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Aircraft with Single-Axis Aerodynamically Deployed Wings

Shiomo Djerassi* and Shmuel Kotzevy
RAFAEL, Ministry of Defense, Haifa 31021, Israel

This article deals with aircraft having two single-axis, aerodynamically deployed wings. Such aircraft are of
current interest mainly in connection with unmanned drones. Two issues are discussed. The first relates to the
formulation of equations governing the motion of the aircraft during and after the deployment, noting that
imposition of constraints occurs when the deployment of each of the wings terminates. The second issue concerns
choosing between two single axis configurations, called ‘‘up deployment”’ configuration and ‘‘low deployment’’
configuration, as better suited to carry out a successful deployment. It is shown that to obtain meaningful
predictions of the dynamical behavior of the aircraft, one has to invoke the theory of imposition of constraints,
excluding alternate theories as leading to time-consuming, inaccurate simulations; and that low deployment
configuration is less susceptible to external winds during deployment, and therefore, superior to the up de-

ployment configuration.

Introduction

IRCRAFT with deployable wings are of increasing in-
terest, because they occupy minimal space in storage, a
useful feature that can be exploited, as, e.g., in unmanned
aircraft. A variety of ideas were developed in connection with
the realization of such aircraft,’ 7 two of which represent
actual products (MBB’s DAR* and Boeing’s Brave-2007). A
great deal of attention was paid to the deployment process,
especially to the number, location, and orientation of the axes
about which deployment occurs, to the power source ener-
gizing the deployment, and to the timing and synchronization
of the deployment of the various wings. For example, Refs.
1-6 suggest a single-axis deployment for small, unmanned
aircraft, whereas Ref. 7 discusses a two-axes deployment for
a large, cruise ballistic missile. References 3 and 7 (first axis)
mention transmission actuated wings, Ref. 4 considers spring
actuated wings, Ref. 6 speaks about rods actuated wings, and
Refs. 1, 2, and 7 (second axis) propose aerodynamically de-
ployed wings. Axes parallel to the centerline of the aircraft
are used in Refs. 1 and 4; axes perpendicular to the centerline
of the aircraft are used in Refs. 3, S, and 7 (first axis); and
tilted axes are introduced by Refs. 1, 2. and 6. With the
exception of Ref. 5, all the other references speak about
deployment after launch. In Refs. 3, 6, and 7 (first axis) two
(four in Ref. 6) wings are deployed simultaneously. Finally,
the wings in Refs. 4 and 7 are provided with passive dampers.
Whereas the indicated references are by no means exhaustive,
they clearly indicate an area of current interest.
A particularly unique design is the one described in Refs.
1 and 2, based on single-axis, aerodynamically deployed wings.
Aircraft with such wings are simple in structure, and need no
power source in addition to the ones required for launch and
flight. They also carry the potential of enhancing the deploy-
ment using their forward acceleration during launch. The wings
can be deployed upon launch and, within limits, can be de-
signed so that each will deploy independently of the others.
It is this kind of aircraft with which the present work is con-
cerned.
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Figure 1 depicts a model of an aircraft system S, consisting
of a fuselage A and of wings B and C in stored configuration
(Fig. la), and in fully deployed configuration (Fig. 1b). The
following question is related to the transition between the two
configurations. Is there an axis fixed in both B and A, and
an angle 6, such that, if B is rotated about the indicated axis
relative to A an amount 6, starting with the configuration
shown in Fig. la, then B ends up having the configuration
shown in Fig. 1b? One can show, with the aid of Ref. 8, Sec.
1.1, that, in fact, two such axes exist, each parallel to one of
the following unit vectors:

Ay = (l/vg)(_bl - b, — b;) (1)
Ay, = (1/\/5)(_171 - b: + bs) (2)

and that
6 = 120 deg (3)

Here, b,, and similarly, a,, ¢;, and r, (i = 1, 2, 3), are sets
of three dextral, mutually perpendicular unit vectors, fixed
in B, A, C. and N, a Newtonian reference frame. respectively,
directed as shown in Fig. 1.

