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Abstract

This work presents smart laminated composites that enable morphing vehicle structures. Morphing panels can be effec-
tive for drag reduction, for example, adaptive fender skirts. Mechanical prestress provides tailored curvature in compo-
sites without the drawbacks of thermally induced residual stress. When driven by smart materials such as shape
memory alloys, mechanically-prestressed composites can serve as building blocks for morphing structures. An analytical
energy-based model is presented to calculate the curved shape of a composite as a function of force applied by an
embedded actuator. Shape transition is modeled by providing the actuation force as an input to a one-dimensional ther-
momechanical constitutive model of a shape memory alloy wire. A design procedure, based on the analytical model, is
presented for morphing fender skirts comprising radially configured smart composite elements. A half-scale fender skirt
for a compact passenger car is designed, fabricated, and tested. The demonstrator has a domed unactuated shape and
morphs to a flat shape when actuated using shape memory alloys. Rapid actuation is demonstrated by coupling shape
memory alloys with integrated quick-release latches; the latches reduce actuation time by 95%. The demonstrator is
62% lighter than an equivalent dome-shaped steel fender skirt.
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Background on morphing structures (NHTSA) mandates an improvement in fuel economy

of 13 mpg] between 2015 and 2025 across all passenger
vehicle segments (H-D Systems, 2013). Aerodynamic
improvements can play a significant role toward meet-
ing this mandate, since a 10% reduction in Cp can lead
to a 2% increase in fuel economy. The factors contri-
buting to aerodynamic drag in a passenger car are illu-
strated in Figure 1(a). Several geometric modifications
to the vehicle body have been proposed for drag reduc-
tion (Hucho, 1987). Implementing geometric changes
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Figure |. (a) Estimated contributions to the drag coefficient of a passenger car (data from Barnard (1996)) and (b) potential for
drag reduction through the use of morphing structures. The color code used for morphing solutions in (b) correlates to the
corresponding source of aerodynamic drag in (a). Sources for (b): (i) Hucho and Ahmed (1998), (ii) Costelli (1984), (iii) Buchheim et
al. (1983), (iv) Hucho (1987), (v) Sunny (2011), (vi) Barnard (1996), and (vii) Koike et al. (2004).

as a rigid feature in the body is not always practical
due to potential adverse effects on vehicle dynamics,
aesthetics, and regulatory compliance. Morphing struc-
tures enable multifunctionality in body panels with an
added possibility for weight reduction” and improved
aesthetics. Active-geometry solutions that have a signif-
icant impact on aecrodynamic performance are summar-
ized in Figure 1(b). A fender skirt for a steered wheel is
demonstrated in this article since it provides high drag
reduction and is of practical interest.

For design purposes, a fender skirt is defined as an
extension of a fender that covers the wheel, as shown in
Figure 2(a). A fender skirt eliminates the turbulence
caused by mixing of the flow stream originating from
wheel rotation with the boundary layer of flow on the
vehicle body (Sunny, 2011). Flat fender skirts that cover
rear wheels have been implemented; examples include
Ford Probe (prototypes I-V, 1979-84), Honda Insight
(2000), and Volkswagen XL1 (2011). For steered
wheels, however, dome-shaped skirts are required to
avoid collision during wheel steer. The addition of a
rigid dome-shaped skirt leads to increased vehicle width
that could have adverse affects on aerodynamic perfor-
mance and driving dynamics. These limitations can be
addressed using adaptive fender skirts that are flat at
high speed for optimal acrodynamic efficiency and
switch to a domed shape to accommodate steering of
the wheel at low speed (Figure 2). Under normal oper-
ating conditions, steering angles are typically less than
5° at highway speeds (>60 mile/h or 96.5 km/h),
whereas large steering angles are common for low-speed
operations such as parking maneuvers. The BMW
Vision “Next 100 Years” (2016) is an example of a

vehicle concept that features morphing fenders. In the
BMW concept, the fender is the morphing element
whereas the fender skirt is rigid.

