb shocks associated with
the initial contact between the ACCD and RLV [14]. This
design is favored over alternative, androgynous systems, to
reduce complexity and accommodate all roll orientations
between both vehicles when docking [17, 29].

At the throat of the guiding cone, the RLV boom enters
a locking mechanism, shown schematically in Fig. 9. It uses
a set of four actuated wedges that prevent the RLV boom
from exiting the mechanism when deployed. The wedges are
actuated in a plane perpendicular to the axial towing direc-
tion, so that the actuators themselves remain unloaded. The
aft conical surface of the RLV boom provides a structural
interface for the wedges, which transfer towing loads onto
the ACCD’s main structural frame.

Additionally, the tip of the RLV boom interfaces with an
energy-absorbing assembly, which uses an industrial shock
absorber to accommodate the energy difference between
the ACCD and RLV when docking [14]. Because of the
spring element inside the industrial shock absorber, a com-
pressive force is exerted on the boom once the compressive
energy-absorbing stroke has been completed. In addition to
the tensile towing loads on the RLV boom, this clamps the

locking mechanism together and helps maintain a locked
state throughout tow-back.

3.2 Structural analysis

To verify the structural integrity of the proposed locking
mechanism, a preliminary CAD model is developed with
CATIA. A finite element analysis is then performed using
the Ansys Static Structural package, where the (300 kN)
axial towing design load is applied to the RLV boom, while
rigid supports are added at the mechanism’s interface to the
ACCD’s structural frame. The contact surfaces between the
RLV boom and locking wedges, as well as between the lock-
ing wedges and the structural ring, are modeled as rough
interfaces. For all elements (RLV boom, locking wedges,
and structural ring) an Al2024-T6 aluminum alloy is used,
with key properties listed in Table 2 [30, 31]. Equivalent
von Mises stress under these conditions is then analyzed,
as shown in Fig. 10. The resulting peak stress of 223 MPa
in the locking mechanism, and 189 MPa in the RLV boom,
correspond to a yield safety factor of 1.55 and 1.83, respec-
tively. Additionally, deformations remain below 0.61 mm,
while the mechanism is designed to accommodate defor-
mations of up to 1 mm without compromising the docking
functionality [22].

@ Springer
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| I. Locking Mechanism Disengaged |

Front View
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Side View

Structural Ring ’—/

RLV Boom )

| II. Locking Mechanism Engaged
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Fig.9 Functional principle of the proposed locking mechanism design

223 MPa
196 MPa
172 MPa
147 MPa
123 MPa
98 MPa
74 MPa
49 MPa
25 MPa
0 MPa

Fixed Supports

F,. = 300 kN

Fig. 10 Equivalent von Mises stress in locking mechanism design
under a 300 kN towing load (side view cross-section)

Table 2 Key mechanical properties of A12024-T6 alloy [30, 31]

Property Value
Yield strength 345 MPa
Modulus of elasticity 72.4 GPa
Poisson’s ratio 0.3
Density 2700 kg/m®

3.3 Locking actuators
To engage the locking mechanism, a set of four linear

actuators is used. Based on the geometry of the proposed
mechanism, they require a stroke of at least 80 mm, while

@ Springer

Side View

having a compressed length of less than 200 mm. Further-
more, full extension should be achieved in less than 0.5 s
to ensure rapid and effective deployment of the mechanism
[22]. Additionally, if the mechanism is to be released at the
end of the tow-back flight, the actuators need to supply suf-
ficient force to retract the wedges from between the RLV
boom and ACCD frame. However, the (300 kN) axial tow-
ing load exerted on the boom results in significant frictional
forces that need to be overcome during the release stroke.
Even when considering lubricated aluminum interfaces, the
required release force exceeds 10 kN, which is unfeasible
given the ACCD’s available SWaP budget.

Hence, a separate release system is proposed, shown in
Fig. 11. It uses two flanges, each mounted to one end of the
tether, and joined with a set of pyrotechnic fasteners. When
the charge inside these fasteners is initiated, the flanges are
separated, and the tether connection between the RLV and
TA is released. The loose tether end is reeled in by the TA,
while the ACCD remains attached to the nose of the RLV
during its landing—after which it can be disengaged on the
ground. The inclusion of this dedicated release system marks
an important milestone in the development of the ACCD,
as previous studies implicitly assumed the feasibility of a
combined docking-and-release mechanism.

