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Abstract

This paper presents the Cable-Actuated Bio-inspired Lightweight Elastic Solar Sail (CABLESSail) concept that will
enable robust, precise, and scalable attitude control of solar sails. This concept leverages lightweight cable-driven
actuation to achieve large, controllable elastic bending and torsional deformations in the booms of a solar sail that
mimic the motion of an elephant’s trunk or a starfish’s arms. These large cable-driven boom deformations modulate
the shape of the entire sail to create an imbalance of SRP to induce control torques in all three solar sail axes. This
actuation method scales well with an increase in solar sail size, as cables can transmit forces over kilometers in length
from a lightweight and small stowed volume. This paper highlights early work on the CABLESSail concept, focusing
on initial research efforts on its design, analysis, modeling, and prototyping.
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1. Introduction

Through the use of solar radiation pressure (SRP)-
based propulsion, solar sails offer unique mission capa-
bilities, including orbits outside of the ecliptic plane [1—-
3], statites that “hover” in a fixed location [4], and in-
terstellar travel [5-7]. Solar sail technology has ad-
vanced in recent years, and it is now possible to fab-
ricate and deploy sails with areas of 10-100 m? (e.g.,
LightSail 2 [8] and NEA Scout [9]), with the likelihood
that this will increase up to 7,000 m? or even larger in
the coming years and decades (e.g., Solar Cruiser [3]
and Solar Polar Imager [1, 2]). An unsolved challenge
in the design of solar sails is ensuring its attitude and
momentum can be controlled accurately and reliably us-
ing technology that scales up to the size of these large,
next generation solar sails [10].

State-of-the-art solar sail attitude control methods
can be sorted into three main categories: Conven-
tional spacecraft attitude control methods (e.g., reaction
wheels in the spacecraft hub [11, 12] and tip-mounted
thrusters [13]), methods that control the offset between
the solar sail’s center of mass and center of pressure
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(e.g., sliding masses [13-19], shifted sails [20], bil-
lowed sails [21], variable reflectivity panels [22-25],
and gimbaled ballast masses [26]), and those that use
control vanes [27-31] or angled sails [32, 33].

Control methods in the first category are effective
with smaller sails and relatively simple to operate, but
are typically not scalable to larger solar sail designs.
Methods in the second category are promising and have
been incorporated into solar sail designs (e.g., Solar
Cruiser uses Reflectivity Control Devices (RCDs) and
an active mass translator (AMT) system [3]). How-
ever, some of them, such as sliding and gimbaled bal-
last masses, are difficult to scale up to larger sails, as
they involve adding substantial mass to the design. Ad-
ditionally, many methods within this category are inca-
pable of generating control torques out of the plane of
the sail (roll axis). Variable reflectivity panels, such as
RCDs, can generate torques about the roll axis through
a reflectivity gradient in the panel or a mounting offset
from the normal axis of the sail, although this torque
can be small in magnitude. Control methods in the third
category, including control vanes, are typically capable
of generating three-axis control torques, but also have
limited torque capabilities due to their relatively small
controllable area. For this reason, control vanes are of-
ten placed as far outwards on the sail as possible to in-
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crease the torque they produce, which complicates the
design of the system, specifically the storage and de-
ployment of the sail, as well as the method of power-
ing/controlling the vanes. Scaling up control vanes to
larger solar sails is challenging, as larger control torques
require vanes with larger mass and volume. A recently-
proposed concept makes use of the entire solar sail as
a control vane, where piezoelectric actuators are used
to bend flexible booms and cause the sail to deflect,
thus inducing a control torque through an imbalance in
SRP [32, 33]. This technique has great potential in gen-
erating larger torques, as the entire sail is used an actu-
ator; however, the use of piezoelectric actuation of the
booms severely limits the deflections and yields small
control torques.

The idea of using the entire solar sail as a control vane
inspired the Cable-Actuated Bio-inspired Lightweight
Elastic Solar Sail (CABLESSail) concept proposed in
this paper. CABLESSail leverages lightweight cable-
driven actuation to achieve large, controllable elastic
bending and torsional deformations in the booms of a
solar sail that mimic the motion of an elephant’s trunk
or a starfish’s arms. These large cable-driven boom de-
formations, which are actuated using winches located
near the solar sail’s center of mass, will modulate the
shape of the entire sail to act as a “control vane” and cre-
ate an imbalance of SRP to induce control torques in all
three solar sail axes. This actuation method scales well
with an increase in solar sail size, as cables can transmit
forces over kilometers in length from a lightweight and
small stowed volume.

