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Abstract

Lightweight deployable space webs have been proposed as platforms or frames
for a construction of structures in space where centrifugal forces enable de-
ployment and stabilization. The Suaineadh project was aimed to deploy a
2×2 m2 space web by centrifugal forces in milli-gravity conditions and act as
a test bed for the space web technology. Data from former sounding rocket
experiments, ground tests and simulations were used to design the structure,
folding pattern and control parameters. A developed control law and a re-
action wheel were used to control the deployment. After ejection from the
rocket, the web was deployed but entanglements occurred since the web did
not start to deploy at the specified angular velocity. The deployment dynam-
ics was reconstructed from the information recorded in inertial measurement
units and cameras. The nonlinear torque of the motor used to drive the
reaction wheel was calculated from the results. Simulations show that if the
Suaineadh started to deploy at the specified angular velocity, the web would
most likely have been deployed and stabilized in space by the motor, reaction
wheel and controller used in the experiment.
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1. Introduction

Structurally flexible deployable space structures are studied due to their
light weights and high packaging ratios. A space web is a flexible structure
tensioned by thrusters or by centrifugal forces in a spinning assembly. These
webs can act as lightweight platforms for construction of large structures
in space [1–3]. The idea of using space webs originates from the Japanese
“Furoshiki Satellite” [4–8], a large membrane structure. In a previous sound-
ing rocket experiment, three corner satellites were released radially by sepa-
ration springs from the center satellite. Thrust control was applied to prevent
recoiling. However, the web entangled due to out-of-plane motions or end of
deployment shocks. A more reliable control deployment is desirable [9–12].

Centrifugal deployment is a feasible technique to construct large struc-
tures in space. The attitude and the shape are controlled by corner satellites
using centrifugal forces by rotating the central satellite. Centrifugal deploy-
ment has been widely studied since the 1960s [13]. For example, simple
control methods are used to obtain a stable deployment [9], geometrical stiff-
ness can be induced by centrifugal forces for lightweight, flexible material
without requiring stiff members to maintain their shapes [14], possible lower
cost thanks to no rigid frame, and ideally reliable automatic deployment in
orbit with low power consumption [15]. Spin stabilization is one of several
strategies for space webs. The rotational inertia dominating in the plane of
the spinning satellite keeps the out-of-plane motions of the web small.

In the past years there have been attempts at launching lightweight solar-
sails. IKAROS [16], the world’s first successful solar sail, was deployed by
centrifugal forces. The main hardware components were the electrically con-
trolled panels, central mechanism deployment module and sails. Normally,
the centrifugal force deployment of a space web could be split into two steps
[3, 16–18]: in the first step, booms or panels are extended slowly and quasi-
statically controlled by guide rollers or other mechanisms; in the second step,
the web is extended to a final flat shape by the centrifugal force. However,
rollers or other extending mechanisms may take up too much space for small
deployable structures. A one-step deployment method was thus identified as
a possible choice for future web deployment without complicate extending
mechanisms [11, 12, 19]. This method can also be used as a backup when
sails or webs fail to deploy by roller mechanisms or stored strain energy.
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Therefore, it is important for future spinning webs to establish a feasible
technique for a one-step deployment.

The difficulties in deployment control in space are web recoiling and en-
tanglement. To reduce the risk of entanglement, an adequate choice of folding
pattern and a proper control of deployment speed of the web are required
[10]. A star-like folding patterns is a promising candidate for centrifugal force
deployment. Experiments are required to verify the viability of the proposed
folding and deployment. However, the zero-g condition in space is difficult
to simulate on ground tests for large scale web deployment [3, 20]. Compu-
tational simulations, e.g., the finite element method [11, 21], multi-particle
models [19, 22] and analytical methods [9, 11, 12, 23] have been used to an-
alyze the dynamics of centrifugal force deployment. Ground scaled model
experiments [20, 22] are also used to compare with simulations. However,
near zero-g experiments are still required to validate the one-step deploy-
ment by centrifugal forces.

A team from the University of Strathclyde (Glasgow, UK), the University
of Glasgow (Glasgow, UK), KTH Royal Institute of Technology (Stockholm,
Sweden) was formed in 2010 to deploy a space web, the Suaineadh exper-
iment, in milli-gravity conditions as a test bed of the one-step deployment
concept. It was supported by the Advanced Concepts Team of the European
Space Agency (ACT/ESA), the Swedish National Space Board (SNSB), the
German Space Agency (DLR) and the Swedish Space Corporation (SSC)
through the Rocket Experiments for University Students (REXUS) pro-
gramme. The aims of the experiment were to deploy and stabilize a space
web by means of the centrifugal forces acting on the spinning assembly. The
design of the mechanical, communication and electrical systems and some
lessons learned from the project are described in [24–26].

Suaineadh was ejected from the nosecone of the REXUS-12 sounding
rocket and was able to use 140 seconds of weightlessness by flying in a
parabolic trajectory. Four small daughter sections were attached to four
corners of a square web, Fig. 1, and released from the initial folding state
from the central hub. An active control method was used by a reaction
wheel with the feedback from an inertial measurement unit (IMU) in the
center hub. Four other IMUs were installed in daughter sections in order
to provide information of the motion. Operational data were accumulated
visually via cameras and on-board sensors. Suaineadh was deployed at an
altitude of approximate 80 km in March 2012. Unfortunately, it could not be
located after the impact, but was luckily found by chance almost 18 months
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later in September 2013, close to the predicted position in the impact zone.
All data could be recovered from the on-board memory.

