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ABSTRACT

Exploiting mechanical instabilities and elastic nonlineari-
ties is an emerging means for designing deployable structures.
This methodology is applied here to investigate and tailor a mor-
phing component used to reduce airframe noise, known as a slat-
cove filler (SCF). The vortices in the cove between the leading
edge slat and the main wing are among the important sources of
airframe noise. The concept of an SCF was proposed in previous
works as an effective means of mitigating slat noise by direct-
ing the airflow along an acoustically favorable path. A desirable
SCF configuration is one that minimizes: (i) the energy required
for deployment through a snap-through event; (ii) the severity
of the snap-through event, as measured by kinetic energy, and
(iii) mass. Additionally, the SCF must withstand cyclical fa-
tigue stresses and displacement constraints. Both composite and
shape memory alloy (SMA)-based SCFs are considered during
approach and landing maneuvers because the deformation in-
curred in some regions may not demand the high strain recover-
able capabilities of SMA materials. Nonlinear structural analy-
ses of the dynamic behavior of a composite SCF are compared
with analyses of similarly tailored SMA-based SCF and a refer-
ence, uniformly thick superelastic SMA-based SCF. Results show
that by exploiting elastic nonlinearities, both the tailored com-
posite and SMA designs decrease the required actuation energy
compared to the uniformly thick SMA. Additionally, the choice of
composite material facilitates a considerable weight reduction

where the deformation requirement permits its use. Finally, the
structural behavior of the SCF designs in flow are investigated
by means of preliminary fluid-structure interaction analysis.

1 Introduction
Morphing and adaptive structures have the unique ability to

change shape and/or material properties in response to varying
external stimuli, thereby enabling less stringent trade-offs be-
tween stiffness, strength, weight and functionality [1–4]. In par-
ticular, geometric shape changes can be achieved by tailoring
the properties of the constituent materials [5–7] and/or design-
ing specific stress fields into the structure [8, 9]. A potential
design option, when operation conditions require large displace-
ments and multiple stable configurations, is the use of elastic in-
stabilities [10–13]. In this context, tracing equilibria deep in the
post-buckling regime can reveal nonlinear behaviors that can be
used to design multistable snap-through responses for morphing
components [10, 14, 15].

In this work, we apply this adaptation-by-instability ap-
proach to design and tailor the behavior of slat-cove fillers
(SCFs). The SCF is a morphing component that reduces airframe
noise produced by unsteady flow in the cove between the leading-
edge slat and the main wing during low speed maneuvers of ap-
proach and landing for transport aircraft [16–21]. In its deployed
state, the SCF protrudes outwards from the slat, filling the cove
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FIGURE 1: Buckling deformation of a pin-jointed beam and corresponding bifurcation diagrams. (a) A pin-jointed beam bows sideways when
subjected to a compressive force greater than the buckling load. (b) An idealized symmetric beam with no geometric or loading imperfections
features a symmetric pitchfork bifurcation diagram in load vs displacement space. (c) Conversely, the bifurcation graph related to a beam with
symmetry-breaking geometry and/or loading characteristic of real-world conditions is characterized by a “broken pitchfork”.

to reduce noise. To eliminate auxiliary actuators and maintain
mechanical simplicity, the SCF is designed to deploy and retract
purely by interacting with the main wing as the slat is actuated.
In its retracted configuration, contact between the main wing and
the slat forces the SCF to conform to the space between the slat
and the main wing. This deformed state is statically unstable un-
der zero load, meaning that the SCF automatically deploys and
snaps out into the cove as the slat moves away from the main
wing. To tailor this actuation process and control the stability of
the structure, a desirable “snap-through” behavior is achieved by
modifying the stiffness of the SCF.

The adaptation-by-instability approach is demonstrated in
this work by comparing three SCF designs: 1) a tailored shape
memory alloy (SMA) based SCF, 2) a tailored laminated com-
posite SCF, and 3) a uniformly thick (monolithic) SMA SCF.
Traditional laminated composite materials are considered in this
work because it is anticipated that the strains incurred during re-
configuration of the SCF for some regions of relevant aircraft
structures will be low enough to permit their use and ply stacking
strategies can be exploited to enable great stiffness tailoring ad-
vantages. The tailored designs follow the previously mentioned
principles of geometrically nonlinear elasticity for the purpose of
tailoring its behavior during retraction and deployment. To fur-
ther demonstrate the capabilities that composite materials offer in
conjunction with nonlinear elasticity, we present two additional
tailored composite SCF designs. For brevity these additional de-
signs are not considered for subsequent fluid-structure interac-
tion (FSI) analyses. The preliminary FSI analyses are conducted
to evaluated the dynamic behavior of the SCF designs in a rele-

vant flow environment.
The remainder of the paper is structured as follows: Sec-

tion 2 provides a brief theoretical background to buckling, post-
buckling and the important characteristics pertaining to shape-
adaptation, Section 3 includes details on the finite element (FE)
methods and stiffness tailoring of the materials selected, and Sec-
tion 4 discusses the dynamic structural response and the FSI anal-
ysis of the SCF.