This paper highlights early work on the CABLESSail
concept, focusing on 1) an initial conceptual design with
preliminary analysis of the actuation requirements and
magnitude of attitude control torques generated; 2) ini-
tial dynamic simulation development efforts to capture
CABLESSail’s structural dynamics and provide an en-
vironment in which to test the concept; 3) early proto-
typing results demonstrating the real-world feasibility
of the proposed actuation mechanisms; and 4) plans for
the control and estimation algorithms to be used to reli-
ably actuate the cable-actuated mechanisms.

The remainder of this paper proceeds as follows. Sec-
tion 2 provides a detailed overview of the CABLESSail
concept and preliminary aspects of its design. Section 3
presents initial development of a CABLESSail dynamic
simulation. Early prototyping results are highlighted in
Section 4, followed by a discussion on CABLESSail’s
control and estimation challenges in Section 5. Con-
cluding remarks are provided in Section 6.
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Figure 1: Schematic of the CABLESSail concept.

2. CABLESSail Concept Overview

This section presents an overview of the CABLES-
Sail concept, followed by design options under consid-
eration, and preliminary design evaluations using static
simulations.

2.1. Concept of Operations

The CABLESSail concept is centered around the
incorporation of cables/tendons routed throughout the
booms of a solar sail, as shown in Figure 1. The ca-
bles are routed such that they pass through eyelets that
are a distance from the boom’s neutral axis, and thus, as
the tension in the cable is increased and its length is re-
duced, bending or twisting of the boom is induced. Due
to the unilateral force transmission of cables, a single
cable provides bending or twisting actuation in a sin-
gle direction (e.g., bending in the positive _b) 2 direction
shown in Figure 1, but not in the negative i}) 2 direction).
Bending is specifically achieved by routing the cable in
a relatively straight line on one side of the boom, while
twisting requires the cables to be routed helically about
the boom. This type of cable-actuation mechanism is in-
spired by work in the area of bio-inspired cable-driven
continuum robotics (also known as soft robotics) with
applications ranging from surgical tasks [34] to ground-
based locomotion [35, 36], and the manipulation of rel-
atively small objects [36, 37].

The concept of operations in which CABLESSail in-
duces attitude control through shape modulation is de-
picted in Figure 2. An idealized solar sail with four
booms is shown in Figure 2(a), where photons are
shown to bounce off the reflective sail surface with an
incidence angle and transfer momentum to the sail in
the form of solar radiation pressure. Figure 2(b) illus-
trates the effect of pulling on the appropriate cables to
induce bending in the booms aligned in the _b> U (pitch)
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Figure 2: Schematic depicting CABLESSail’s concept of operations, where the red dashed arrows denote the direction in which the photons bounce
off the sail and the blue arrows denote the transfer of momentum imparted on the sail due to the photons. The undeformed sail is presented in (a).
The schematic in (b) demonstrates the effect of bending the booms and sail about the yaw axis to create a smaller incidence angle on one half of
the sail and a larger incidence angle on the other half of the sail, which leads to an imbalance in solar radiation pressure and a positive yaw torque.
A similar effect is shown in (c), where the booms are bent in the opposite direction, resulting in a negative yaw torque. The booms are twisted in
(d), which leads the sail to take on a “pinwheel” shape and induces a roll torque.

direction. This causes the shape of the sail to change
such that the sun incidence angle on one side decreases,
thus increasing the transfer of momentum from the pho-
tons, while the sun incidence angle of the other side of
the sail increases, which decreases the transfer of mo-
mentum. This results in a net torque in the positive _b> 3

(yaw) direction. Pulling on different cables that bend
the booms in the opposite direction will induce a torque
in the negative i?) 3 direction, as shown in Figure 2(c).
This approach can also be used to induce positive and
negative torques in the _b) ! (pitch) direction by bending

the booms aligned with the _b) 3 (yaw) axis. Figure 2(d)
illustrates the effect of pulling on the cables that induce
a twist in all of the booms. This results in the sail tak-
ing on a pinwheel-like shape and a torque about the _b) 2
(roll) axis is generated. Note that this pinwheel shape
relies on the use of spreaders at the tips of the booms
to induce a slope in the sail shape outside of the _b) I i?) 3
plane. This is a potential limitation of the CABLES-
Sail design to generate roll torques, as not all solar sail
designs are accommodating of tip-mounted spreaders.