Similar results can be obtained in connection with C, viz.,

Acy = (1/\/?)(—61 4)

Ao = (l/vg)(_cl —c¢ = ¢y) (5)

and 6 is as in Eq. (3). Configurations, as in Fig. 1, with
deployment axes parallel to A, and Ay in Eqgs. (1) and (4)
are called up deployment, or UD configurations; and config-
urations, as in Fig. 2, with deployment axes parallel to Ay,
and A, in Eqs. (2) and (5) are called low deployment, or
LD configurations. Snapshots of the UD and the LD config-
urations during deployment are shown in Figs. 1d and 2d,
respectively.

Suppose A*, the mass center of A, has been imparted an
initial velocity, and that, when released, B and C are acted
upon by springs exerting torques about their respective axes,
directed such that B and C are forced into the airstream
surrounding the fuselage. Then aerodynamic forces and torques
are exerted on B and C, and these provide the power required
to carry out the deployment.

Questions such as the following arise in connection with
the aircraft under consideration. Which of the configurations
is better suited for successful completion of the deployment?
How do external winds affect the deployment process? To
answer such questions one needs analytical tools, i.e., equa-
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Fig. 1 UD configuration.

tions of motion and simulation codes used to predict the mo-
tion of the aircraft.

Now, writing the equations of motion, one comes to grips
with the fact that, when the wings B and C are locked in their
deployed configuration, the number of degrees of freedom
(DOF) of S, and, consequently, the number of equations of
motion, decreases. Recognizing the locking process as one of
imposition of constraints,” one has, for the purpose of gen-
erating one, coherent simulation code, to relate variables (i.e.,
generalized coordinates and generalized speeds) in the equa-
tions governing the motion prior to the imposition to variables
in the equations governing the motion after imposition has
been completed. Current theories dealing with such situations
involve the introduction of compliances in the surfaces of
mechanical parts in which physical contact occurs during the
imposition.'? These compliances are introduced when certain
kinematical conditions are met, and thus, the number of dy-
namical equations remains unchanged. The presence of such
compliances, however, may lead to numerical problems in the
integration, as pointed out, e.g., by Fassler.'' The analysis at
hand is particularly susceptible to such problems, because the
duration of a typical mission significantly exceeds the duration
of the deployment process, so that numerical problems may
be carried along most of the integration time. Hence, one
should attempt to integrate as simple and problem-free equa-
tions as possible, i.e., the ones governing the motion after
deployment had been completed.
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Fig. 2 LD configuration.

This article deals first with the generation of simulation
codes, a task undertaken in the section on Equations of Mo-
tion. A comparison between a code based on the theory of
imposition of constraints, introduced in the section on Im-
position of Constraints, and a code involving compliances, is
carried out in the section on Simulation Codes for UD con-
figuration. An analysis of the behavior of the two indicated
aircraft configurations is presented in the section on Deploy-
ment Simulations, and conclusions are drawn in the final sec-
tion.

Equations of Motion

If the flexibility of B and C is modeled by torsion springs
connecting B and C to their respective axes, then the aircraft
comprises a system of 10 DOF. Ten generalized speeds are
needed to describe the motion of S in V. The first six of these
may be defined as follows:

uAVw" -a,

(r=1,2,3) (6)

us, AVNv* -n, (r=1,2,3) )

where Y and Vv are, respectively, the angular velocity
of A in N, and the velocity of A* in N. The four last gener-
alized speeds can be defined with the aid of two additional
reference frames B’ and (', defined so that Ay, and A are
fixed both in A and in B’ and (’, respectively; B’ is rotated
about Ay, an amount g, in A, and C’ is rotated about Ay,
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an amount ¢,, in A. Moreover, two sets of three, mutually
perpendicular unit vectors b/ and ¢; (i = 1, 2, 3) fixed in B’
and C’, are defined so that when ¢, = 0, b; coincide with a,,
and when ¢q,, = 0, ¢/ coincide with a, (/ = 1, 2, 3); and when
¢ the angular deflection of the spring attached to B, equals
zero, b, coincide with b/, and, similarly, when g, the angular
deflection of the spring attached to C, equals zero, ¢, coincide
withe! (i = 1,2, 3). Accordingly, Egs. (1) and (4) are replaced
with