2 Background
2.1 Buckling and post-buckling for shape adaptation

The basic concepts of mechanical instability can be ex-
plained by considering the buckling response of a pin-jointed
Euler strut, illustrated in Fig. 1a. Here, the application of a
compressive axial displacement, u, initially shortens the structure
maintaining a straight configuration. For levels of compression
greater then the critical buckling load, the strut suddenly deflects
out-of-plane by δ into one of the two mirror-symmetric curved
configurations. Figure 1b shows the equilibrium branches of a
perfectly symmetric system in transverse deflection vs compres-
sive load space. The shape of this equilibrium manifold is often
referred to as a “pitchfork” bifurcation. The introduction of real-
world initial imperfections break the symmetry group along the
arc-length of the strut and also “break” the pitchfork (Fig. 1c).
In this case, as the compressive load is applied, the beam natu-
rally follows a stable primary branch, deflecting into a preferred,
bent configuration. A stable secondary branch exists and can be
reached by means of an additional transverse load, F , that forces
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FIGURE 2: Multistability and snap-through behavior. (a) The application of a transverse load to a bistable clamped strip in its first stable configuration
causes snap-through into the inverted stable shape (b). (c) The applied load increases until it reaches a critical value. At this point the beam snaps
through a region of instability, where applied load decreases, reaching a second stable branch. Upon load removal the structures settles on the
secondary stable state. Similarly, a monostable buckled structure snaps from its first (d) to its second inverted configuration (e) when a transverse
load is applied, but, as shown in (f), load removal causes snap back to the original unloaded equilibrium (d), figure from ref. [10].

the structure to cross the solution manifold vertically, snapping
through a region of instability. The secondary branch of the bro-
ken pitchfork is characterized by a limit point, which separates
the stable and unstable regions [22].

2.2 Multistability and snap through
Multistability and dynamic snap-through instabilities are il-

lustrated by means of a simple demonstration, shown in Fig. 2,
in which a simple beam is subjected to an axial compressive
displacement [10]. Figures 2a, b, d, and e show the post-
buckled configurations of the clamped-clamped strut with dif-
ferent boundary conditions. Changes in these boundary condi-
tions allow for modification of the multistable snap-through re-
sponse of the structure [10]. The stable states of the strut in
Fig. 2a are connected by the equilibrium branch in Fig. 2c. When
the applied force reaches a critical value, the structure snaps
from the first stable state into the second configuration, Fig. 2b,
traversing a region of instability. When the transverse load is re-
moved, the structure remains in the inverted position at the point
where the load-displacement curve intersects the displacement
axis. Hence, a second stable unloaded configuration has been
found, demonstrating bistability. Similarly, Fig. 2f depicts the
load-displacement diagram for the strut in Fig. 2d. In this case,
a region of instability under load control is observed in the load-
displacement diagram, confined between a local maximum and

a local minimum. The beam is able to snap-through and reach
a distant inverted configuration, but the inverted state is a stable
equilibrium only under application of an external transverse load.
So, the structure snaps back to the initial configuration when the
transverse load is removed because the load-displacement curve
does not intersect the displacement axis other than at the origin.
The structure is therefore monostable and shows nonlinear be-
havior [14]; the former is essential in the response of an SCF,
and the latter may be favorable.

The investigation of structural nonlinear behaviors and elas-
tic instabilities can be used to tailor the dynamic snap-though
response of a buckled or arched structure when subjected to ex-
ternal loads. Consequently, the release of kinetic energy as well
as the required energy for actuation can be modified in order to
obtain an optimized trade-off for the specific application.

In this paper, we investigate the retraction-deployment pro-
cess of a morphing SCF and subsequently tailor its actuation and
control response. A desirable snap-through behavior, with mini-
mized actuation energy and release of kinetic energy, is achieved
by modifying the stiffness of the SCF using laminated compos-
ites and tailoring SMA materials.

3 Computational model development
Here we focus on describing the computational models

used in this work. The baseline geometry for all models is a
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FIGURE 3: Structural FEA model of 2.5D SCF assembly.

TABLE 1: Ply properties and stacking sequences.

Sample Ply thickness (mm) Section 1a Section 1b Section 2a Section 2b Section 3a Section 3b

Tailored Composite 1 0.125 [(0)3/±45/90/0]s [0/[(0)3/±45/90/0]s/0]

Tailored Composite 2 0.125 [(0)2/±45/90/0]s [(0)3/±45/90/0]s [0/[(0)3/±45/90/0]s/0]

Tailored Composite 3 0.125 [(0)2/±45/90/0]s [90/[(0)3/±45/90/0]s/90] [0/90/[(0)3/±45/90/0]s/90/0]

freestream-aligned section of the Boeing-NASA Common Re-
search Model (CRM) [23] in a high-lift configuration with an
additional SCF profile. Previous work considered a 6.25%
scale version of the geometry for wind tunnel tests, whereas the
present work utilizes a full scale version of the geometry (for
reference, the chord of the retracted configuration is 5.1 m).

3.1 Finite element structural model
Figure 3a shows the structural finite element model of the

SCF. The model is built using the commercial finite element suite
Abaqus [25] in a similar manner to previous efforts [20, 21]. The
model consists of the slat, main wing, SCF, and a hinge for assist-
ing SCF stowage. All parts in the model have a 16 mm spanwise
(Z-direction) length. It is assumed that the main wing, slat, and
hinge are much stiffer than the SCF and are therefore modeled
as rigid bodies. Positioning of the hinge axis (18.2 mm from the
cove wall) and length of the hinge-arm (34.6 mm) are based on
the hinge for the scaled wind tunnel model, which was found
to be the design that minimized actuation force. Although it is
possible that a different hinge position and length could benefit
the optimized SCF designs shown here, variations in the hinge
position and length are not considered in this first study.