Active laminated composites

Laminated composites with controllable curvature can
serve as morphing elements in a dome-shaped structure
such as a fender skirt. Embedded actuation is a pre-
ferred approach for smart composites as it enables
compact and light-weight design. Bilgen et al. (2010)
demonstrated a composite-based airfoil that can change
camber (curvature) through the activation of piezoelec-
tric macro-fiber composite laminae. However, piezo-
electric actuators are ineffective for large bending due
to their low strain of 0.1% (Kim et al., 2010). Inflatable
laminae, driven by hydraulic or pneumatic power
sources, can create flexure when used in conjunction
with constrained layers (Chillara et al., 2016; Deimel
and Brock, 2013; Philen et al., 2007); materials that are
flexible but have high in-plane stiffness qualify as con-
straining layers. Implementation of inflatable structures
is viable when they are paired with compact power
sources such as smart material-driven electrohydraulic
pumps (Chapman et al., 2005). Lacasse et al. (2014)
developed fiber-reinforced polymeric composites with
embedded shape memory alloy (SMA) wires. Upon
activation, the SMA wires shrink in length to create
flexure of the composite. SMA actuators have a high
power-to-weight ratio and their high recoverable strain
(up to 6%) enables large curvature (Huber et al., 1997).
Due to their low weight and compactness, SMAs are
candidates for automotive applications (Jani et al.,



Chillara et al.

481

v High speed
v/ Minimal steering input

(2)

Bumper (|

r Fender (left)

Morphing <
region

Rigid
region

Wheel —

Y

Driving
direction

X

v Low speed
v Large steering input
(left turn shown)

(b)

Figure 2. (a) Retracted flat shape and (b) deployed domed shape of a morphing fender skirt (shown in yellow).

2014). The Chevrolet Corvette (2014), for example, fea-
tures a hatch vent that is opened using an SMA wire
actuator, to release air trapped during the process of
closing the trunk lid (General Motors, 2013).

Curvature in a composite can also be created using
passive means such as residual stress (Hyer, 1981).
Smooth curvature, devoid of kinks and cracks, is possi-
ble through the application of residual stress such that
the input energy that is responsible for deformation is
uniformly distributed across the domain. In fiber-
reinforced polymeric composites, residual stress is
imparted to the matrix through high-temperature curing
(Daynes and Weaver, 2010; Hyer, 1981; Mattioni et al.,
2008). Designs based on thermally induced stress are
limited in function since the stress states of different
laminae cannot be independently  controlled.
Furthermore, morphing based on thermally-prestressed
composites involves multistability, a feature that may
not be suitable for certain applications. On the other
hand, mechanically-prestressed composites can exhibit
single as well as multiple stable shapes (Chillara and
Dapino, 2017b; Chillara et al., 2016). In these compo-
sites, residual stress can be generated in specific laminae
by laminating them in a stretched condition.
Mechanically-prestressed laminae act as internal springs
in the composite since the applied prestress is irreversi-
ble. These springs can be paired with smart laminae that
are required to actuate only in one direction. Chillara
and Dapino (2017a, 2018) presented an SMA-actuated
bistable composite in which the actuator is reset to its
initial condition using mechanical prestress.

This study’s main contribution is the development
of composites with a generic planform whose curvature
is controlled by SMA actuators acting against

mechanical prestress; in contrast, past studies on pre-
stressed composites are based on a rectangular geome-
try with passive laminae. Inspired by the literature on
morphing aircraft, a model-based design procedure is
presented for the implementation of smart composites
in morphing automotive structures such as a fender
skirt. The mechanics and kinematics of a particular fen-
der skirt are discussed in section “Morphing structure
configuration” to motivate composite design. An ana-
lytical model for a smart laminated composite is pre-
sented in section “Analytical model of an active
composite rib.” A design procedure for a composite
element with trapezoidal planform is described in sec-
tion “Design procedure for a composite rib.” In section
“Case study: fender skirt,” a case study of a morphing
fender skirt is presented to demonstrate the implemen-
tation of smart composites.