2.2. Design Considerations

A central question in the design of CABLESSail is
determining how to integrate the actuating cables within
a deployable solar sail boom. Current work towards this
is focused on assessing the possibility of integrating ca-
bles within the TRAC booms currently under develop-
ment for Solar Cruiser [38], NASA Langley’s ACS3 de-
ployable booms [39], and coilable boom concepts pre-
viously developed by ATK Space Systems [40].

Another important CABLESSail design question is
determining the ideal number of actuating cables. For
full control over the bending and twisting of each boom
in both the positive and negative directions, a total of
six cables are required per boom: one cable to bend in
the positive direction, one cable to bend in the negative
direction, two helically-routed cables to twist in the pos-
itive direction and two helically-routed cables to twist in
the negative direction. This results in a total of 24 cables
actuated by motors to fully actuate all of CABLESSail’s
booms, which will require substantial mass and volume,
while also introducing a large amount of system com-
plexity. Fortunately, attitude control torques can be gen-



erated without requiring all booms to be fully actuated.
For example, pitch and yaw torques can be generated
by only bending one of the booms, rather than two, al-
beit with a smaller torque magnitude. This can reduce
the need for two “boom-bending” cables in each boom
down to one. The downside of this is a reduction in
actuation redundancy, which will make the system sus-
ceptible to failures in any single actuating cable. A trade
study is currently being conducted to quantify the trade-
offs between actuator size, weight, and power (SWaP),
attitude control torque magnitude, and actuation redun-
dancy to provide guidelines on this design choice.

2.3. Preliminary Design and Static Simulation Tests

A preliminary CABLESSail design is developed for
a Solar Cruiser-class sail focusing on the use of cable
actuation to induce bending of the booms. For this ini-
tial design and analysis, tubular cross-section booms are
considered that have a similar carbon fiber material and
second moment of area to the proposed Solar Cruiser
TRAC booms. Disks placed along the length of the
booms are designed to route the cables 7.5 cm from the
neutral axis of the booms. The booms are discretized
into elements and their deformation as a function of
the tension applied to the cables is computed using the
tendon-driven continuum robot static modeling code de-
veloped by the University of Toronto [41]. The defor-
mations of the discretized boom elements are then used
to determine the boundary conditions of the surround-
ing sail quadrants. As part of this preliminary simula-
tion, a two-dimensional representation of the sail as a
flat plate between boundary conditions is used. The sail
is discretized into a number of panels and the normal
direction of each panel is determined to compute the lo-
cal sun-incidence angle (SIA) of each panel. The ideal-
ized SRP model in [42] is used to compute the force on
each sail panel, which is then used to determine the total
force and moment acting on the solar sail by summing
up the forces and moments acting across all sail panels.

The resulting torques generated by actuating a sin-
gle cable/boom at 0 deg. SIA and 35 deg. SIA is
shown in Figure 3 along with the minimum torque re-
quirements provided by NASA to counteract the pre-
dicted disturbance torques [43]. As shown in Figure 3,
the torques generated by actuating the cable exceed the
Solar Cruiser disturbance torque requirements with less
than a 7 mm change in length of the actuating cable. The
maximum cable tension required for the largest boom
deformation is 63 N. Figure 3(c) also includes a visual-
ization of the boom deformation at the maximum cable
tension, where the boom tip is displaced 0.71 m.
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Figure 3: Results from a preliminary static simulation of the pitch and
yaw control torques generated by the bending of one of CABLES-
Sail’s booms. The control torques generated as a function of cable
actuation length at O deg. and 35 deg. sun-incidence angles (SIAs)
are included in (a) and (b), respectively. The boom deformation at the
maximum cable actuation length is shown in (c), where the SRP force
vector at each sail node for 0 deg. SIA is included.

The preliminary design features eight stepper motors
(Avior C62S-10N75-20) that are capable of providing
more than the required 63 N of cable tension with a
reasonably-sized winch drum. The motors are equipped
with a mechanical brake capable of holding the winch at
the desired angle when the boom is to be held in place,
which reduces the power draw of the system. The total
mass estimate of the CABLESSail actuation hardware
is 3.1 kg, of which 1.6 kg is attributed to the motors, the
actuating cables have a mass of 1 kg, and the support-
ing hardware (e.g., eyelets along the booms, nuts and
bolts) and electronics make up the remaining 0.5 kg. In
this first design iteration, the actuation mechanism is de-



signed to fit within 25 cm x 25 cm x 10 cm volume. This
volume will likely be reduced in future iterations.