For this work, the SCF is partitioned into four sections (see
Fig. 3b): the SCF-hinge arm (projection of the hinge length unto
the SCF; rigid) and three equally long sections used in the tailor-

ing process. The mesh for the SCF consists of 259 general shell
elements of type S4 along the SCF curve. The SCF (as well as
all other parts) is one element wide in the spanwise (Z) direc-
tion. Symmetry conditions are implemented on the SCF edges
aligned with the X-Y plane, modeling an infinitely-long span-
wise SCF. Contact between the SCF and the other components is
modeled using surface-to-surface contact in Abaqus with linear
penetration in the normal direction and frictionless behavior in
the tangential direction.

Composite SCFs are modeled using the composite lamina
feature in Abaqus to create a stack of plies with fibers oriented in
different directions. Three different stacking sequences (Com-
posite 1, Composite 2, and Composite 3) are considered, as
shown in Table 1. These stacking sequences are selected to
demonstrate that different snap-through behaviors can be ob-
tained by means of composite tailoring. Note that only the first
layup (Composite 1) is used in the following FSI analysis. Ad-
ditionally, Fig. 4 schematically shows ply orientations for Com-
posite 1, where each layer has a thickness of 0.125 mm. The
material chosen is a uni-directional (UD) glass fibre epoxy resin
composite, E-Glass 913, with material properties as shown in Ta-
ble 2. In order to obtain an optimized snap-through behavior, the
composite stacking sequence was tailored along the SCF length
with the stacking sequences shown in Table 1.

For SMA-based SCFs, the superelastic effect of the SMA
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FIGURE 4: Composite layup of the fiber-glass SCF. Lines represent composite layers. Step changes in thickness cause stiffness variations and the
structural asymmetry required for nonlinear behavior tailoring and stability control.

TABLE 2: E-Glass 913 layer properties.

Material Density Tensile modulus Tensile modulus Tensile Failure Compressive Failure Shear Strength

(kg/m3) E1 (GPa) E2 (GPa) X∗t ,Y
∗∗

t (MPa) X∗c ,Y
∗∗
c (MPa) S (MPa)

E-Glass 913 1900† 38.7‡ 8‡ 1548‡, 65.5† 1000‡, 65.5† 40‡

∗ Fibers direction 0 deg. ∗∗ Fibers direction 90 deg. †Based on Hexcel data. ‡Based on Ref. [24].

material is considered assuming an isothermal operational en-
vironment. In this work, the superelastic behaviour of SMAs is
modeled with the constitutive model developed by Auricchio and
coworkers [26]. The model is an Abaqus-native user-material
(UMAT) subroutine, making it particularly useful for collabora-
tive work. Material properties for the model are calibrated using
data from tensile tests of SMA dogbone specimens made from
material used for a scaled SMA-based SCF [21]. Calibrated
properties are shown in Table 3. The structural behavior dur-
ing the retraction-deployment process of the tailored composite
SCF is compared with a monolithic SMA-based SCF, with con-
stant thickness of 1.9 mm, and a tailored SMA-based SCF with
thickness of 1.48 mm (Section 1&2) and 1.8 mm (Section 3).

Figure 5 illustrates the static elastic response of SMA and
composite glass fiber materials. The graph clearly highlights the
superelastic characteristic of the SMA. The alloy behaves lin-
early until the applied stress reaches a critical value. At this level,
a microstructural transformation from austenite to martensite oc-
curs, causing a large deformation without incurring significant
plasticity [27]. Conversely, the composite material behaves as
a classic linear elastic material. Therefore, by purely consider-
ing the constitutive behavior of the two materials, the superelas-
tic properties of the SMA material seemingly lend themselves
more naturally to facilitating large deformations and snapping
behaviour. However, the additional or individual occurrence of
elastic structural instabilities per se can lead to similar behaviour
(as intended by [14]). The advantage of elastic instabilities is that
they lend themselves more naturally to tailoring. A nonlinear be-

TABLE 3: SMA material properties. See [26] for definition of param-
eters.

Property Value

(Elastic Properties)

EA,EM 44.9 GPa, 26.4 GPa

νA = νM 0.33

(Phase Diagram Properties)

σMs, σM f 422 MPa, 425 MPa

σAs, σA f 247 MPa, 231 MPa

CA =CM 7.12 MPa/K

(Transformation Strain Properties)

H 5.15%

(Other Properties)

ρ 6480 kg/m3

havior can be designed as desired by modifying the component
profile, introducing geometrical imperfections, and/or tailoring
material stiffness [10, 15]. Hence, due to constraints on the SCF
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profile, the snap-through response is modified only by stiffness
tailoring throughout this paper.

Evaluation of the SCF during the tailoring process consid-
ers two load cases: 1) static aerodynamic loading, and 2) retrac-
tion and deployment of the slat. The two load cases are sepa-
rately assessed. The static aerodynamic loading of the SCF is
conducted using a static analysis. For this load case, the slat is
initially fixed in its fully deployed configuration. The pressure
distribution for the loading is extracted from a CFD analysis of
the wing at 6 ◦angle of attack in Mach 0.2 flow and interpolated
from a point cloud in Abaqus. The slat/SCF articulation is an-
alyzed using an implicit dynamic solver. Aerodynamic loading
is not considered for this load case. The articulation of the slat
is controlled by applying rotational displacements to a reference
point [25] assigned to the rigid body. Full retraction of the slat
occurs with a rotation of 25.2◦.