Morphing structure configuration

The configuration of an adaptive fender skirt is pre-
sented in this section to motivate the design of a morph-
ing structure based on smart laminated composites. The
types of laminae in a smart composite and their func-
tions are also described.

Fender skirt

A fender skirt is envisioned as a dome-shaped structure
that comprises identical curved composite ribs in a
radial configuration (Figure 3(a)). A curved rib is cre-
ated by laminating a mechanically-prestressed layer to
a flexible panel. The central portion of the dome is rigid
and flat in order to limit vehicle width, provide
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Figure 3. (a) Unactuated dome and (b) actuated flat shapes of a morphing fender skirt. The flexible segment in (b) is shown with
transparency to highlight the details on the inner face; the skin is not shown.

structural integrity, and couple the ribs for a smooth
global shape transition. The outer edges of the ribs are
linked using a semicircular compliant rim. The ribs
have a trapezoidal planform with SMA wires on their
axis of symmetry.

An SMA wire is installed on a curved rib in the det-
winned martensite phase at an offset from the geo-
metric mid-plane; the actuator and the prestressed layer
are placed on opposite faces of the rib to achieve antag-
onistic behavior. When heated, the wire transforms to
austenite and thereby contracts to flatten the rib. Upon
cooling, the SMA wire returns to the detwinned mar-
tensite phase due to the intrinsic prestress; the curved
shape of the rib is recovered (Figure 3).

The mid-point of the rim is fixed whereas the rim ends
slide in curvilinear slots in the fender. The reaction forces
due to the flattening of each rib push the central hinge
downward and the movable rim ends outward to reach
the end of the curvilinear slots. Morphing between domed
and flat shapes is such that the total surface area is con-
stant. To relieve the resulting shear stress, a one-
dimensional (1D) hinge (revolute joint) is included at the
geometric center of the rib sectors. Each rib has a cylindri-
cal curvature along the radial line of the fender skirt.

Assuming that the radially configured ribs are iden-
tical, one can model a single rib to design the global
shape of the structure. The benefit of considering a sin-
gle rib is that one can develop an analytical model that
is computationally inexpensive when compared to a
finite-element model of the entire structure. An analyti-
cal model of a rib guides planform design, material
selection, and actuator design. The design considera-
tions for the structure are discussed in detail in section
“Design procedure for a composite rib.”

Design considerations

For a compact passenger car with standard features,
the maximum out-of-plane displacement of the wheel
from the plane of the fender is measured to be
114.3 mm. The geometry of a steered wheel relative to
its fender is shown in Appendix 1. To accommodate
wheel rotation with a factor of safety of 1.33, the target
out-of-plane displacement for the fender skirt is set to
152.4 mm. Pressure on the inner and outer faces of a
fender skirt is a result of aerodynamic loads and cross-
winds (lateral to vehicle motion), respectively. The
maximum pressure at 144 km/h (90 miles/h) is esti-
mated as 500 and 1000 Pa in the flat and domed
shapes, respectively. The maximum allowable deflec-
tion of the structure in any shape is 5%. The mass of
the morphing structure should be less than that of a
typical 0.8-mm-thick steel automotive body panel. The
ratio of the radius of the rigid segment to that of the
fender is determined through an interference study in
Solidworks (Dassault Systems). To prove the concept,
modeling and demonstration of the fender skirt are
shown at half-scale.

Laminated composite

The passive composite comprises constraining and pre-
stressed laminae with an optional sandwiched core
(Figure 4). A constraining layer is flexible but has high
in-plane modulus relative to the prestressed layer.
Candidate materials for the constraining layer include
metals, plastics, and anisotropic fiber-reinforced com-
posites. The constraining layer’s shape is tailored to
match the shape of an element or the entirety of a
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Figure 4. Schematic representation of a prestressed composite rib with a linearly varying tapered planform in the (a) isometric

view and (b) YZ plane. Figure is not drawn to scale.

morphing structure. The prestressed layer is typically a
stretchable elastic material, preferrably with zero in-
plane Poisson’s ratio; examples include elastomeric
matrix composites (EMC) with 90° fibers (Murray
et al., 2010). The benefit of restricting Poisson’s ratio to
zero is that the magnitude and orientation of a given
cylindrical curvature of the composite’s shape can be
tailored using the magnitude and orientation of the
applied prestress (Chillara and Dapino, 2017b).