The objective of this paper is to analyze the result from the Suaineadh ex-
periment and evaluate if the simple control law was effective. Various effects,
like the web coiling direction and angular velocities, are discussed. Numeri-
cal model, previously used in the design, was also used for results analysis.
It is emphasized that the reconstruction of the deployment dynamics is done
with the limited information provided by the IMUs and the onboard cam-
eras. Results are extracted from video footage as the IMU fixed to the central
hub did not work during launch and the moment of inertia of the hub was
not measured due to budget and time constrints. We hope that our lessons
reported here could provide useful information for future similar projects.

The remainder of this paper is outlined as follows. In Sec. 2, an overview
of the Suaineadh experiment design is presented. Section 3 describes the
analytical model for the web satellite. In Sec. 4, experiment and simulation
results are presented and discussed. In Sec. 5, conclusions of the experiment
are presented.

central hub

daughter
sections

daughter
sections

cameras

1

2

3

4
Fig. 1 Central hub and daughters (CHAD) with attached web at the launch
campaign.

2. Experiment Design

The Suaineadh experiment could be divided into two distinct parts: (i)
the central hub and (ii) the web with four corner daughter sections, Fig. 1.
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The central hub was responsible for controlling the deployment, stabilizing
the web deployment and recording measurements. Four cameras on the cen-
tral hub were used to record the web deployment and stabilization phases.
The space web was folded around the central hub in a star folding pattern
[12] and deployed by centrifugal forces acting on the attached daughters.

2.1. Space web

In the beginning of the project, the web was supposed to be a non-
permeable membrane. But the residual atmospheric drag at the ejection
altitude would cause the membrane to fold out-of-plane according to finite
element simulations. A membrane or even dense web would impair and
decreased the significance of the acquired scientific data. Reasons for this
were mainly because of the high speed, 500–600 m/s, of the central hub
and daughters (CHAD) during deployment and the still significant air den-
sity around the apogee of the rocket trajectory. The REXUS-14 experiment
Space Sailors [27] successfully deployed a solar sail on the top of the sound-
ing rocket REXUS-14 at an altitude of 81 km in May 2013, but the sail
collapsed under the aerodynamic pressure at the beginning of the descent
as expected. In the end, a coarse web of braided Spectra cord was chosen,
Fig. 1. This skeleton type web could overcome the problem of air pressure
and still produce useful scientific data for post flight analysis.

2.2. Spin direction of the hub and coiling direction of the web

Figure 2(a) shows the REXUS-12 rocket spinning in a positive roll. The
de-spinning mechanism of the rocket was intrinsically important to the con-
trol method used for the web deployment. If the experiment was mounted
on a rocket which did not de-spin, assuming the angular velocity initially
was 3–4 Hz, the time span for full deployment would be too short to guar-
antee post-deployment stability, and a larger torque was required to transfer
angular momentum from the reaction wheel to the hub. It could also be
concluded from analysis that the hub started to recoil very early in the de-
ployment process because the hub was rotating too fast.

After the rocket de-spun, the spinning frequency was almost 0 Hz. Of
course, if the web deployment would initiate at this speed, no web deployment
would occur due to the lack of centrifugal forces acting on the daughter
sections. Therefore the reaction wheel was used to spin up the CHAD before
web deployment started.

5



Before launch, the reaction wheel polymer bearings were preloaded with
a very small force to eliminate play in the axial direction and the friction
torque was minimised, Fig. 2(b). Due to gravity, the lower bearing was
loaded slightly more than the upper one. During launch of the sounding
rocket, an acceleration of around 20g pushed the reaction wheel against the
lower bearing and basically glued the wheel to the hub by friction. Hence,
the wheel spun at the same rate as the rocket with an angular frequency of
3–4 Hz in positive roll. After thruster cutoff, the rocket de-spun to around
0 Hz, but it was assumed that the reaction wheel was “weightless” due to the
minimal friction torque from bearings. Thus the reaction wheel was basically
decoupled from the hub and continued to spin at the same angular frequency
as before thruster cutoff. This assumption was supposed to be verified by
the sensor fixed on the reaction wheel, but that sensor failed to work in the
experiment.

Considering that the reaction wheel motor could not reverse the spin di-
rection because that would overheat the motor, it could only continue to
increase in positive roll. According to the conservation of angular momen-
tum, the hub would change its spin direction from positive roll, Fig. 2(b), to
negative roll, Fig. 2(c). In other worlds, the reaction wheel reversed the spin
direction of the hub before web deployment. Once the angular frequency of
CHAD reached a specified initial angular velocity, the web started to deploy.

The coiling direction of the web was one of the important aspects of the
web deployment. If it was coiled in negative roll direction as the spin direction
of the hub, when the web started to release with a small initial angular
velocity, Fig. 3, the web would be slack in the beginning, Fig. 3(b). Arms
starting to recoil back in positive roll after being fully uncoiled, Fig. 3(c)–(d).
The web might entangle due to the recoiling and thus fail to deploy. If the
web was coiled in positive roll, Fig. 4(a), different to the spin direction of the
hub, the web arms started to deploy and were extended straight by centrifugal
forces and the arms rotated slower than the hub, Fig. 4(b). Without the
reaction wheel, the rotation direction of the hub would change due to the
conservational angular momentum, but the reaction wheel could prevent the
web recoiling and keep it stable after full deployment, Fig. 4(c)–(d).