Because of the separate release system, load requirements
for the locking actuators are drastically reduced. In order to
deploy a 286 g wedge within 0.5 s, they only need to sup-
ply an extension force of 0.55 N. Taking into account the



Designing an electromechanical capture system for in-air capturing of winged RLVs

Pyrotechnic Fasteners

Fig. 11 Schematic of the proposed pyrotechnic release system design
concept

geometrical constraints mentioned earlier, COTS solutions
can be found that meet all requirements. As a reference, the
LM1247-100-11 linear DC actuator developed by Faulhaber
is used to estimate the SWaP footprint of these actuators
[32].

3.4 Docking sensors

To monitor the RLV docking sequence, and activate the
locking mechanism, the proposed design includes three sets
of sensors, shown in Fig. 12. Four acoustic distance measur-
ing sensors (e.g., Baumer U300.D50-DPMJ.72N [33]) are
located at the entrance to the locking mechanism and detect
when the RLV boom is inserted. Arranged in a circular pat-
tern, their different distance measurements can be combined
to estimate the local boom thickness. Given the diverging-
converging geometry of the RLV boom’s tip, this can in turn
be converted into an estimation for the axial position of the
RLV with respect to the ACCD—priming the activation of
the locking mechanism.

Additionally, the compression of the energy-absorbing
assembly triggers the activation of a set of grooved photo-
electric sensors (e.g., Omron E3Z-G62 [34]). In turn, they

command the deployment of the locking mechanism. The
axial position of these sensors can be modified to config-
ure the exact timing of the trigger pulse, so that the locking
mechanism is only deployed when the RLV boom is suf-
ficiently inserted into the ACCD. Furthermore, the signal
from the photoelectric sensors is fused with the boom meas-
urements obtained by the acoustic sensors, to reduce the risk
of false positives. By doing so, an undesired or premature
deployment of the locking mechanism can be prevented in
case of faulty sensor readouts. Finally, the proposed COTS
locking actuators include analog Hall-effect sensors [32],
which monitor the deployment of the locking mechanism.
As the docking functionality of the ACCD is crucial for
in-air capturing to be successful, proper risk analysis and
mitigation are essential. Table 3 presents an overview of the
most critical failure modes during this operational phase,
and the corresponding mitigation strategies implemented in

Table 3 Overview of critical docking failure modes and correspond-
ing risk mitigation strategies

Failure mode Mitigation strategy

High relative velocity
between ACCD and
RLYV during docking

Integrated shock absorber can
accommodate relative velocities
up to 8 m/s; full-scale simulations
show velocity below 3.5 m/s [26]
Acoustic sensor fails Sensor redundancy (4X)
Acoustic sensors in- Two-step arm/fire mechanism:
correctly detect RLV

boom

locking actuators only activate
when photoelectric sensors are
also triggered

Photoelectric sensor Sensor redundancy (2X)
fails

Locking mechanism Low-complexity mechanism
jams design; appropriate lubrication
Improper docking Release mechanism doubles as
jeopardizes safety

of the TA

emergency release

| Hall-Effect Sensors

Grooved Photoelectric Sensors |

Detect compression of the energy-absorbing assembly

Monitor actuator deployment

|:| [ Acoustic Sensors

% Measure axial boom position

Fig. 12 Overview of the proposed sensor solution for monitoring the docking mechanism
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the proposed ACCD design. Notably, the fusion of three dis-
tinct types of docking sensors, and their corresponding data
diversity, significantly increase the robustness of the overall
system. Furthermore, the proposed sensor redundancy elimi-
nates single points of failure, greatly reducing the likelihood
of sensor-related failure modes.

4 Avionics and battery system

The overall SWaP footprint of the ACCD’s avionics and bat-
tery system is estimated based on reference COTS solutions,
such as the locking actuators identified in Sect. 3.3, or the
docking sensors described in Sect. 3.4. Apart from these
systems, the ACCD also requires control actuators, for which
an electromechanical design is proposed [22]. Additionally,
relative navigation between the ACCD and RLV during for-
mation flight is enabled by a combined GNSS/INS/VisNav
system [8]. For this, a set of twelve 1.5 W infrared beacons
are mounted along the ACCD’s guiding cone, while a sepa-
rate GNSS module is incorporated in the design. INS data
is obtained using gyroscopes and accelerometers integrated
into the vehicle’s on-board computer [22]. Finally, a radio-
frequency communication module is included, to allow the
transmission of telemetry to the TA, as well as the com-
munication of relative navigation data with the RLV. The
corresponding estimated mass and power footprints of all
avionics systems are listed in Table 4. Here, peak power
consumption is considered, in order to generate conservative
battery requirements. This compensates for any inaccuracies
caused by the simplified dimensioning of the power system
hereafter.