3. CABLESSail Dynamic Modeling

A dynamic model of the entire CABLESSail system
is derived through the null-space method [44, 45], a
modular dynamic modeling technique for multi-body
systems with constraints. This method allows for an ar-
bitrary number of actuating cables to be kinematically
constrained to the flexible booms with arbitrary cable
routings, as well as constrain the flexible booms to the
bus and sail of the spacecraft. This modularity in the
dynamic model and numerical simulation allows for a
large design space to be tested without requiring the
system’s equations of motion to re-derived with each
design change. An overview of the null-space method
is first presented, followed by a description of how the
null-space method is used to structure the CABLESSail
dynamic simulation code, and initial simulation results.

3.1. Null-Space Method Overview

The equations of motion of the i component of the
system (e.g., rigid spacecraft hub, flexible boom) are de-
rived as

M;(q)q; + Di(q)q; + Ki(q)q; = £ + fron,(q:, q:), (1)

where q; contains the generalized coordinates of the i

component (e.g., position, attitude, elastic coordinates),
Mi(q;) is the mass matrix, D;(q;) is the damping matrix,
Ki(q;) is the stiffness matrix, f; contains the generalized
forces and moments, and f,,,,(q;, q;) contains nonlin-
ear forces. The equations of motion in Eq. (1) can be
derived using any methodology, such as a Langrange’s
equations, Kane’s equations, or a Newton-Euler ap-
proach.

The kinematic constraints that must be maintained by
the system’s components are written out in Pfaffian form
as E(q)q = 0, where q = [qI qHT and E(q) =
[E(ql) E(qn)]. Examples of relevant kinematic
constraints include the velocity of a point on one body
matching the velocity of a point on another body, as well
as the angular velocity of two bodies matching.

The constrained equations of motion are written as

M +Kq=f+fo,+E'4, (2)

where A is a Lagrange multiplier that maintains the con-
straints specified by E(q)q = 0, M = diag{M,, ..., M, },
D = diag{Dy,...,D,}, K = diag{Kj,...,K,}, and the
arguments of the terms in Eq. (2) are omitted for brevity.
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Figure 4: Block diagram of the proposed CABLESSail dynamic sim-
ulation code environment.

A set of independent coordinates q is then chosen.
For a system composed of rigid and flexible bodies, this
is typically q = [l"T ' qZ]T, where I is the ve-
locity of the rigid body, w is the angular velocity of
the rigid body, and . are elastic coordinate rates that
describe the system’s flexibility. A mapping from de-
pendent to independent coordinates is then defined as
q = Y{. Notice that EY = 0 (i.e., E and ( are or-
thogonal complements) by substituting ¢ = Yq into the
constraint Z(q)q = 0. The independent coordinates are
then substituting into the constrained equations of mo-
tion of Eq. (2) using ¢ = Y and § = (q + Yq. The
resulting equation is then premultiplied by YT to yield

YTMY G+ Y'DY g+ Y Kq
N—— N——

. 0
= AT+ (foon — M) +¥FETL (3)
—~ —
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After the removal of the Lagrange multipliers, Eq. (3) is
rewritten as

M(_] + K(_] =f+ I.nom

which represents the system’s constrained equations of
motion without Lagrange multipliers.

3.2. CABLESSail Dynamic Simulation Code Structure

Within the context of the CABLESSail simulation
code, the null-space method outlined in Section 3.1
serves as a way to create code that is modular and easily
amenable to design changes and the evaluation of differ-
ent modeling choices. A block diagram of the proposed
CABLESSail dynamic simulation code is shown in Fig-
ure 4, where its modularity and use of the null-space
method are displayed. The code is structured so that a
library of component equations of motion is available,
which may even include different fidelity models for the
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Figure 5: A screenshot of an animation from the preliminary CAB-
LESSail dynamic simulation code.

same component. Another portion of the code is dedi-
cated to selecting the relevant components that are to
be incorporated into the simulation and also define the
relevant kinematic mapping from dependent to indepen-
dent coordinates ¢ = Y'q. The null-space method is then
used to constrain the components together, resulting in
nonlinear equations of motion that can be numerically
simulated in feedback with the desired stated estimation
and control strategies. The versatility and modularity of
the null-space method allows for drastic changes in the
system configuration to be implemented in the simula-
tion by only changing the components that are selected
and defining the new mapping ¢ = Yq.