ABU = (1/\/§)(—b; - bé - b;) (8)
Acy = NV3)(—¢) — ¢i + ¢)) O]

and, with self-explanatory notation, u,, ug, u,, and u,, can be
defined as

u;A%w” - b, (10)
U A0 ¢, (11)
1AW Ay (12)
U A @ Ay (13)
where
q; = u; (i=17,8,9,10) (14)

Generalized inertia forces can be formulated after expres-
sions for Yew” and Y@, the angular velocities of B and C in
N, and Yp»#" and Vv, the velocities in N of B* and C*, the
mass centers of B and C, respectively, have been derived.
Now

NB = Nyt 4 Agh 4 Byl (15)
NpC = Vot + 20¢ 4+ Cf (16)

so that, with
Nt = ua, + u-a, + usa; (17)
T = uyAyy, A = —uAey (18)

Fw® = u,b,, “w = uge, (19)
obtainable from Eqs. (6) and (10-13), expressions for Yw”
and e are readily available. Next, let B and C be any points
on the axes of B’ in A and C’ in A, respectively, and let
p R prE, p®E and p<'” be the position vectors from A*
to B, from A* to C, from B to B*, and from C to C*, re-
spectively, expressed as

pV'* = QAa, + RAa, — SAa, (20)
p*C = QAa, + RAa, + SAa, (21)
p"" = —Qb, + Rb, + Sb, (22)
p" = —Qc¢, + Re, + Sc, (23)

where QA, RA, SA, Q, R, and § are shown in Fig. 1. Then,
with Eq. (7)

NpAt = um, + usn, + ugn, (24)
NpB = NpAT g Nt x AR (25)
NpC = NpA™ 4 Nyt x pA‘/(" (26)
NS = NpB g Neyh X pBiB (27)
NpC = Np¢ 4 NeC X p(-'/‘” (28)
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Substitutions in Eqs. (15), (16), (27), and (28) lead, after
defining direction cosines between each two of n,, a,, b, and
b, (i = 1,2, 3), and between each two of n,, a;, ¢;, and ¢,,
(i = 1,2, 3), to the desirable expressions for Yw”, Yw ¢, Yp#",
and Mv<". These, together with Yw" and ¥Y»*" in Egs. (17)
and (24), serve in deriving inertia forces, on the one hand,
and in identifying partial angular velocities and partial veloc-
ities, on the other. Kane’s formulation'? can now be applied,
leading to expressions for generalized inertia forces.

The active forces and torques exerted on § are as follows:

1) Torques due to torsional springs and dampers connecting
B and C to their respective axes. These can be expressed

T#'% = —(Kuq, + Byis)b, (29)
T = —(K.qy + Bettg)e, (30)

where K; and K are the rates of the respective springs, having
numerical values that represent the elasticity of the wings;
and B, and B, are constants representing the structural damp-
ing of the wings.

2) Gravitational forces, which, with self-explanatory no-
tation, take the form

FY = —m,gn,, F% = —mugn,, F© = —mgn,
3D

where m,, m,, and m_. are, respectively, the masses of A, B,
and C, and g is the gravitational acceleration.