Preliminary dimensioning of the battery system is per-
formed by defining three operational modes for the ACCD’s
electronics: homing, towing, and release. Homing mode
starts with the deployment of the ACCD from the TA, and
ends with the successful capture of the RLV. It is estimated
to last no longer than 10 min while requiring all avionics to
be active. The ACCD is in fowing mode as long as the RLV

Table 4 Estimated mass and (peak) power footprints of essential avi-
onics systems

Subsystem Mass [kg] Power [W]
On-board computer 0.1 18
Communication module 0.1 6.6

GNSS module 0.1 1.5
VisNav beacons 0.6 18

Control actuators 34 816
Locking actuators 0.3 103.3
Acoustic sensors 0.1 4.2
Photoelectric sensors 0.1 1.9

is connected to the TA. Based on a reference tow-back flight,
from 4°59' 10" N, 46° 5' 6" W to the vicinity of the Guiana
Space Centre [26], the maximum duration of this mode is
estimated at 2 h 15 m—assuming a ground speed of at least
Mach 0.3 [22]. Finally, the release mode starts just before
the RLYV is released, and ends with its touchdown. Its dura-
tion is estimated at 10 min.

When the ACCD is in towing or release mode, not all
electronic systems need to be active. As shown in Table 5,
some systems are certainly required during these modes
(indicated with a ‘+’), while other systems still present some
uncertainty in terms of their power footprint (indicated with
a ‘=’). Analyzing the combined battery requirements for the
ACCD during each operational mode, this uncertainty is
translated into lower and upper power estimates.

Cumulative energy requirements for the ACCD are then
obtained by combining the estimated power footprints and
nominal durations of each operational mode. These result in
an energy requirement in the range of 240-625 Wh. Based
on this analysis, a preliminary battery system is proposed,
consisting of four 175 Wh lithium-ion batteries, which pro-
vide an energy margin of 12% compared to the upper power
estimates, and 192% compared to the lower ones. The mass
and volume of this system are estimated based on typical
175 Wh/kg and 450 Wh/l power densities for lithium-ion
technology [35, 36]. It results in a total battery mass of 4 kg,
with individual battery dimensions of 100x70x60 mm>.
Given that lithium-ion batteries can achieve power densi-
ties well above 250 W/kg [37], the peak power requirement
of 970 W during homing mode poses no problem.

The proposed mounting system for the batteries is shown
in Fig. 13, which interfaces with the structural frame of the
ACCD. This polyvalent and modular system allows for a
straightforward addition or removal of battery units, while
also being capable of accommodating other avionics, such
as the on-board computer. Furthermore, the axial position

Table5 Active (+) and potentially active (—) avionics during the
ACCD’s operational modes, and corresponding power consumption
estimates

Subsystem Homing Towing Release
On-board computer + + +
Communication module + + +
GNSS module + + +
VisNav beacons +

Control actuators + _
Locking actuators + — _
Acoustic sensors + + 4
Photoelectric sensors + + +
Total power (lower) [W] 969.5 322 322
Total power (upper) [W] 969.5 135.5 951.5
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175 Wh Batteries

Structural Frame

Fig. 13 Computer-aided design (CAD) model of the proposed battery
mounting system

of these mounts inside the ACCD can be adjusted, to aid in
obtaining a desired CoG position.

5 Design overview

By integrating the battery system and avionics into the
structural design of the ACCD, a comprehensive electro-
mechanical CAD model is obtained in CATIA. It includes a
preliminary estimation of fasteners, while considering man-
ufacturability and assembly procedures. A cutaway view of
the final model is shown in Fig. 14.

Most structural elements in this model are represented by
2700 kg/m> aluminum alloy—either A12024-T6 or A16061-
T3 [31]. Additionally, a 7800 kg/m> density is assumed
for the included steel fasteners, as well as for the spring

Fig. 14 Cutaway view of the integrated CAD model of the proposed
ACCD design

elements inside the guiding cone. For COTS solutions, such
as the industrial shock absorber, available technical data is
used to model the component as a homogeneous volume
with the same total mass [38].