In this work, the constraining layer is made of nylon
plastic and the prestressed layer is a 90° EMC that is
made of silicone rubber reinforced with unidirectional
carbon fibers. The prestressed layer is laminated in a
rectangular shape to ensure uniform distribution of
prestress; it can be trimmed post lamination to match
the composite’s shape. A sandwiched core is included to
increase the offset between the prestressed and con-
straining laminae, thus lowering the prestrain required
to achieve a given curvature (discussed in section “Case
study: fender skirt”). The core is a flexible material with
a modulus that lies between that of the constraining
and prestressed layers but is closer to that of the pre-
stressed layer. Low-density vinyl foam is used as a sand-
wiched core over the area spanned by the prestressed
layer.

Analytical model of an active composite
rib

A composite rib is modeled based on classical laminate
theory along with von Karman’s hypothesis for small
in-plane strains and moderate rotations. The compo-
site’s strain energy is formulated using displacement
functions. Work done by actuation forces is computed
using the variational principle. Minimization of the net
energy using a Rayleigh—Ritz technique yields the dis-
placement functions that define the shape of the com-
posite. The strain formulation considered in this work

——————

(Plane of symmetry)

f(x,y) (Explicit
continuous
function)

Prestressed layer

Constraining layer

(morphing panel) g(z,y)

Figure 5. Schematic representation of a prestressed
composite with an arbitrary planform shape that can be
described using explicit continuous functions.

is based on the analytical modeling of fiber-reinforced
polymeric laminates proposed by Hyer (1982).

The modeling approach presented in this section is
applicable to composites where the constraining
layer has arbitrary planform shapes that can
be defined wusing explicit continuous functions
(Figure 5). Examples of explicit functions include
h(x,y) = kix + kyy and h(x,y) = ksx> + ksxy + ksy? for
linear and elliptical planform shapes, respectively.
Strain energy can be calculated by integrating the
continuous functions over the composite’s volume.
For smooth complex shapes defined using multiple
shape functions, displacements would have to be mod-
eled using high-order polynomials. Symmetry in com-
posite shape, if present, can be considered to simplify
the displacement polynomials prior to computation.
It is assumed that prestrain is uniform throughout the
prestressed layer. Thus, the prestressed layer is mod-
eled as a rectangle.3 The modeling approach is demon-
strated for a trapezoidal composite rib with linearly
varying planform (as in Figure 4).
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Strain energy computation

The geometry of a composite rib is shown in Figure 4.
The rib is clamped at the origin and is symmetric about
the XZ plane; all points in the composite, except the
origin, are unconstrained. The composite comprises a
trapezoidal panel bonded to a rectangular 90° EMC
strip. A sandwiched core is included to provide suffi-
cient curvature at low prestrain (discussed in section
“Design procedure for a composite rib”); the areal
dimensions of the core are the same as those of the
EMC. The taper in a trapezoidal panel is defined as

_ Ly —Lp
=71 (1)
The minimum value of w is zero, whereas the maximum
value corresponds to Ly, = 0 and is equal to the aspect
ratio Ly /L.

The strain energy of the tapered panel ABCD,
obtained by subtracting the energy in the triangular
regions ADD' and BCC’ from the energy in the rectan-
gle ABC'D’ (Figure 4), is written as

L,
(2)
The integrand in equation (2) is defined as
H/2
do, = J <;Q(1p1)‘c)2c + le‘c & + Q(zg) i

hy

1 1 1
+ EQ(II;)'nySX + EQ(Zpé)yxysy + EQE?%%};) dz (3)

where Oy, {i,j =1,2,6} are the plane stress-reduced
stiffnesses (Reddy, 1997) and e, &, and Yyy are the
strains in the composite (Chillara and Dapino, 2017b).