3.2 FSI model and framework
FSI analysis is conducted to understand how the various

SCF designs behave in flow. In this work, the FSI analysis is
conducted by linking the structural model of the SCF to a cor-
responding computational fluid dynamics (CFD) model using
the Abaqus Co-Simulation Engine. The fluid model used in the
FSI analysis is created in SC/Tetra, a thermo-fluid finite volume
solver developed by Cradle [28] with a built-in link to the Abaqus
Co-Simulation Engine, making the FSI analysis easy to conduct.

The fluid model (see Fig. 6) consists of the CRM wing sec-
tion and a surrounding rectangular flow field with dimensions of
14 chords by 20 chords. Similar to the structural model, the fluid
model is one element wide in the spanwise direction (assuming

Inlet

Flap
Slave Mesh

Slat/SCF
Slave Mesh

Inlet

OutletOverall Model

FIGURE 6: Fluid model of CRM wing.

an infinitely wide wing) and has the same spanwise length as
the structural model (for conducting the FSI analysis). An over-
set mesh scheme is implemented to capture the SCF deformation
and articulation of the high-lift devices by overlapping movable
slave meshes onto a master mesh. Flow data is transmitted be-
tween the master mesh and boundary of the slave mesh through
interpolation. For this work, the main wing and surrounding fluid
domain represent the master mesh, while the slave meshes are the
slat/SCF and flap. Each mesh is created separately and combined
later for conducting flow analysis.

Multiple closed volume regions are defined to improve
meshing of the main wing/fluid domain (master mesh) by as-
signing element sizes to each region. The innermost region is
based on a 10%-chord offset from the surface of the wing for
both the retracted and deployed configurations. Regions closer
to the wing have a smaller mesh size compared to the outer re-
gions, improving computational runtime while maintaining ac-
curacy of the flow solution. The flap and slat/SCF slave mesh
are assigned the same element size as the innermost regions of
the master mesh. Hexahedron elements are inserted along the
surface of the wing to improve modeling of the boundary layer.
Element sizes and parameters for the hexahedron element layers
are based on studies done in previous work [21] for wind tun-
nel scale models. The model is comprised of 854,582 elements
(805,509 prism and 47,023 hexadedron).

Inlet boundary conditions of Mach 0.2 are applied to the
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lower and left boundaries of the outer region. Angle of attack
is specified by setting the X- and Y-components of the inlet ve-
locity. At the upper and right boundaries of the outer region,
outlet boundary conditions are specified. Finally, on all wing sur-
faces, smooth, no-slip/penetration walls are applied. The fluid in
this work is incompressible air with a viscosity of 1.83x105 Pa-s
and density of 1.206 kg/m3. A two-equation turbulence model,
known as the Shear-Stress Transport (SST) k− ω turbulence
model [29], captures turbulent behavior (such as separation and
circulation) in the analysis. This model implements zonal treat-
ment to accurately model flow both near the surface of the wing
(wall) and in the far-field. For this work, flow is assumed to be
initially laminar. The pressure distribution used in the tailoring
process comes from a transient analysis of this model with a time
increment of 0.00005s that is conducted for 0.75 s at which point
the flow is approximately steady.

As mentioned earlier in this section, SC/Tetra links directly
to the Abaqus Co-Simulation engine for conducting the FSI anal-
ysis. The structure and fluid models are weakly coupled, solving
associated physical quantities separately and exchanging neces-
sary data at specified time increments in the analysis. Abaqus
provides displacements of specified surfaces, while SC/Tetra
transmits the pressure acting on those surfaces. The outer mold
line of the deformable slat/SCF is the only surface in the CRM
geometry that is linked between the two models. The time in-
crement for data exchange in this work (0.00005 s) is equal to
the time incrementation of both the fluid and structural models.
To iterate the analysis in time, a Gauss-Seidel time scheme is
implemented. Using this scheme, flow data from the ith incre-
ment in the fluid model is used to apply pressure loading to the
(i+ 1)th increment of the structure model. The displacements
of the structure model at the (i+ 1)th increment, are then sent
to the fluid model and used to determine its (i+ 1)th increment.
To improve computational runtime efficiency, CFD analysis is
conducted to develop the flow to steady conditions prior to con-
ducting FSI analysis and is applied as initial conditions to the FSI
analysis.

3.3 Constraints and requirements

Tsai-Wu failure criterion To assess the likelihood of
static failure of the composite SCF, the stress-based Tsai-Wu fail-
ure criterion (TWFC) [30] is implemented. The TWFC is cho-
sen because it accounts for interaction between different stress
components and provides good failure predictions within the cur-
rent engineering requirements [31]. Furthermore, the TWFC has
been identified as one of the five best-performing failure criteria
assessed in the recent World-Wide Failure Exercise and is recom-
mended for uni-directional lamina under combined loading [32].