5.1 Mass and stress breakdown

The CAD model is then used to estimate the ACCD’s total
mass, which is broken down per subassembly in Table 6.
The total functional vehicle mass amounts to 159.14 kg, of
which the wings constitute 43%. Additionally, the body shell
and guiding cone contribute significantly to the total vehicle
mass, with the latter being over-dimensioned to offer a safety
margin for the uncertainty concerning its structural strength.

The breakdown also includes the overall yield safety fac-
tor of each analyzed assembly, resulting in a total safety
factor of 1.51. The tether attachment, tether joint, load-
bearing frame and locking mechanism were analyzed using
the 300 kN axial design load derived in Sect. 2. A uniform
15 kN aerodynamic load was applied to the wing structures,
corresponding to the extreme scenario of a 90° AoA in a
200 m/s airflow, at an altitude of 1000 m. Finally, a 30 kN
compressive load was used to model the docking impact
on the energy-absorbing assembly, based on the industrial
shock absorber’s technical data [38]. No structural analysis
was performed on the guiding cone, body shell, avionics, or
battery system.

5.2 Centre of gravity

Combining the estimated mass of each subassembly with
their axial position inside the ACCD, the location of the
vehicle’s overall CoG is further estimated. A uniform den-
sity is assumed for individual components, while their CoG
positions are calculated with CATIA. The overall CoG
is then computed as a weighted average of the individual
CoG contributions. A breakdown of these contributions g

Table 6 Mass and stress breakdown of the proposed ACCD design

Assembly Mass [kg] SF [-]
Tether attachment 5.944 1.55
Tether joint 1.371 1.81
Load-bearing frame 15.696 1.51
Wing structures 68.396 1.57
Energy-absorbing assembly 8.463 1.56
Locking mechanism 9.827 1.55
Guiding cone 21.789 N/A
Body shell 21.872 N/A
Avionics and batteries 5.783 N/A
Trim mass 16.300 N/A
Total 175.440 1.51
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Table 7 Centre of gravity (CoG) breakdown of the proposed ACCD
design

Assembly CoG [m] q [%]
Tether attachment 0.17 0.6
Tether joint 0.05 0.0
Load-bearing frame 0.93 8.3
Wing structures 1.02 39.8
Energy-absorbing assembly 0.48 2.3
Locking mechanism 1.40 7.8
Guiding cone 1.82 22.6
Body shell 1.11 13.8
Avionics and batteries 0.56 1.8
Trim mass 0.30 2.8
Total 1.00 100.0
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Fig. 15 Visualization of the masses and CoGs of the different subas-
semblies included in the proposed ACCD design

is shown in Table 7—grouped per subassembly. They are
calculated with Eq. 6, where ¢; and m; are the axial CoG
distance and mass of the individual subassembly, while m
and e are the total mass and axial CoG distance of the over-
all vehicle—where CoG distances are measured from the
ACCD’s nose. Figure 15 further visualizes the individual
CoGs and mass contributions of the different subassemblies
in the ACCD design.

_eem
q_

(6)

e-m

This breakdown reveals that the ACCD’s wings and guiding
cone are the main contributors to its overall CoG. The for-
mer is driven by the wing’s significant structural mass, while
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the latter is a result of the aft location of the guiding cone—
in combination with its substantial mass. Although the vehi-
cle’s batteries, energy-absorbing assembly, and tether attach-
ment are positioned as much towards the ACCD’s nose as
possible, they are not capable of fully compensating for this
effect. As a result, the total functional mass of the ACCD has
a CoG located 1.08 m behind its nose. Because this conflicts
with the maneuverability requirement defined in Sect. 2, an
additional trim mass is needed. It can realistically be posi-
tioned as close as 0.3 m behind the ACCD’s nose, and must
be at least 16.3 kg for the vehicle’s overall CoG position to
be within the allowable range. A similar need for a trim mass
was also identified in previous studies [13].

5.3 Comparison with previous studies

Comparing the proposed ACCD design with the most
recent design iteration performed by Heide, Atanassov, and
Stappert [13—15], this study reveals a number of essential
changes. The previous design had a total functional mass of
123.9 kg, and a CoG positioned 1.04 m behind the vehicle’s
nose, requiring an additional 7.6 kg trim mass to attain a
1 m CoG position [22]. Looking at the current study, the
ACCD’s functional mass has increased by 28.4%. This can
be understood by the fact that all design loads have sig-
nificantly increased compared to previous studies—with as
much as 72%. Additionally, the design’s safety factor has
significantly grown from 1.19 to 1.51 [22].