3) Aerodynamical forces and torques, expressed in terms
of p, the air density; v, (i = 1, 2, 3), the b; or ¢, components
of the velocity of control points of B or C with respect to the
air; Sy, the wing area; ARy, the ratio between the span and
the width of the wing; /., a reference length; «, the attack
angle calculated at the respective control point; and C, («),
Cai» Cyla), and C,, lift coefficients. Written for B, these
forces and torques are

3-1 linear lift force at B,
Zi = ap(ri + r)SwC (UL + (YAR)]}b;  (32)
where B, is a control point on B (see Fig. 1b).
3-2 nonlinear lift force at B,
Z35G. = ipriSyCu sign(w;)b, (33)
where B, is a control point on B (see Fig. 1b).
3-3 pitch torque for B*
M? = —ip(vi + v)SWCylef{I[1 + IARW)I}E,  (34)
3-4 in-plane drag force at B,
A% = 3pviSyC, sign(v,)b, (35)
Similar expressions can be written for C, with — ¢, replacing
b, in Egs. (32) and (33), with ¢, and ¢, replacing b, and b,
in Egs. (34) and (35), respectively, and with C, and C, as
control points replacing B, and B,. The attack angle « at a
control point is defined
aA tan~ (vy/v))
al 180 — tan '(vy/v))

0 < (36)
0 <y,

When the velocities in N of B, B,, C,, and C, are derived,
contributions of the active forces in Eqgs. (29-35) to the gen-
eralized active forces can be obtained. Substitutions of the
generalized active forces and the generalized inertia forces in
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Kane's equations,'? lead directly to a set of equations gov-
erning the motion of S in N prior to the locking of the wings.
In the present work these equations were derived and coded
for UD and LD configurations with the aid of Autolev, an
interactive, symbol manipulation program for analyzing the
dynamics of mechanical systems.'?

Imposition of Constraints

Suppose B is the first to complete its deployment and is
locked to the fuselage. Then u, = 0, and S becomes a system
of nine DOF. Similarly, when C completes deployment, then
u,, = 0, and S becomes a system of only eight DOF. With

u, = 0, Uy =0 (37)

as motion constraints imposed on S, one at a time, one can
obtain equations governing the motion of Sin N 1) by invoking
the theory of imposition of constraints stated below, and 2)
by assuming that when ¢, and g,, reach 120 deg, torsion
springs and dampers, representing the above mentioned com-
pliances, are activated, exerting on B and on C torques that
oppose deviation of g, and ¢, from 120 deg. Thus, without
changing the number of degrees of freedom, one is capable
of approximating the imposition of constraints. A comparison
between simulations based on the two approaches will follow
the introduction of the theory of imposition of constraints.”

Now, the idea of imposition of constraints comes to light
in connection with a system S of v particles P, (i = 1, ...,
v) of mass m, possessing n generalized coordinates q,, . . .,
q,. and n generalized speeds v, . . ., u, in N, undergoing
three phases of motion, as follows: Phase a occurs in the time
interval 0 = r < r,. The motion of § in N is unconstrained,
and governed by n dynamical equations, viz.,

F, +F!'=0 (r=1,...,n) (38)

where F, and F¥ are the rth generalized active force and the
rth generalized inertia force, respectively. Phase b occurs in
the time interval t, =t =< t,, where . — {, is “small,” say,
compared to time constants associated with the motion of S.
Then, m constraints of the form

»
u, = 2 C,u, + D,

rel

k=p+1,....n) (39

are imposed on S, where
pan = m (40)

and C,, and D, are functions of ¢,, . . . , g, and time ¢. In
this phase, the configuration of S in N remains unaltered, i.e.,

q/‘(tl) = q/(tl) (r = 17 ) /’l) (41)
and the number of independent, generalized speeds is reduced
from #n to p. The relation between u, () (k = p + 1,.. .,

n), the values of the dependent generalized speeds at ¢ = f,,
and u,(t,) (r = 1,..., p), the values of the independent
generalized speeds at ¢ = t, is given by

»
u, () = 21 Cout)y+D, (k=p+1,....n (#)

Additionally, the relation between u () (s = 1, . .
uft,) (s = 1,...,n)is given by