The respective strain energies of the core and 90°
EMC are

1
[ (3002 + gt + S

c 1 c 1 c)
+ Q(l(y) Vaylx 5 Qgé) ‘yty‘o’y E Qéb 7§v> dzdydx

4)

Table |. Polynomial coefficients corresponding to a nonlinear
stress function for a 90° EMC made of carbon fiber—reinforced
silicone, obtained from a uniaxial tensile test (Chillara et al.,
2016).

pi p2 p3 P4

—0.698 X 10° 229 x 10® —2.306 X 10° 1.598 x 10°
Ly Lz —ny

D= J J J (% (890 — &) + %(890—8)()4 + %(890 — &)
0 —Ly; —H/2

1
+ 2 (890 —&) + QE‘ZO) &+ 2Qg20)7i> dzdydx

(5)

The coefficients p; through p4 are those of a quartic
polynomial that describes the nonlinear stress function
of a 90° EMC (Chillara et al., 2016). These coefficients,
shown in Table 1, are determined experimentally from
a uniaxial tensile test. The total strain energy of the sys-
tem is expressed in terms of the strain energies of the
constituent layers as

D =P, + D+ Dy (6)

Work done by an external force

Chillara and Dapino (2017a) presented an analytical
approach to model in-plane SMA wire actuators using
a pair of tangential point forces. Using this approach,
in-plane actuation is modeled in the configuration
shown in Figure 6(a).

The actuation force is expressed in terms of its posi-
tion vector (¥) as

(7)

where 7 is written in terms of the position of the point
(7y) on the mid-plane and the normal (%) of magnitude
mat 7

N

= 7y + mit 8)

o v Iy
<8x><8y

N—

F=7+ m-— —-
Iy o I
ox ay

70 = ((x + uo)l

©)

where + (v + vo)j + wok)

and ug, vo, and wy are the displacements of an arbitrary
point on the composite’s mid-plane in the X, Y, and Z
directions, respectively. Virtual work done by the actua-
tion force is written as

8Wr = —F 87|y o (10)
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Figure 6. Configuration of (a) in-plane force (I?) and (b) uniformly distributed vertical force (ﬁ) on a curved plate that represents
the prestressed laminated composite rib. The SMA wire slides freely across the bridges. Note: The schematics are not drawn to
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For stiffness calculation, virtual work done by a uni-
formly distributed pressure of magnitude P (Figure
6(b)) can be expressed as

L, Ly L, Ly
oWp = JJPWOdydx — J J Pwodydx
0 —Ly 0 Ly—ox
L wx—Ly
— J J Pwydydx
0 —Ly

(11)

Composite displacements and shape computation

Displacements ug, v, and wy are assumed to be polyno-
mial functions with unknown coefficients. The compo-
site is expected to have non-uniform curvature due to
its trapezoidal planform. Therefore, wy is defined by a
complete quartic polynomial in order to describe the
variation in curvature. Since the curvature is expected
to be about the Y axis, the polynomial order for ug is
considered to be higher than that of v,. Displacements
uy and vy are assumed to have orders 5 and 3, respec-
tively. Given that the composite is symmetric about the
Y axis, vy is assumed to be odd in y and even in x.
Although the composite lies in the x>0 space, u, can be
approximated by assuming symmetry about the Y axis.
This choice does not affect the solution since strain
energy is computed only for x>0. Therefore, u, is odd
in x and even in y. The out-of-plane displacement wy is
even in x and y. The resulting displacement polyno-
mials have 14 coefficients (¢;) in total. The equilibrium
shapes of the composite are obtained as a function of
the external forces by minimizing the net energy using
the variational Rayleigh—Ritz approach

Za(q)*WF*WP) _

0 12
%, (12)

i

where 7 ranges from 1 to 14. The 14 nonlinear equa-
tions are solved for the coefficients using the Newton—
Raphson method.