2.3. Control method

To prevent the web from getting into entanglement and to make the
deployment stable, the centrifugal forces expand the web in the radial direc-
tion, Fcf = mω2R, should be larger than the Coriolis force acting laterally,
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    (a):  Rocket         (c): CHAD was ejected from the
                                       rocket before deployment

(b): CHAD before de-spinning
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Fig. 2 (a) Model of the rocket; (b) CHAD was placed in the rocket before
de-spinning; (c) CHAD was ejected from the rocket before deployment: the
reaction wheel was accelerated in positive roll but changed the spin direction of
CHAD to negative roll.
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Fig. 3 Web arms were coiled in negative roll as the spin direction of the hub:
(a), the web started to deploy; (b), web arms were slack in the beginning
deployment; (c), web arms were fully deployed; (d) the web started to recoil back.
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(a)                                             (b)

(c)                                             (d)

Fig. 4 Web arms were coiled in positive roll: (a), the web started to deploy; (b),
web arms were extended in the beginning deployment; (c), web arms were fully
deployed; (d) the web was fully deployed and stabilized by the reaction wheel.

Fco = 2mṘω, and also larger than the inertial force, Fin = mω̇R [9]:

|mω2R| � |2mṘω| or γ1 =

∣∣∣∣ωR2Ṙ
∣∣∣∣ � 1 (1)

|mω2R| � |mω̇R| or γ2 =

∣∣∣∣ω
2

ω̇

∣∣∣∣ � 1 (2)

where R is the deployment length of the web, ω is the angular velocity of the
web.

Several control strategies of membranes deployment were studied in order
to avoid re-coiling in one-step deployment [9, 11, 12]. A 20 m diameter
membrane reflector was deployed at the end of a spacecraft using a one-step
method during the Znamya-2 experiment in 1993 [9], demonstrated that a
spin deployment of a gossamer structure can be controlled by simple means.
The simple deployment process was driven solely by spinning up the stowed
reflector using an on-board electric motor. A feedback control law with the
angular velocity of the central hub was used to determine the control torque,
Mh. Instead of the simple control law of Znamya-2, the “optimal MK law”
[12], Eq. (3), was selected for the Suaineadh project:

Mh = max

[
0, M̂h

(
1− ωh

ωhf

)]
(3)
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where ωh is the angular velocity of the hub and M̂h is the maximum input
torque of the hub, ωhf is the final angular velocity proposed in the experiment
design. If ωh could change direction, a small modification of Eq. (3) is needed.
Assuming M̂h and ωhf have the same rotational direction, the “modified
optimal MK control law” used in Suaineadh experiment could be expressed
as:

Mh = M̂h ·max

{
0,min

[
1,

(
1− ωh

ωhf

)]}
(4)

where the torque was provided by a reaction wheel,

M̂h = − M̂r (5a)

Mh = −Mr = −Jrω̇r (5b)

where M̂r, Mr, Jr and ωr are respectively the maximum torque, applied
torque, moment of inertia and angular velocity of the reaction wheel. The
maximum angular acceleration of the reaction wheel was provided by a motor
and depended on the angular velocity of the reaction wheel.

2.4. Ground tests

Ground tests were used to gain experience in the deployment dynamics
as well as folding patterns. The issue of entanglement was the main concern
since no mechanism in CHAD was responsible for recovering the web if en-
tanglement occurred. If a membrane or dense web were used, entanglement
could more easily be avoided, but a coarse web would have a higher risk of
entanglement. For those reasons, ground tests utilizing a scaled down web of
0.6× 0.6 m2 were conducted on an air hockey table, Fig. 5. The air hockey
table had a very smooth surface and blowing air was used to counter the
weight of daughters. The web was successfully deployed and the deployment
could be divided into two phases: deployment phase, Fig. 5(a)–(d), and sta-
bilisation phase, Fig. 5(e)–(f). The angular velocity was manually controlled.
The central hub was slightly accelerated in phase 1 and a constant speed was
kept in phase 2.

The tests showed no collisions and entanglement between the daughters
and implied that if the angular velocity of the hub was properly controlled by
a reaction wheel in a milli-gravity environment, the web might be deployed
without recoiling or entanglement. However, launch vibrations might change
the folding pattern even if web was correctly coiled before launch because no
mechanical barriers were used to ensure that the web did not move during
the launch.
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(a): t = 0 s (b): t = 3 s

(c): t = 7 s (d): t = 10 s

(e): t = 13 s (f): t = 20 s

Fig. 5 Ground test of centrifugal force deployment of a scaled down 0.6×0.6 m2

web on an air hockey table (the white web is highlighted by red lines for
visibility).
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3. Analytical Model for Simulations

A simple analytical model with rigid bodies is proposed in [9, 11] for web
deployment, Fig. 6. The web is folded into radial arms and is supposed to
be deployed symmetrically and energy dissipation is neglected. Effects of the
orbital forces and out-of-plane motions are not included.