For a state of plane-stress, the failure index IF according to

the orthotropic TWFC is

IF = F1σ11 +F2σ22 +2F12σ11σ22 +F11σ
2
11 +F22σ

2
22 +F66σ

2
12,

(3.1)
where σ11 and σ22 are the stress components longitudinal and
transverse to the fiber direction, respectively, and σ12 is the in-
plane shear stress. The coefficients Fi j of the orthotropic TWFC
in Eq. (3.1) are given by

F1 =
1
Xt
− 1

Xc
, F2 =

1
Yt
− 1

Yc

F11 = f ∗
√

F11F22, F12 =
1

XtXc

F22 =
1

YtYc
, F66 =

1
S2 ,

(3.2)

where Xt , Xc, Yt and Yc are experimentally determined material
failure strengths, shown in Table 2, in uniaxial tension (t) and
compression (c) in the directions longitudinal X and transverse
Y to the fibers, respectively. The in-plane shear strength is given
by S and all five experimental strengths in Eq. (3.2) take positive
signs. The magnitude of the normalized interaction term f ∗ is
difficult to ascertain experimentally and a value of f ∗ = 0.5 is
chosen here based on suggested ranges in the literature [31].

The TWFC is applied to each ply in the laminate separately,
bearing in mind that the stresses within each SCF ply are func-
tions of location (SCF arc-length s) such that IF = IF(s). Thus, to
prevent local failure over the whole laminate domain the failure
index related to each ply is required to satisfy

max
k∈[1,N]

Ik
F(s)< 1 (3.3)

for a total of N plies within the SCF laminate.

Displacement from aerodynamic loading A major
requirement for all SCF designs is that the SCF cannot signif-
icantly displace while under aerodynamic loading. Significant
deflections can lead to a loss of noise mitigation and potential
oscillation of the SCF, generating additional noise. Previous
work [33] considered a deflection constraint of 2.54 mm for a
75%-scale SCF. As this work uses a full-scale version of the
SCF, the constraint is scaled to 3.4 mm. Any SCF configura-
tion (both composite and SMA) that does not meet this require-
ment is considered infeasible and thus is not considered in the
more computationally expensive FSI analysis. For the mono-
lithic SMA-based SCF, a thickness of 1.85 mm is the minimum
size required to satisfy the constraint with a maximum displace-
ment of 3.3 mm.
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4 Composite SCF Tailoring: mechanical and FSI eval-
uations
In this section, results of the tailoring process for both com-

posite and SMA-based SCFs are presented. The behavior of the
tailored and monolithic SCFs in realistic flow conditions is then
evaluated using preliminary FSI analysis.

4.1 Structural analysis of tailored SCF designs
Figure 7a and b compare the force vs. deflection curves

of the monolithic SMA, tailored SMA and tailored Composite
1 SCFs, during the retraction (snap-through) and deployment
(snap-back) stages. As the airfoil pushes the SCF from its de-
ployed shaped into the retracted shape, compressive stresses are
induced in the structure as a result of the initial curvature of the
SCF and the boundary constraints that prevent expansion.

All considered SCF designs show a monostable snap-
through response (see Fig. 2 for reference), which is essential
for the desired autonomous re-deployment. However, the F vs δ

curve in Fig. 7a, related to the monolithic SMA SCF, has a min-
imum force trough of 0.48 N, i.e. very close to intersecting the
zero-force axis. This suggests that potential uncertainties in the
intrinsic superelastic properties caused by thermo-mechanical fa-
tigue [34] could modify the stability of the structure and make it
bistable. By stiffness tailoring, the minimum point of the equi-
librium curve can be increased for both SMA-based and fiber-
glass composite SCFs, thereby reinforcing the monostabilty of
the SCF component.

The SCF undergoes considerable amounts of local curva-
ture change before finally snapping through. In the case of the
monolithic SMA-based design, the intrinsic superelastic proper-
ties of material softening facilitate snap-through, thereby result-
ing in an energetically convenient actuation process. By tailoring
the stiffness of the SMA along the arc-length of the component,
the degree of local curvature can be reduced, thereby minimizing
the internal stresses and facilitating early snap-through actuation.
This is demonstrated by a decrease of 19.8 % in the force at snap-
through and a 35.9 % reduction in peak strain energy, as shown
in Table 4 and Fig. 7a and c. The softer and more controlled
dynamic retraction and re-deployment achieved by the tailored
SMA also leads to a less severe dynamic snap, as shown by the
reduction in the release of kinetic energy (Fig. 7d) of up to 46 %.
The reduction in peak kinetic energy of the SMA-based SCF is
beneficial as it reduces the vehemence of potential collisions with
the wall of the slat cove, and the deflection and oscillations of the
SCF profile at snap-back. Similarly, the reduction in peak strain
energy lowers the actuation power requirements.

The black curves in Fig. 7 illustrate the structural behavior
of the Composite 1 SCF compared to the SMA designs. The
Composite 1 dynamic response is similar to the tailored SMA.
The material choice and stiffness tailoring cause a reduction in
kinetic and strain energy, as well as a more drawn-out monos-

tabile behavior. Consequently, these results, summarized in Ta-
ble 4, suggest that elastic instabilities can be used when nonlinear
characteristics are required, regardless of the intrinsic properties
of the material. Furthermore, the structural mass and cost of the
fiberglass solution also improves on the SMA design. An ad-
ditional advantage of a composite design is the simplicity with
which manufacturing techniques lend themselves to tailoring the
structural behavior. Techniques such as layup vacuum-bagging
and tow-steering [35, 36] allow local tailoring of the material
stiffness, and hence the equilibrium manifold, which is essential
for the design of the described retraction-deployment process.