Actuation using SMA wire

An SMA undergoes a large recoverable strain as the
material transforms from austenite to martensite when
it is cooled below a certain temperature or mechani-
cally stressed. The strain can be recovered by heating
the material so that it transforms back into austenite.
The constitutive behavior of a 1D SMA can be mod-
eled using thermodynamic relations to obtain stress as
a function of strain, temperature, and martensite vol-
ume fraction. A kinetic law describing the material’s
phase as a function of stress and temperature is used in
conjunction with the constitutive law. The volume frac-
tion of martensite is commonly described in empirical
form as an exponential (Tanaka et al., 1986) or cosine
function (Liang and Rogers, 1990) of temperature.
Brinson (1993) developed a constitutive model for
SMAs where the martensite volume fraction has
temperature-induced and stress-induced components.
Since the choice of the function used to describe vol-
ume fraction does not affect the model’s accuracy
(Brinson and Huang, 1996), the multivariant constitu-
tive model, as formulated by Brinson, is employed to
describe the composite’s actuation.

Dano and Hyer (2003) presented analytical model-
ing and experiments to calculate the curved shapes of
composites as a function of actuation forces applied by
straight SMA tendons. Hufenbach et al. (2006) pre-
sented design strategies for bistable morphing compo-
sites using actuators in a laminar configuration.
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Table 2. Geometric parameters that correspond to a single
composite rib of a half-scaled fender skirt.

Table 3. Material properties and thicknesses of the laminae
considered for modeling and fabrication.

LX Ly| Lyp_ w Ly3 H h | h2

1524 762 2855 0312 31.75 5975 21875 —0.9875

All parameters are expressed in millimeters except for w, which is
unitless.

Simoneau et al. (2014) and Lacasse et al. (2014) devel-
oped a finite-element model to characterize curvature
in fiber-reinforced composites that are actuated by
embedded SMAs. They presented parametric studies
on the effect of the composites’ material properties on
their shape and actuation requirements. In our model,
an analytical approach is presented for composites with
laminar SMA actuators that work against an intrinsic
mechanically induced prestress in  pre-curved
composites.

The SMA wire is installed at an offset m from OE
and is clamped above points O and E, as shown in
Figure 6(a), to ensure that it does not induce twist in
the composite. The wire is installed on a curved compo-
site in the detwinned martensite phase. When heated so
that the wire transforms to austenite, it contracts to
flatten the composite. Upon deactivation, the SMA
becomes detwinned due to prestress in the composite.
For an SMA mounted at an offset m from the mid-
plane, the expressions for actuator strain in terms of
composite strain were derived by Chillara and Dapino
(2017a). Based on those expressions, actuator strain (&)
is written in terms of the respective strains & and &)
in the unactuated and intermediate shapes, as

8:(1+‘%(c))(1+5l)_1 (13)
(1+ &)

where & and ¢ are expressed in terms of mid-plane
displacements (Chillara and Dapino, 2017b), and ¢, is
the recoverable strain in the SMA. Per equations (12)
and (13), strain can be calculated for a given actuation
force.

Design procedure for a composite rib

Based on the model presented in section “Analytical
model of an active composite rib,” parametric studies
are presented to analyze the effect of EMC prestrain,
laminate thickness and stiffness, and SMA wire proper-
ties on the composite’s shape. The design of composite
ribs is explained for the half-scaled fender skirt dis-
cussed in section “Fender skirt.” The geometric and
material parameters of the ribs considered for fender
skirt design are listed in Tables 2 and 3, respectively.

Nylon Vinyl foam Prestressed
panel core 90° EMC
Thickness (mm) 0.8 3.125 2
E; (MPa) 1000 30 Nonlinear
E; (MPa) 1000 30 1.5
Gy (MPa) 500 I5 0.4
V92 = ) 0.28 0.33 0
EMC: elastomeric matrix composite.
120
= with foam core ’
100 r |==without foam core 7

I, | (mm)

|
|
|
|
|
|
|
| | | i
0.2 0.4 0.6 0.8 1
€90

Figure 7. Influence of EMC prestrain &9 on the out-of-plane
displacement (wp) at (L, 0) on the composite rib.