3.1. Equations of motion

Three coordinate systems are required for the model in Fig. 6(a). Axis

e
(i)
z is directed along the axis of rotation and e

(i)
x , e

(i)
y are in the plane of

deployment, where i = 0, 1, 2. The first coordinate system is the inertial
frame with its origin in the centre of the hub. The second coordinate system
is the body frame rotated with an angular velocity. The third coordinate
system is set on the attached point of a folded web arm. The CHAD rotates
in negative roll, and the web is coiled in positive roll as discussed in Sec. 2.2.

md

L
R

r0

O
ex

(1)
ex

(2)
ey

(2)

ey
(0)

ey
(1)

ex
(0)

(a)                                                               (b)

r 0

O

r0

md

r0

Fig. 6 CHAD rotates in negative roll and web arms are coiled in positive roll:
(a) a deployed arm with a point mass in stability phase; (b) an arm coiled
around the hub in deployment phase.

Equations (6) and (7) are respectively the equations of motion for stabi-
lization and deployment phases [11], where r0 is the radius of the hub, Jh is
the moment of inertia of the central hub around the axis of rotation, n is the
number of radial arms, N is the tensile force in each arm, L is the length of
the web arm, mw is the total mass of the web, φ is the coiling angle of the
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arm, which equals to H/r0 initially when the arm are completely coiled and

ϕ is the angle between e
(2)
x and the arm.

Jhω̇h = Mh + nNr0sinϕ (6a)

p(r0(ω
2
h cosϕ− ω̇ sinϕ)− L̈) + qL(ωh + ϕ̇)2 = N (6b)

p(r0(ω̇h cosϕ+ ω2
h sinϕ) + 2(ωh + ϕ̇)L̇) + qL(ω̇h + ϕ̈) = 0 (6c)

and

Jhω̇h = Mh+sφnNr0 (7a)

−sφpr0ω̇h + q(H − r0|φ|)(ωh + φ̇)2 = N (7b)

sφpr0(ω
2
h − φ̇2) + q(H − r0|φ|)(ω̇h + φ̈) = 0 (7c)

where

p = md +
mwL

2

nH2
(8a)

q = md +
mwL

2

3nH2
(8b)

sφ = sign(φ) (8c)

3.2. Initial and final angular velocity

The magnitude of the initial angular velocity of the CHAD is very impor-
tant for the deployment and stabilisation of the web. A high initial angular
velocity decreases deployment time and the reaction wheel needs to provide
a larger torque to the central hub to prevent recoiling. Also the final angular
velocity should be large enough to provide sufficient out-of-plane geometri-
cal stiffness. The final angular velocity depends on the maximum angular
speed of the motor and the ratio between inertias. Therefore, proper initial
and final angular velocities were determined before launch to ensure a stable
deployment.

It was assumed that the final angular velocity ωf = −1.9 rad/s and that
the maximum torque of the motor could provide was constant. In order
to simulate the angular velocity in the deployment, the moment of inertia of
CHAD should be known. However, it has not be measured in the experiment.
If the hub is a solid cylinder, the moments of inertia of the different parts
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are assumed as

Jh = 0.5mhr
2
0 (9a)

Jw = mwr
2
0 (9b)

Jd = 4mdr
2
0 (9c)

Jc = Jh + Jw + Jd (9d)

where Jc, Jw and Jd are respectively the moment of inertia of CHAD, web
and daughters with mh = 6.1 kg, md = 0.05 kg, mw = 0.0256 kg and
r0 = 0.105 m. Inserting them into Eq. (9), the moment of inertia of CHAD
Jc = 36100 kgmm2.

For the analytical model in Sec. 3.1, a 4th and 5th order Runge-Kutta
method was used to simulate the deployment with different initial angu-
lar velocities in negative roll. M̂r = 11.8 mNm and M̂r = 30 mNm were
selected in order to find a proper motor. Figure 7 shows how the deploy-
ment time depends on the initial angular velocities of the CHAD as well
as the maximum torque of the motor. As the magnitude of the initial an-
gular velocity increased, the influence of the motor decreased. For exam-
ple, when ω0 = −1.256 rad/s, the deployment time is almost the same for
M̂r = 11.8 mNm and M̂r = 30 mNm. Figure 8 shows that the hub will
change its rotational direction in deployment when ω0 = −1.256 rad/s and
M̂r = 11.8 mNm because the motor cannot provide enough torque. This
condition could be avoided by decreasing the initial angular velocity of the
CHAD or increasing the motor torque capacity. Note that oscillations of
the central hub is smaller when a more powerful motor is used. According
to simulations, Fig. 8, a motor with M̂r = 11.8 mNm can provide enough
torque to the hub and stabilize the deployment within 100 s when the initial
angular velocity of the hub is between −0.314 and −0.628 rad/s. A very high
or a very low magnitude of initial angular velocity should thus be avoided.
Following this analysis, ω0 = −0.628 rad/s (0.2 Hz) was set as the proper
specified initial angular velocity in our design.