To demonstrate the effectiveness and the design flexibility
that elastic instabilities offer, the dynamic behavior of the Com-
posite 1 SCF is compared with two more stacking sequence so-
lutions, Composite 2 and Composite 3, with particular lay-ups
shown in Table 1.

Snap-through, snap-back and the related kinetic and strain
energies are shown in Fig. 8. The snap-through curve of Com-
posite 2 (Fig. 8a) does not significantly differ from Composite
1, whereas Fig. 8b shows that the Composite 2 Fvsδ curve be-
comes flatter for a smoother snap-back. As a result, while there
are no significant changes in strain and kinetic energies at snap-
through for Composite 2, at snap-back Fig. 8d shows a decrease
in released kinetic energy of 20 %for Composite 2 relative to 1.
The effect of tailoring is even more pronounced for Composite 3,
which was tailored in order to reduce the loss of structural stiff-
ness once the critical load is reached. In this way, the structure
responds to the external load via a smoother (rather than sud-
den) snap, which results in both a lower release of kinetic energy
(40 %) and reduction in internal strain energy (13 %), compared
to Composite 1.

4.2 Fluid-structure interaction
FSI analysis is conducted on three of the SCF designs

(monolithic SMA, tailored Composite 1, and tailored SMA) to
assess their behavior in flow. Investigation of these results is on
going. As previously mentioned, the inlet condition is Mach 0.2
at an angle of attack of 6◦. Each analysis is conducted for 1.5 s.
It is expected that the SCF displacement will initially oscillate at
the start of the analysis but eventually decay to a constant value,
perhaps with small oscillations about the mean.

Figure 9 shows the displacement of the SCF in time at two
points along its curve where the displacement is greatest. The
first point (Node 1) is in the third tailoring section near the trail-
ing edge, whereas the second point (Node 2) is in the first tai-
loring section near the hinge. For the monolithic SMA-based
SCF (Fig. 9a), the displacement at both points decays, but not
to a constant value by the end of the analysis. A longer analy-
sis is expected to lead to further reduction of the displacement.
Additionally, the oscillation of the displacements at both nodes
is of similar value. For the tailored composite SCF (Fig. 9b),
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FIGURE 7: Force vs displacement plots of the snap-through (a) and snap-back (b) events of the monolithic SMA, tailored SMA and tailored Composite
1 SCFs. On the bottom, the related strain energy (c) and released kinetic energy(d) is plotted versus time.

TABLE 4: Comparison of design with different material solutions.

Material Density Max KE Max SE Force at Snap-through Max Deflection

(kg/m3) (J) (J) F (N) (mm)

Monolithic SMA 6480 2.6 5.3 73.2 3.31

Tailored SMA 6480 1.4 3.4 58.7 3.27

Tailored Composite 1 1900 1.5 3.8 61.7 3.24

Tailored Composite 2 1900 1.2 3.8 60.9 3.04

Tailored Composite 3 1900 0.9 3.3 60.7 3.20
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FIGURE 8: Snap-through (a) and snap-back (b) of Composite 1, 2 and 3 SCFs. On the bottom the related stored strain energy (c) and released kinetic
energy(d).

there is some decay initially but at the end of the analysis, the
displacement at both points has nearly constant oscillations. The
tailored composite design also exhibits a much larger oscillation
at Node 2 than Node 1. This is may be due to the reduced thick-
ness (and thus reduced stiffness) in the first and second sections
of the SCF. It is also interesting to note that the displacement
at Node 2 reaches a maximum when the displacement at Node
1 reaches a minimum (and vice versa), suggesting that the SCF
may be oscillating about a central point between Nodes 1 and
2. This behavior is also exhibited in the monolithic SMA-based
SCF, but it is not as obvious. Additionally, when the displace-
ment at Node 2 is at a maximum it is higher than the Node 1
displacement. This shift in location for the overall maximum dis-
placement and an increase in amplitude of the displacement near

the end of analysis may suggest that the SCF is close to becoming
unstable or may become unstable under a slightly higher flow ve-
locity. The tailored SMA-based SCF (Fig. 9c) exhibits many of
the same displacement characteristics as the tailored composite
SCF, however they are more severe and suggest that the tailored
SMA-based SCF is unstable. By the end of the analysis, the os-
cillations are not diminished significantly and the displacement
at Node 2 exceeds the Node 1 displacement for longer portions
of the analysis. Unlike the previous two SCF designs, the av-
erage displacement of both nodes are of similar value for the
tailored SMA-based SCF. Additionally, the tailored SMA-based
SCF appears to more clearly exhibit multiple modes contribut-
ing to the dynamic response. However, since 1.5 s did not result
in full decaying of the response for the monolithic SMA SCF to
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an approximately steady value, longer FSI analyses are needed
to fully understand the behavior of the tailored SCF designs in
flow.