. ,h)and

S (m > Cm) () — (1)) = 0

(r=1,....p) (43)

where, with »” as the velocity of P, in N, m,, is defined

v PP e PP

(JV” dl/"
m,, A m, ——-
A Y

au

(44)

r £

and where C,,, D,, and m,, are evaluated at ¢,. Phase ¢ occurs
when t > t,. Then the motion of S in N is constrained and
governed by p dynamical equations, viz.,

Fo+Fi+ > CuF +F)=0

kiptl

r=1,....p)
(45)

Simulation Codes for UD Configuration
Two codes were built for simulating motions of systems
having a UD configuration. One code, called UDI, is based
on Egs. (38-45), where the theory of imposition of constraint
is used. The other, called UDS, is based on Eq. (38) (Kane’s
equation) with n = 10, where springs of rate K, and dampers
of constant By are activated when g, = 120 deg, such that

TV = [—Ks(gy — 0) + Bgu,] Ay (46)

TV = [-K (g — 0) + Bstty]Acy (47)
Here, T*? and T4 are the torques exerted by A on B’ and
(', respectively.

The indicated codes were run on a 33 MHz, 486 PC with
a Kutta Merson integrator. An aircraft with parameters hav-
ing the following numerical values was considered: [, =
0.007, 1,» = 1,y = 03,15 = I, = 00001, I, = Ion =
0.0015, I, = I, = 0.0016 kgm-s>; A = 2, B = C = 0.05
kg-m-'-s%; K, = K. = 100 kg-m/rad; and QA = 0.24, RA
= 0.016, S4 = 0.08, Q = 0.4, R = —0.004, S = Om. The
aircraft was initially oriented at 45-deg to the horizon, had a
mass center initial velocity of Y»4" = —20n, + 20n, m/s,
and was subjected to a side wind having a velocity of ¥»*¥ =
10n, m/s. The motion was simulated with the aid of UDI code
and of UDS code, yielding Figs. 3 and 4. The former involves
no damping, i.e., B, = B, = By = 0; whereas the latter
involves damping such that, with £ as the damping ratio and
with I = (Ipi + Is> + 183)/3, By, B, and By are given by
B, = VK;BQ?¢, B, = Bpand By = 2V K I¢, where £ =
0.01. One may conclude that the higher the K, the better
the fit between curves obtained with the UDS code and the
curve obtained with the UDI code, and that the presence of
damping does not alter this tendency.

One may then wonder why bother with the imposition of
constraints theory. The answer is in Tables 1 and 2. The
former shows that the time it takes to simulate 1-s real time
becomes prohibitively longer as K increases; whereas the
latter indicates that the relative efficiency of the codes remains
unaltered in the presence of damping. In addition, Figs. 3
and 4 show that the reliability of UDS code decreases with ¢,
the time through which the system behavior is simulated.
Thus, UDI is recommended for simulations where postde-
ployment behavior is important.

A detail of interest can be observed in Figs. 3 and 4, viz.,
the 30-Hz oscillations in the roll angle. Such oscillations can
also be observed in the time histories of other variables (Figs.

Table 1 Simulations run-time

with £ = 0
K, Run-time,
Code kg-m/rad min
UDI —_— 2:15
UDS 1,440 9:00
UDS 14,400 23:00
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Table 2 Simulations run-time with K; = 1440 kg-m/rad

By, B B, Run-
kg-m- kg-m- time,
Code I3 s/rad s/rad) min
uDS 0 0 0 9:00
uDS 0.001 1.80 0.78 8:30
uDS 0.01 18.0 7.8 6:10
uDsS 0.1 180 78 2:50
UDI 0 0 —_— 2:15
UDI 0.001 1.80 —_— 2:10
UDI 0.01 18.0 S 1:45
uDI 0.1 180 —_— 1:00
roll angle[deg]
6500 ¢
0001
5004 UDi code
-1000 + — UDS code.
-16.00 Ks=1440
20001 —uDS code.
-26.00 Ks=14400
-30.00
0.00 0.10 020 0.30 0.40 050 0.60

time[sec]