Because the new design has a higher functional mass,
with a further aft-located CoG, a larger trim mass is
required. As a result, the total mass estimate for the ACCD
has increased by 33% compared to the reference design by
Heide et al. These updated mass estimates are important
inputs for future studies, in order to represent the behavior
of the ACCD more accurately during formation flight, tow-
back, and release.

6 Conclusion

To radically increase access to space, the in-air capturing
technique proposes to recover the first stage of a reusable
launch vehicle (RLV) by capturing it in mid-air with a tow-
ing aircraft (TA), and towing it back to the vicinity of a
landing site, where it is released. Central to this technique
is the so-called aerodynamically controlled capturing device
(ACCD), which is deployed from the TA using a tether, and
is responsible for docking, towing, and releasing the RLV.
In this paper, a comprehensive design space exploration for
such an ACCD was performed, with the aim of addressing
knowledge gaps concerning its electromechanical design.
For this, a two-dimensional steady-state towing
model was developed as a surrogate for a more complex,
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time-consuming alternative. The model captures the behav-
ior of the ACCD while being towed by the TA, and poten-
tially docked to the RLV. Studies performed with the model
concerning the operational range of the ACCD showed that
its centre of gravity (CoG) has a substantial impact on its
towed position relative to the TA. To avoid the disturbing
wake zone behind the TA, while maintaining sufficient room
for maneuvering and control surplus, the ACCD’s CoG
should be located no more than 1 m behind its nose. Addi-
tionally, sensitivity studies during the tow-back phase show
that peak towing loads can be significantly higher than pre-
vious estimates assumed. Based on these studies, a 300 kN
axial design load is defined—representing a 72% increase.
While this value is a deliberate overestimation of steady-
state conditions to account for omitted dynamic effects,
future studies should verify how representative this design
load is for actual peak dynamic loads.

Based on the target CoG and structural requirements,
a preliminary electromechanical design for the ACCD is
proposed. It includes the design of a diverging-converging
RLV boom, which is received by a conical guiding cone at
the ACCD’s aft, and which is subsequently captured by an
electromechanically actuated locking mechanism. A finite
element analysis of this mechanism demonstrates the struc-
tural feasibility of this design, which achieves a safety factor
of 1.55. Additionally, a study into the required performance
of the locking actuators reveals that a combined docking-
and-release mechanism is unfeasible, due to the presence of
significant towing-induced friction at the contact interfaces.
Instead, a separate release system is proposed, which relies
on pyrotechnic fasteners to sever the towing connection
between the TA and RLV.

To obtain size, weight, and power (SWaP) estimates
for the ACCD’s main avionics, commercial-off-the-
shelf (COTS) solutions were used as a reference. Three
operational modes were defined, from which overall power
and energy requirements for the battery system were derived.
These show that a system combining four 175 Wh lithium-
ion batteries provides a 1.12 safety margin compared to the
most conservative estimates. Additionally, the proposed
mechanical integration of the battery system allows for scal-
ability and modularity, tailored to the ACCD’s energy needs.

Finally, an analysis of the ACCD’s inertial properties
was performed using a comprehensive computer-aided
design (CAD) model. This results in a total functional
mass estimate of 159.14 kg—representing a 28.4% increase
compared to a reference mechanical design performed
previously. Additionally, an analysis of the ACCD’s CoG
revealed the need for an additional 16.3 kg forward trim
mass to meet the required target position. Compared to the
reference design, this amounts to a 114% increase. Based
on a breakdown of separate CoG contributions, the wings
and guiding cone were observed to have the largest impact

on the aft-located CoG. As such, future studies aiming to
remove the need for a trim mass should reduce the mass of
these assemblies first.

Going forward, it is highly recommended to perform
physical prototyping of (parts of) the proposed ACCD
design. This would generate invaluable insight into the
behavior of this highly unique vehicle, while providing both
quantitative and qualitative proof of its feasibility, reliability,
and robustness. Based on experimental results for the rela-
tive navigation system, power system, docking mechanism,
and overall towing system, conservative estimates and mar-
gins proposed in this work can then be relaxed. Conversely,
it will also reveal where present analyses have not been con-
servative enough, and which subsystems need to be further
improved. Doing so will greatly advance the technology
readiness level of the ACCD in specific, and in-air capturing
in general, supporting the push towards reusability across the
European launcher industry.
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