4. Results analysis

4.1. Experiment timeline

Table 1 shows the design and actual timelines of the Suaineadh exper-
iment. The timeline was designed based on GPS data from past REXUS
missions. It was assumed that the rocket started to launch at t = T + 0 s
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and began to de-spin at t = T +70 s. At t = T +80 s, the CHAD was ejected
from the nose cone of the rocket. When the distance between the rocket and
the CHAD was sufficiently large and if the specified initial angular velocity
was acquired after de-spinning, web deployment would be started. Other-
wise, the reaction wheel would correct the angular velocity of the CHAD
to the specified initial angular velocity. Assuming that the angular velocity
of the CHAD after de-spinning was zero, the proper initial angular veloc-
ity was set to −0.628 rad/s and the torque of the motor would provide a
constant torque Mr = M̂r = 11.8 mNm to accelerate the CHAD from 0 to
−0.628 rad/s. According to the conservation of angular momentum before
deployment,

Jcω̇c = M̂h = −M̂r (10)

Assuming that the shape of the hub was a cylinder with a mass distribution
between a shell and solid cylinder, the moment of inertia of the hub was

0.5mhr
2
0 < Jh < mhr

2
0 (11)

From Eqs. (9) and (11), the moment of inertia of CHAD, Jc, is between
36100 kgmm2 and 69700 kgmm2. Integrating Eq. (10) over time, a proper
initial angular velocity could be reached between 1.9 and 3.7 s. Thus, 3 s
was assumed for the design in Table 1.

If the reaction wheel worked longer than 15 s before web deployment, a
time backup mechanism would be activated. The daughter sections would be
released after 17 s, including 2 s for waiting between starting of data acquisi-
tion and releasing of daughter sections. Figure 9 shows that the web could be
fully deployed within 13 s when the final angular velocity was −1.9 rad/s and
the system would become stable within 100 s. As the maximum torque that
could be provided by the reaction wheel is so small, the hub with the smallest
inertia could be controlled better with respect to recoiling and stabilization.
The deployment times were similar for the two inertias. Therefore, we ex-
pected the web to start deployment at t = T + 95 s and be fully deployed
after 13 s and stabilized within 100 s, Table 1.

The daughter release system should have been triggered as soon as the
required spin rate was achieved. However, during the actual flight, the web
was not deployed immediately. The time backup system was activated and
the reaction wheel operated for 17 s before releasing daughters, Table 1. Such
a long acceleration of the reaction wheel did not only reversed the spin di-
rection of the CHAD but also provided a too high angular velocity of the
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CHAD. If the magnitude of initial angular velocity of the CHAD is far from
the proper initial angular velocity, the deployment would be uncontrollable
as previously discussed in Sec. 3.2. This unexpected deployment might be
due to problems in the controller, sensors or programming, but the exact
cause is still unclear. For example, the input value of ωhf should be negative
in design, but it might be written as a positive value in the programming
of the controller. In actual flight, the angular velocity of the hub, ωh, was
negative since it rotated around the negative roll. Therefore, the reaction
wheel worked without daughters release as ωh and ωhf hade different direc-
tions in the “modified optimal MK control law”, Eq. (4). Assuming that the
angular velocity of the hub after de-spun was below the specified |ωhf |, the
error could have been avoided by using absolute values in “modified optimal
MK control law” as:

Mh = M̂h ·max

{
0,min

[
1,

(
1−

∣∣∣∣ ωh

ωhf

∣∣∣∣
)]}

(12)

Note that there was 2 s of waiting time between start of data acquisition
and release of daughters, but the reaction wheel should not accelerate during
those 2 s as otherwise it would increase the angular velocity of the hub beyond
the specific initial angular velocity.

Table 1 Mission timeline

Event Design time (s) Actual flight time (s)
REXUS ignition T + 0 T + 0
REXUS de-spin T + 70 T + 70
CHAD ejection T + 80 T + 80
Reaction wheel starts T + 90 T + 90
Proper speed of the hub T + 90 + 3 T + 90 + 15
Web deployment starts T + 93 + 2 T + 105 + 2
Web is fully deployed T + 95 + 13 T + 107 + 2
Web stabilization T + 108 + 100 T + 109 + 168

4.2. IMUs and the motor

There was one IMU fixed in each daughter section and one in the center
to record accelerations and angular velocities. Unfortunately, the one fixed in
the hub did not function properly. This might be one of the possible reasons
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Fig. 9 Web deploys with different Jh when ω0 = −0.628 rad/s, ωf = −1.9 rad/s

and M̂r = 11.8 mNm.

why the web did not deploy at the proper specified initial angular velocity,
as the angular velocity of the hub is an important parameter in our feedback
control law, Eq. (4). In the following, we switch to angular frequency f
instead of angular velocity, where f = ω/2π. Figure 10 shows the angular
frequency of one IMU and the rocket. The cutoff range of the sensor in the
rocket was ±2.73 Hz. The rocket rotated only around the roll axis. Before
CHAD was ejected, the daughters and the rocket had the same acceleration
and angular frequency. If the z-axis of the IMU was exactly parallel to the
roll axis of the rocket, the angular frequency of x− and y-axes were zero.
Small values of rotational frequency around x- and y-axes of the IMU was
found in actual flight, Fig. 10, which might due to non-coinciding coordinate
systems. However the data still can be used for the following analysis. For
the IMUs of the daughters, the results were judged reliable and usable for
our analysis, despite some noise and assembly offsets. The results from the
IMU with the smallest noises is used in the following analysis.