Fig. 3 Roll angle with § = 0.

roli angle{deg]
6.00 (
/’\M
0.00 -
= UDl code
5.00
— UDS code
-10. ‘
00 Ks=1440
-16.00
— UDS code.
-20.00 Ks=14400
-26.00 3
0.00 0.10 020 0.30 0.40 0560 060

time[sec]
Fig. 4 Roll angle with £ = 0.01.

5-10); and are a manifestation of the beating phenomenon,"
resulting from the structure of the aircraft. With f, and f; as
the nonzero natural frequencies associated with the aircraft
after deployment, the beating phenomenon gives rise to new
system frequencies, viz., 3(f> + f;) and ¥(f, — f;). Here f,
= (127}K/[(SA + Q)OB + I;.]}"* = 15.1 Hz and f, =
fill + 2[(SA + QFB + [,;.)/1,,}"? = 32.8 Hz.

One significant flaw is embedded in the theory of imposition
of constraints and consequently, in the UDI code. The im-
position of constraints process, having the characteristics of
an impact, gives rise to “‘instantaneous’ change in generalized
speeds, shown, e.g., in Fig. 5. (Note that, with the indicated
side wind, different aerodynamical loads are experienced by
wings B and C, leading to termination of deployments at r =
0.138 and at r = 0.432 s, respectively). The associated infi-
nitely large accelerations make it impossible to calculate con-
straint torques during the imposition.

Alternatively, UDI code can be used to predict AU, the
total reduction in the system’s energy during imposition. For
example, Table 3 shows AU, obtained with UDI and with
UDS codes for different K, while, with a side wind as before,
wing C terminates deployment and is locked to the fuselage.
Again, the results obtained with the UDS code approach those
obtained with the UDI code. One may conclude that simu-
lations obtained with the UDI code are both faster and, with
unknown compliance characteristics, more accurate than those
obtained with the UDS code.

Table 3 Energy loss
during imposition

K. AU,
Code kg-m/rad kg-m
UDI —_— 1.25
UuDS 1,440 1.25
UDS 14,400 1.24
u2.ufrad/sec|
0.40
0.30
0.20
0.10
0.00
-0.10
.20 —-yaw
-0.30 )
040 pitch
0560 + + + 4
0.00 0.10 020 030 0.40 0560 060
time{sec]

Fig. 5 Yaw and pitch rates.

q9(=q10)(deq)
140.00
120.00
100.00
80.00
60.00
40.00
20.00
0.00
0.00 0.06 0.10 0.16 020 0.26 030

time(sec]

— UD configuration

— LD configuration

Fig. 6 Syminetric deployment.

q9(=q10)(deg)
120.00

100.00
80.00
60.00

40.00
20.00 — UD configuration

— LD configuration

0.00
000 0.10 0.20 030 0.40

time[sec]

Fig. 7 Incomplete deployment.

Deployment Simulations

A code similar to UDI was constructed with reference to
the LD configuration, and called LDI. A comparative study
of the behavior of UD configuration and LD configuration
was then carried out. In the absence of external winds and
damping, g.(t) = ¢,.(f), and the two configurations give rise
to similar g,(r) behavior, as shown in Fig. 6. However, this
similarity disappears in the presence of external winds. For
example, with the same Yp*" as before, an external wind of
NpW = 5n, m/s does not enable termination of the deployment
in the UD configuration (an external wind of Y»¥ = —5n,
m/s accelerates the deployment). A "¢ = —1ln, m/s is
required in order to cause a similar effect with the LD con-
figuration. Plots of g,(f) and q,,(r) for these incomplete de-
ployments are shown in Fig. 7.