All three SCF designs satisfied the displacement constraint
of 3.4 mm under a static aerodynamic loading extracted from the
CFD analysis used in the initialization of the FSI analysis. How-
ever, in the FSI analysis, all considered SCFs have displacements
that do not meet the constraint. Furthermore, the dynamic FSI
response may suggest that the SCF structures designed to the
steady load are marginal or even unstable when the fully cou-
pled response is considered. Figure 10 shows the displacement
of Node 1 for the monolithic SMA-based SCF in the FSI anal-
ysis plotted against the displacement when the SCF is subjected
to static aerodynamic loading using the averaged pressure distri-
butions extracted from the FSI analysis and the initial CFD anal-
ysis. It can be seen that the mean value of the displacement from
the FSI analysis is significantly greater than the static displace-
ment due to the steady load from the CFD analysis. The static
displacement due to the average pressure distribution from the
FSI analysis is also slightly lower than the mean dynamic dis-
placement. These observations suggest that nonlinear coupling
may be present in the FSI response that tends to destabilize the
system, i.e. positive feedback may be present between the dis-
placement of the SCF and the pressure distribution. As any SCF
deforms, the pressure distribution acting on it changes in such a
way that leads to further displacement.

Similar behaviors are exhibited for the other SCF designs.
These results suggest that the coupling between the displacement
and aerodynamic loading (i.e. FSI) may need to be taken into ac-
count during the tailoring process. The current process evaluates
the dynamic behavior of the SCF under retraction/deployment
cycles with no aerodynamic loading while satisfying a displace-
ment constraint from a static load. The interaction between the
structure and flow in the FSI analysis may be resulting in dy-
namic behaviors not captured when tailoring SCF response to re-
traction/deployment only. Additionally, displacement constraints
from aerodynamic loading either need to be reduced or used for
more severe flow conditions (such as faster flow speeds) than
the operational environment. Both changes will produce a stiffer
structure more resistant to the feedback mechanism.

5 Summary and Conclusions
The use of elastic instabilities is increasingly becoming an

effective tool when structural adaptivity is required. In this work,
we study the dynamic response of an SCF during the retraction
and re-deployment process actuated by the interaction with the
main wing. Abaqus simulations were carried out to study the
effect of materials selection and stiffness tailoring on the snap-
through nonlinear behavior of the SCF. Monolithic and tailored
SMAs and three fiberglass tailored composites with different lay-
up stacking sequences were investigated. In all cases, the SCF
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FIGURE 9: Deflection of multiple SCF designs.
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FIGURE 10: Displacement of monolithic SMA during FSI analysis
and static aerodynamic loading.

shows monostable snap-through behavior. However, the tailored
designs affect the dynamic behavior of the structural response re-
sulting in a lower snap-through load and lower amounts of energy
required for actuation. Additionally, the amount of kinetic en-
ergy released at the snap-through and snap-back is also reduced
up to 40 %. These results suggest that the constitutive supere-
lastic response of the SMA can be replaced by elastic instabili-
ties and elastic tailoring of a composite SCF for portions of the
airframe where deformation requirements are sufficiently low to
permit the use of laminated composite materials. Comparisons
between three analyzed lay-up solutions highlighted the flexibil-
ity and efficiency of composite tailoring. In fact, results show
that depending on the stacking sequence, it is possible to modify
one or more aspects of the SCF snap-through behavior.

The behavior of the uniformly thick SMA-based SCF, tai-
lored composite SCF and tailored SMA-based SCF in a relevant
flow environment was also investigated using preliminary FSI
analysis. An FSI model of the SCF in a fully deployed config-
uration was created and computations were performed for Mach
0.2 flow. All considered SCFs exhibited an oscillation in the dis-
placement about two points, but only the monolithic SMA SCF
response tended to stabilize (i.e. displacement damping to con-
stant value). At the end of the analysis, the tailored composite
SCF appeared to be almost unstable, exhibiting large oscillations
in displacement and a shift in location of maximum displacement
while the tailored SMA-based SCF appeared to be unstable. Fi-
nally, comparisons of the SCF deflection under static pressure
loadings from CFD and FSI analysis may show that coupling
between the displacement and loading needs to be taken into ac-
count during the tailoring process since the current process only
tailors SCF dynamic behavior during retraction/deployment. In-
vestigation of the FSI results is on going.

Future work will focus on incorporating more flight condi-
tions (angles of attack and flow speeds) to tailor the SCF to a
wide range of loadings. Current FSI models and results will be
investigated and improved upon to ensure accuracy. FSI analysis
will be conducted for longer periods of time to observe further
SCF behavior in flow. Additionally, adverse flight conditions
above operational use will need to be considered to tailor SCFs
that can meet deflection constraints in a dynamic analysis. Be-
havior of the SCF in flow during retraction and deployment of
the slat will also be considered.

ACKNOWLEDGMENT
Computational structural analysis was performed with a

SIMULIA Abaqus research license. Computational fluid anal-
ysis was performed with a Cradle SC/Tetra license.

AP acknowledges support from the EPSRC through grant
number EP/M013170/1. RG acknowledges the support of the
Royal Academy of Engineering through the research fellowship
program (RF/201718/17178).

REFERENCES
[1] Wagg, D., Bond, I., Weaver, P. M., and Friswell, M., 2007.

Adaptive Structures. John Wiley & Sons, Chichester.
[2] Campanile, L. F., 2005. “Initial thoughts on weight penalty

effects in shape-adaptable systems”. Journal of Intelligent
Material Systems and Structures, 16(1), pp. 47–56.

[3] Sanders, B., Cowan, D., and Scherer, L., 2004. “Aerody-
namic performance of the smart wing control effectors”.
Journal of Intelligent Materials Systems and Structures,
15(4), pp. 293–303.