After deployment, the path of each daughter was supposed to be calcu-
lated by integrating twice the acceleration of each IMU. However, due to
digital and measurement noise, it was not possible to get the position of any
IMU. For example, if the acceleration of the IMU in Fig. 11 was integrated
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Fig. 10 Angular frequency of the rocket and one IMU in a daughter section
before CHAD ejection.

twice, a small noise would lead to a huge difference in its path. Here the
sensor’s cutoff range of the IMU was ±4 g. The web deployed in y-direction
with two peaks at t = 108.8 s and t = 113 s, Fig. 11. The first peak indicates
that the daughter was fully deployed in less than 2 s. The deployment time
was too short compared with 13 s in design, Table 1, and it also implies that
the initial angular frequency was too high before deployment. That would
cause the deployment to be uncontrollable even if the reaction wheel worked
properly. The second peak indicates the web was stopped recoiling by the
hub. After this, the web started to deploy again. Similar acceleration peaks
could also be found from other IMUs.

Figure 11 also shows that the accelerations of the IMU in x- and z-axes
were around zero after de-spinning. Milli-gravity conditions were given in
the deployment and were kept during the whole deployment and stabilization
phases.

4.3. Moment of inertia of the hub and torque of the motor

In order to better understand the deployment through simulations, a more
accurate value of moment of inertia of the central hub and of the torque ca-
pacity of the motor are needed. Unfortunately, the exact Jh was not measured
in our experiment and the relationship between M̂r and ωr was unknown.
Here we use the 17 s data of fx in Fig. 10 from when the reaction wheel
started to work, t = 90 s, to when the web started to deploy, t = 107 s, to
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calculate the approximate Jh and M̂r. It was assumed that after de-spinning,
the angular frequency of the reaction wheel was kept at the maximum spin-
ning rate 3.88 Hz as before thruster cutoff. When the reaction wheel started
to work, the angular frequency of the IMU in the z-direction changed from
0.02 to −1.80 Hz, Fig. 10. In this period, the reaction wheel worked with a
maximum torque which nonlinearly depended on its angular frequency. Be-
fore deployment, the angular frequency of the CHAD was the same as the
IMUs of the daughters. The equation of the changes in angular momentum
of the CHAD around its axis of rotation (z-axis) is

Jcω̇c + Jrω̇r = 0 (13a)

Jrω̇r = M̂r (13b)

Before deployment, Jc is a constant. Using sampled data, Eq. (13) can be
expressed as

Jc(ωci − ωci−1
) = − Jr(ωri − ωri−1

) (14a)

Jc(ωci − ωci−1
) = − M̂ri(ti − ti−1) (14b)
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then

ωri = − Jc
Jr

(ωci − ωci−1
) + ωri−1

(15a)

M̂ri = − Jc
(ti − ti−1)

(ωci − ωci−1
) (15b)

i = 1, 2, 3, ..., n, where n is the number of sampled data.
In the experiment, a Faulhaber motor 2232 BX4 (edition 2008) was used.

The recommended maximum spin rate was fmax = 175 Hz for a given ambient
temperature of 22◦C with 12 V input. It could provide more power with
adequate cooling, for example, if the thermal resistance had a reduction of
55%, the maximum spin rate could be more than 250 Hz. In our experiment,
the ambient environment temperature was very low and the maximum spin
rate fmax = 250 Hz was thus assumed.

Figure 12 shows the angular frequency of the reaction wheel, Eq. (15a),
when different Jh is considered for Jc in Eq. (9). fr increases as Jh increases
because a higher Jh needs a higher torque to reach the same angular frequency
of the CHAD.

Figure 13 shows the maximum torque of the reaction wheel, Eq. (15b),
which depends on the angular frequency of the reaction wheel. The stall
torque of the motor is Mstall = 55.7 mNm. From Figs. 12–13, when Jh was
a little less than 0.6mhr

2
0, the results satisfied the limitations of the angular

frequency and stall torque.
The approximate Jh can also be estimated based on geometry properties

in Fig. 14. The total mass of the CHAD was mc = 7.6 kg. The inside
structure without the reaction wheel had a mass min = 3.9 kg. The outside
part of shell had a mass mout = 2.2 kg which included four circular plates and
two hollow cylinders, Fig. 14(b). It was assumed that the outside shell was
assembled with the same material and thickness, and the central structure
was evenly distributed. The masses of circular plates and hollow cylinders
were

mcp =
4moutπr

2
0

4πr20 + 2πr0(h1 + h2)
(16a)

mhc = mout −mcp (16b)

where h1 = 0.07 m and h2 = 0.18 m, Fig. 14. Thus mcp = 1.0 kg and
mhc = 1.2 kg in Eq. (16). The moment of inertia of the CHAD without
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Fig. 13 Torque of the motor for the reaction wheel before web deployment.
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reaction wheel becomes

Jc = (mhc + 4md +mweb)r
2
0 + 0.5(mcp +min)mr20 (17)

Input masses and radius in Eq. (17), we can get Jc = 42600 kgmm2 which
is a little less than Jc = 42800 kgmm2 for Jh = 0.6mhr

2
0 in Eq. (9) and

agrees with the calculations from flight data through Figs. 12–13. Therefore
Jh = 0.6mhr

2
0 and the relationship between M̂r and ωf in Fig. 13 are used in

following simulations.

 

h2=

d = 2r0= 0.21 m

h3=

  h1=
0.07 m

0.18 m
0.28 m

Circular plates

Hollow cylinders

Reaction
wheel

Inner structures

Circular plate

(b)(a)

Daughters

Fig. 14 (a) Assembled CHAD and (b) CAD model.