Next, let the UD configuration be subjected to a side wind
of ¥»¥ = 10r; m/s, and the LD configuration be subjected
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roll angle{deqg]
5.00
0.00
-6.00
1000
-1600
-20.00
2600
-30.00
000 0.10 020 030 0.40 060 060
time|[sec]
Fig. 8 Roll angle with side winds of 10 m/s.

== LD configuration

— UD configuration

49.10(deg)
140.00 ¢

120.00
100.00
80.00
60.00
40.00 —wingB
20.00 —wingC
0.00 + + + + 4 +
000 0.10 020 030 0.40 050 060
timefsec]
Fig. 9 UD configuration deployment with side wind of 10 m/s.

99.q10|deg)
14000 7

120.00
100.00
80.00
60.00 $
40.00
20,00 —wingC
0.00 + + 4
000 010 020 030 040 050 060
timef{sec]

Fig. 10 LD configuration deployment with side wind of 10 m/s.

—wing B

to a side wind of Y»% = —10n, m/s. Figure 8 shows that,
under these circumstances, the roll undergone by the fuselage
is similar in both configurations. However, Figs. 9 and 10
indicate that it takes the UD configuration a longer time to
complete deployment. Furthermore, the time the aircraft moves
with only one wing locked is twice as long with the UD con-
figuration. These results point towards a greater susceptibility
of the UD configuration to wind gusts. ’

Thus, one may conclude that the LD configuration is less
susceptible to external winds. This relative robustness has its
price, because with LD configuration, AU is larger during the
imposition phase: in the absence of external winds AU = 2.25
kg-m with the LD configuration, and 0.7 kg-m with the UD
configuration. These results indicate that a higher amount of
energy must be absorbed during imposition of constraints with
the LD configuration, possibly accompanied by higher loads
at the roots of the wings. Robustness, however, is usually a
prevailing consideration, pointing towards the LD configu-
ration as advantageous.

Conclusions and Future Work

The matter of choosing between two acceptable configu-
rations of axes for aerodynamically deployed wings was in-
vestigated in this article. Simulations of the deployment pro-
cess for both configurations were used as tools by means of
which the indicated choice could be made. In writing the

requisite simulations, however, one has to deal with the loss
of a DOF, occurring when the deployment of a wing termi-
nates. The common practice in such situations is to add com-
pliances to surfaces at which impacts occur, thus leaving the
number of DOF unaltered. Such solutions lead, at best, to
time-consuming simulations, a problem alleviated here with
the aid of the theory of imposition of constraints. If, however,
information regarding the compliance at the indicated sur-
faces is available, then the theory of imposition of constraint
can be applied after transients, associated with the impact
occurring when the deployment terminates, have died out.

With simulations capable of handling the termination of
deployment, one is in a position to further investigate the UD
and the LD configurations. The following issues can be in-
vestigated: To what extent does the presence of an on-board,
launching power source affect the robustness of the UD con-
figuration? What is the latest point in time for control acti-
vation, so as to avoid the aircraft loss of stability in adverse
weather conditions? Is it necessary to use dampers as means
to reduce the loads associated with the imposition? How ef-
fective is the available structural damping in restraining the
elastic deformations and stresses resulting from the imposi-
tion?

Upgrading the codes described here may put one in a po-
sition to relate to more complex issues. Thus, if each wing is
represented by either a larger number of rigid bodies, springs
and dampers, or, alternatively, by a continuous or a discre-
tized elastic media (modal representation), then it becomes
possible to investigate aeroelastic stability. Similarly, the model
of the aircraft can be upgraded to include additional, possibly
deployable, aerodynamic surfaces, as decreed by the aero-
dynamic design. Control torques can also be added, even-
tually leading to a more comprehensive study of the aircraft
launch-deploy behavior. With the imposition of constraints
theory, however, a study of the launch-deploy phase of the
type of aircraft in question can be accomplished without hav-
ing to assume anything about the locking mechanisms of de-
ployable members.
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