[4] Weisshaar, T. A., 2013. “Morphing aircraft systems: His-
torical perspectives and future challenges”. Journal of Air-
craft, 50(2), pp. 337–353.

[5] Williams, K., Chiu, G. T., and Bernhard, R., 2002.
“Adaptive-passive absorbers using shape-memory alloys”.
Journal of Sound and Vibration, 249(5), pp. 835–848.

[6] Scholten, W., Hartl, D., Strganac, T., and Turner, T., 2015.
“Reduction of actuation loads in a self-deploying sma-
based slat-cove filler for a transport aircraft”. Proceed-
ings of the ASME 2015 Conference on Smart Materials,
Adaptive Structures and Intelligent Systems(SMASIS2015-
9015).

[7] Arrieta, A. F., Kuder, I. K., Rist, M., Waeber, T., and Er-
manni, P., 2014. “Passive load alleviation aerofoil concept
with variable stiffness multi-stable composites”. Composite
Structures, 116, pp. 235–242.

[8] Brinkmeyer, A., Pirrera, A., Santer, M., and Weaver, P. M.,
2013. “Pseudo-bistable pre-stressed morphing composite
panels”. International Journal of Solids and Structures,
50(7), pp. 1033–1043.

12



[9] Eckstein, E., Pirrera, A., and Weaver, P. M., 2014. “Multi-
mode morphing using initially curved composite plates”.
Composite Structures, 109, pp. 240–245.

[10] Arena, G., Groh, R. M. J., Brinkmeyer, A., Theunissen, R.,
Weaver, P. M., and Pirrera, A., 2017. “Adaptive compliant
structures for flow regulation”. Proceedings of the royal
Society Sec A, 473.

[11] Gomez, M., Moulton, D. E., and Vella, D., 2017. “Criti-
cal slowing down in purely elastic ‘snap-through’ instabili-
ties”. Nature Physics, 13, pp. 142–145.

[12] Daynes, S., Weaver, P. M., and Trevarthen, J. A., 2011. “A
morphing composite air inlet with multiple stable shapes”.
Journal of Intelligent Material Systems and Structures,
22(9), pp. 961–973.

[13] Runkel, F., Reber, A., Molinari, G., Arrieta, A. F., and Er-
manni, P., 2016. “Passive twisting of composite beam struc-
tures by elastic instabilities”. Composite Structures, 147,
pp. 274–285.

[14] Danso, L. A., and Karpov, E. G., 2017. “Cusp singularity-
based bistability criterion for geometrically nonlinear struc-
tures”. Extreme Mechanics Letters.

[15] Groh, R., Avitabile, D., and Pirrera, A., 2018. “Gen-
eralised path-following for well-behaved nonlinear struc-
tures”. Computer Methods in Applied Mechanics and En-
gineering, 331, pp. 394–426.

[16] Gleine, W., Mau, K., and Carl, U., 2002. Aerodynamic
noise reducing structure for aircraft wing slats. U.S. Patent
6,394,396.

[17] Streett, C., Casper, J., Lockard, D., Khorrami, M., Stoker,
R., Elkoby, R., Wenneman, M., and Underbrink, J., 2006.
“Aerodynamic noise reduction for high-lift devices on a
swept wing model”. 44th AIAA Aerosciences Meeting and
Exhibit(AIAA Paper 2006-212).

[18] Horne, W., James, K., Arledge, T., Soderman, P., Burn-
side, N., and Jaeger, S., 2005. “Measurments of 26%-
scale 777 airframe noise in the NASA Ames 40-by 80 Foot
Wind Tunnel”. 11th AIAA/CEAS Aeroacoustics Confer-
ence(AIAA Paper 2005-2810).

[19] Imamura, T., Ura, H., Yokokawa, Y., Enomoto, S., Ya-
mamoto, K., and Hirai, T., 2007. “Designing of slat cove
filler as a noise reduction device for leading-edge slat”.
13th AIAA/CEAS Aeroacoustics Conference(AIAA Paper
2007-3473).

[20] Scholten, W., Patterson, R., Volpi, J., Hartl, D., Str-
ganac, T., and Turner, T., 2016. “Noise reduction in a
high lift wing using smas: Computational fluid-structural
analysis”. Proceedings of the ASME 2016 Conference
on Smart Materials, Adaptive Structures and Intelligent
Systems(SMASIS2016-9196).

[21] Scholten, W., Patterson, R., Chapelon, Q., Hartl, D., Str-
ganac, T., and Turner, T., 2017. “Computational and ex-
perimental fluid-structure interaction assessment of a high-

lift wing with a slat-cove filler for noise reduction”. AIAA
SciTech.

[22] Timoshenko, S. P., 1970. Theory of elastic stability. Courier
Corporation.

[23] Lacy, D., and Sclafani, A., 2016. “Development of the
high lift common research model (hl-crm): A representa-
tive high lift configuration for transonic transports”. 54th
AIAA Aerospace Sciences Meeting(AIAA 2016-0308).

[24] Bibo, G., Hogg, P., and Kemp, M., 1997. “Mechanical
characterisation of glass-and carbon-fibre-reinforced com-
posites made with non-crimp fabrics”. Composites science
and technology, 57(9-10), pp. 1221–1241.

[25] Abaqus, 2011. Analysis User’s Manual. Dassault Systèmes
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