4.4. Web deployment

Since the IMU fixed in the center of CHAD did not function, the motion
of the hub was not recorded. Fortunately, the deployment and stabilization
phases were recorded by four cameras. Figure 15 shows the web in the
deployment phase. The number in each photo represents the camera number
around the hub with 90 degree separation in negative roll. The approximate
angular frequency, Fig. 16, was calculated from the video footage according to
the changing areas of Earth. For example, the area of Earth in camera 3 was
increased from Fig. 15(a) to (c) but decreased from (d) to (f), which indicates
that the hub changed direction between (b) and (e) during the deployment.
This corresponds to the first point when the rotational direction changes in
Fig. 16.
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Fig. 15 Photos from the four cameras: web started to deploy.
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Fig. 16 Rotational frequency of the hub computed from video footage.
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In the beginning of deployment, only three daughters were shown in
Fig. 15(a) and sometimes only two daughters in the cameras, Fig. 15(d)–(f).
If there would be no large out-of-plane motion and if the web had deployed
symmetrically, all four daughters would have be seen in the cameras. The
out-of-plane motion can also be found from the acceleration of each IMU,
Fig. 17, where IMUn represents the IMU in the daughter section n, Fig. 1.
The maximum out-of-plane acceleration az was larger than 0.5g in deploy-
ment phase. Figure 15(d) also shows two daughters were close to each other.
One reason of that in-plane motion could be the friction force and Corio-
lis force as shown in ground test, Fig. 5(d), caused by the high deployment
velocity and interaction between the web cords.

The magnitude of ay of IMU1 was a little smaller than the others, Fig. 18,
which indicates an asymmetrical deployment due to the in-plane and out-of-
plane motions. After the web recoiled and started to deploy again, acceler-
ation ay of each IMU became different again. The numbers of peaks of the
acceleration indicates that the web deployed and recoiled several times.

90 100 110 120 130
-1.5

-1

-0.5

0

0.5

1

Web starts to deploy
Web is fully deployed

Reaction wheel
starts to work

Web is recoiled and
starts to deploy again

Fig. 17 Acceleration ax and az from IMU1 and IMU4 after the reaction wheel
started to work.

Figure 19(b) shows that a web arm was almost fully deployed, but before
this, two daughters were entangled, Fig. 19(a). After full deployment, the
web did not become stable but started to recoil, Fig. 19(d), and deployed
again, Fig. 19(e). The too high initial angular velocity thus caused a too
quick deployment and changed the rotational direction of the hub before the
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Fig. 18 Acceleration ay of each IMU after the reaction wheel started to work.

web was fully deployed and a too high angular velocity can also be found when
the web was fully deployed, Fig. 16. An unstable deployment was observed
in the video footage and confirmed by the accelerometers, Fig. 18. Four
daughters were also not shown in any of the video footage in Fig. 19, which
implies out-of-plane motions happened in the deployment and the angular
velocities of daughters were not equal to each other or the hub. This is due to
the slack, entanglements and asymmetry of the web deployment. However,
since the cameras were above the plane of web deployment, the out-of-plane
motions were not clearly captured.

4.5. Simulation

The question now is what would have happened if the controller had
worked properly and the web had started to deploy at a proper initial angular
velocity? In the following, we use our analytical model to reconstruct the
deployment with Jh = 0.6mhr

2
0 and the M̂r from Fig. 13. Two different

initial conditions were considered: the proper initial angular velocity ω0 =
−0.628 rad/s from design and the high amplitude angular velocity ω0 =
−11.3 rad/s from the actual experiment. Simulation results are shown in
Fig. 20.

Before web deployment, the reaction wheel provided the maximum torque
to the hub to reach the initial angular velocity. If the initial angular velocity
of the CHAD is −11.3 rad/s as in the actual experiment, the angular velocity
of the reaction wheel would reach a very high spin rate from Eq. (13), and
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Fig. 19 Photos from four cameras: (a)–(b), web was fully deployed; (c)–(d)
recoiled; (e)–(f) deployed again.
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the maximum torque would decrease to around 10 mNm according to Fig. 13
for Jh = 0.6mhr

2
0. Therefore, the control torque is much lower for ω0 =

−11.3 rad/s than for ω0 = −0.628 rad/s and the motor cannot provide
enough torque to stabilize the fast deployment, Fig. 20.

Comparing the angular velocity of the hub in the simulation and exper-
iment when ω0 = −11.3 rad/s, Fig. 21, the deployment time in simulation
was faster than the experiment but reached to a similar maximum angular
velocity at the first full deployment. In the simulation, the web keeps on
deploying and recoiling since no energy dissipation is assumed. In reality,
e.g. friction from interaction between the web and the hub would consume
energy and delay deployment. In the actual deployment, entanglement were
also observed, Fig. 19(a), which also consumed energy. When the web was
fully deployed, shock forces and damping were another form of energy dissi-
pation. After the web was fully deployed, the web started to recoil around
the hub both in the simulations and in the experiment, Fig. 21.
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0 = -0.628 rad/s

0 = -11.3 rad/s

Fig. 20 Deployed length, φ and M.