3.3. Preliminary CABLESSail Simulation Results

A preliminary version of the CABLESSail simulation
code is in development, with an initial focus on model-
ing the elastic bending of the booms with cable-driven
actuation. An animation image from this simulation is
shown in Figure 5. The solar sail structure included in
this simulation is representative of a CABLESSail ge-
ometry that is analogous to the dimensions of Solar Po-
lar Imager with a free response to elastic deformations.
This simulation allows for the dynamic behavior of CA-
BLESSail’s cable-actuated booms to be evaluated.

A complete three-dimensional CABLESSail simula-
tion with a sail model inspired by [46] will be the focus
of future development of this simulation code.

4. CABLESSail Prototyping

Small-scale prototyping will play an important role in
the development and analysis of the CABLESSail con-
cept. Specifically, aspects of the design that are difficult
to model or simply cannot be modeled in the simulation

Figure 6: A preliminary CABLESSail prototype that tests the bend-
ing motion of a single small-scale cable-actuated boom. A test with
constant tension applied to the cables is shown, along with a close-up
view of the winch mechanism and the 3D-printed cable-routing disks
that the cables pass through.

will be tested through the evaluation of small-scale pro-
totypes. This will include friction between components,
deployment of the booms, as well as realistic noise and
delays in sensing and actuation.

The remainder of this section presents work towards
an initial prototype testbed, as well as plans for future
prototype fabrication and testing.

4.1. Preliminary Prototype Development

A preliminary prototype of a single CABLESSail
boom with two actuating cables used to induce bend-
ing in the boom is shown in Figure 6. This proto-
type uses a polycarbonate boom with 3D-printed cable-
routing disks along the boom. The cables are actuated
by ODrive BLDC motors operated in position mode.

This preliminary prototype demonstrates the ability
to generate large boom deformations using cable actu-
ation. It also provides a framework that can be used to
fabricate more advanced CABLESSail prototypes with
more realistic deployable solar sail boom geometries.

4.2. Planned Future Prototypes

Additional CABLESSail prototypes will be built to
guide and assess important design choices. The first
set of prototypes will focus on investigating the inte-
gration of the actuating cables within deployable solar
sail boom designs. Similar to the preliminary prototype
discussed in Section 4.1, this will involve a single boom
and test different cable routing and integration options.



A four-boom small-scale prototype will also be fabri-
cated to test the ability to perform controlled deforma-
tion of the booms with real sensors and actuators. A
motion-capture system will be used with the prototypes
to provide ground-truth data of the boom deflections and
assist with model validation, as well as the assessment
of our proposed control and estimation algorithms.

5. CABLESSail Control and State Estimation

Successful operation of CABLESSail will rely on
carefully controlled deformation of its flexible booms
using actuated cables. Ensuring robustness and reliabil-
ity of this actuation in the presence of CABLESSail’s
complex, nonlinear elastic dynamics will require an on-
board autonomous feedback control strategy. Moreover,
cables only transmit forces in tension and significant
hardware issues can occur if a cable goes slack unin-
tentionally. CABLESSail’s feedback control strategy
will need to account for these challenges, which will
likely take inspiration from robust control methods de-
veloped for cable-driven robotic systems [47, 48]. Ac-
curate knowledge of the state of the solar sail booms
(e.g., its deformed shape) is required to actively control
the motion of the booms. This state estimation problem
is challenging, due to the nonlinear elastic deformation
of the booms and vibrations in the actuating cables. Dif-
ferent strategies may be employed to solve this prob-
lem, ranging from fusing cable length measurements
with IMU measurements [49-51] to the use of fiber op-
tic shape sensing [52]. Feedback control and state esti-
mation will be a central focus of future research efforts,
as they are essential to performing precise, controlled
deformations of the CABLESSail booms.

6. Conclusions and Future Work

The work in this paper has set the stage for the devel-
opment of the CABLESSail concept. Preliminary static
simulations results showed that sufficiently large atti-
tude control torques can be generated to cancel out the
disturbance torques expected for large next-generation
solar sails based on the parameters of Solar Cruiser.
Initial progress towards developing a modular dynamic
simulation and small-scale prototypes of CABLESSail
were described, along with an outline of challenges to
be addressed in the areas of control and state estimation.

Future work will focus on developing CABLESSail’s
dynamic simulation code and assessing design options
through numerical simulations and prototypes. The dy-
namic simulation code developed as part of this effort

will be publicly released to allows for others in the com-
munity to make use of this resource.
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