The stability parameters γ1 and γ2 of a daughter according to Eqs. (1)
and (2) are shown in Fig. 22 when ω0 = −0.628 rad/s was used in simulation.
From 0 to 1 s , γ1 < 1, so the Coriolis force was higher than the centrifugal
force. At t = 1 s, the web was deployed only 0.08 m, so the Coriolis force at
this time would not have caused entanglement or unstable in-plane motion.
After t = 1 s, the centrifugal force was much higher than the Coriolis force,
γ1 � 1. In comparison, γ2 was kept at a very high magnitude from the
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Fig. 21 Angular frequency of the hub in the simulation and video.

beginning of deployment which indicated that the inertial force was very
small relative to the centrifugal force. Therefore, according to the simulation,
if the deployment had started from the correct initial angular velocity, the
motor used in the experiment most likely would be able to produce a stable
deployment.

5. Conclusion

In this paper, the results of the Suaineadh web deployment experiment
were analyzed and a simple analytical deployment model, used in the design,
was used in the reconstruction of the actual flight results. Centrifugal forces
deployed and stabilized the web and the motion was actively controlled by
a reaction wheel. Scaled down ground tests provided evidence that if the
angular velocity of the central hub was properly controlled, the web could
be successfully deployed and stabilized. The proper initial and final angular
velocities of the web deployment were inserted into the controller prior to
launch. The web was designed to deploy after the rocket was de-spun to
avoid a too high initial angular velocity. The folding pattern and coiling
direction were decided based on the assumed rotational directions of the hub
and the reaction wheel after ejection.

The experiment CHAD was spun up by the reaction wheel after ejec-
tion, the motor controller was activated and the daughters were released in
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Fig. 22 The stability parameters γ1 and γ2 of a tip daughter when
ω0 = −0.628 rad/s was used in simulation.

a milli-gravity environment. However, the web did not deploy at the de-
signed specified initial angular velocity which might be due to an error that
ω0 = 0.628 rad/s was used instead of ω0 = −0.628 rad/s as the input in
the controller, the hub sensor failed to detect the required spin rate of the
hub, or other unknown problems. In order to avoid the input error in future
similar experiments, a new “modified optimal MK control law” is proposed,
Eq. (12). A time backup system was eventually activated and released the
web, which led to a too high initial angular velocity and thus an uncontrol-
lable deployment.

Some valuable data and experience were collected from the experiment.
Data recorded in the IMUs and cameras were used to analyze the actual de-
ployment behaviour and provided useful information about the system and
deployment for simulation analysis. The approximate moment of inertia of
the hub, Jh, and the maximum nonlinear torque of the motor, M̂r, were
calculated from the data of the IMUs. We used simple simulation tools to
reconstruct the unsuccessful deployment. The comparison between experi-
ment results and simulations shows that high energy dissipation happened
during recoiling. This might be caused by web slackening, damping, entan-
glement, friction and out-of-plane motions. The hub might also be wobbling
during the deployment. It is difficult to conclude this because the sensor of
the hub did not work, thus the wobbling motion was not measured. If the
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web had deployed at the proper initial angular velocity, the energy dissipa-
tion would be smaller and thus the simulation tools could well used to model
the web deployment. Simulations indicate that the motor used in the exper-
iment could provide enough torque for deployment and stabilization if the
proper initial angular velocity had been reached, and a smaller momentum
of inertia of the hub could make the deployment more stable. Parts were
developed specifically for this experiment, including the reaction wheel, the
web, the dedicated electronics and the control algorithm. The knowledge
and experience gained from this sounding rocket experiment can be used for
future similar missions.

It is noted that, this experiment is a student project on a short time
schedule including students from many disciplines and universities in differ-
ent countries, a number of companies and research organizations with a low
budget. The major challenge is that so many requirements shall be verified
in a short time schedule. If the controller was more thoroughly tested after
the Suaineadh was assembled, the possible reason for the failure of the ex-
periment might have been avoided. However, even with limited information
and results, the deployment dynamics could be reconstructed thanks to video
footage. Without the footage, it would not have been possible to perform
the study in this paper.
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R. Ritterbusch, W. Sandqvist, L. Summerer, M. U. Tanveer, G. Tib-
ert, G. Whyte, W. Zafar, J. Zhang, The Suaineadh project: a stepping
stone towards the deployment of large flexible structures in space, in:
61st International Astronautical Congress, IAC 2010, the International

33



Astronautical Federation, Prague, Czech Republic, 2010, pp. IAC–10–
C3.4.

[25] T. Sinn, M. McRrobb, A. Wujek, J. Skogby, M. Zhang, M. Vasile,
G. Tibert, J. Weppler, A. Feeney, J. Russell, REXUS 12 Suaineadh
experiment: deployment of a web in microgravity conditions using cen-
trifugal forces, in: 62nd International Astronautical Congress, no. IAC-
11-A2.3.7, Cape Town, South Africa, 2011, pp. 642–650.

[26] T. Sinn, M. McRobb, A. Wujek, J. Skogby, F. Rogberg, J. Wang,
M. Vasile, G. Tibert, Lessons learned from REXUS12’s Suaineadh ex-
periment: spinning deployment of a space web in milli gravity, in: 21st
ESA Symposium on European Rocket and Balloon Programmes and
Related Research, Beijing, China, 2013, pp. 329–338.

[27] W. Nino, S. Patric, B. Wolfgang, F. Christopher, G. Patrick, P.-S. Kai,
P. Anna, R. Matti, Z. Thomas, Alternative application of solar sail
technology, in: Advances in Solar Sailing, Springer, 2014, pp. 351–365.
doi:10.1007/978-3-642-34907-2_23.

34