Passive composite

The design requirement for the out-of-plane displace-
ment of a half-scale curved rib is 76.2 mm; out-of-plane
displacement is defined as wy at E(L,, 0) as illustrated
in Figure 6(b). Subtracting the offsets due to the hinges
on the rib and mounts on the structure, the target wy is
set to 60 mm. The EMC prestrain (g99) required to
achieve the target wy is identified from the wy versus &g
plot in Figure 7. The width and thickness of the EMC
are chosen based on assembly constraints. It is seen that
the inclusion of a vinyl foam core reduces prestrain
requirements for a given out-of-plane deflection. For
wo = 60 mm, &g is 26% lower in the presence of a foam
layer. With the foam layer added, the required EMC
prestrain in the rib is calculated to be 0.5. It is empha-
sized that the nonlinear dependence of wy on & resem-
bles the nonlinear material response of an EMC (see
equation (5) and Table 1), as discussed by Chillara and
Dapino (2017b).

Based on the calculated EMC prestrain &gy of 0.5,
the modulus (related to Qg-’)) and thickness (H/2 — hy)
of the panel can be refined based on Figure 8. The
simulated modulus range corresponds to plastics, such
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Figure 10. Plots to calculate the (a) force and (b) stroke required to flatten the composite.

as nylon, that allow the panel’s edges to conform to the
skin for a smooth external appearance. Other material
options include commonly used automotive materials
such as aluminum and steel. For demonstration pur-
poses, it is assumed that the panel is made of nylon of
modulus 1 GPa. For wy = 60 mm, the corresponding
thickness is obtained from Figure 8 as 0.8 mm.

Figure 9 shows the out-of-plane deflection wy at
(Ly,0) as a function of a uniformly distributed vertical
pressure P. Stiffness, defined as the product of the slope
of the pressure-deflection curve (k) and panel area, is
calculated to be 1.78 N/mm. It is observed that stiffness
is independent of EMC prestrain. Tip deflections at
—500 and —1000 Pa are 2.7% and 5.4% of rib length,
respectively. Therefore, for small deflections, stiffness is
constant and independent of the shape of the passive
composite. However, stiffness depends on the modulus
and thickness of the laminae (simulation not shown). It

Figure 9. Out-of-plane displacement at (L, 0) as a function of
a vertical uniform pressure of magnitude P.
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is emphasized that the design for stiffness is based on
an unconstrained edge at x = L, whereas in the fender
skirt, the edges at x =0 and x = L, are hinged and
fixed, respectively. The added boundary conditions and
the structure’s kinematic design are expected to aug-
ment the designed stiffness. Simulation of the struc-
ture’s stiffness requires a finite element analysis that is
beyond the scope of this article.

SMA actuation

Figure 10(a) shows the deflection at (L,,0) as a func-
tion of an in-plane actuation force F. The force that
flattens the composite pertains to wy = 0. Flattening
force increases with an increase in the offset m of force
application from the mid-plane. Actuator stroke, calcu-
lated as the in-plane strain at z = m, also increases with
an increase in m (Figure 10(b)). An offset of 6 mm is
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Table 4. Material properties of a NiTi-6 shape memory alloy wire based on measurements from thermomechanical tensile tests and

differential scanning calorimetry.

Em (GPa) Ex (GPa) Cm (MPa/°C) Ca (MPa/°C) o (MPa) af (MPa)
20 40 6.3 7.5 10 120
As (°C) Ar (°©) M; (°C) M (°C) &L
48 62 23 7 0.045
110 1
100
90 r
§ 80
- 70
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Figure 11. (a) Actuation temperature and (b) martensite volume fraction of an SMA wire post actuation, as a function of its
diameter.

applied such that the actuator stroke matches a reco-
verable strain of 0.045 of the chosen NiTi #6 (Fort
Wayne Metals Inc.) SMA wire. The flattening force at
m = 6 mm is 24.8 N.

For an automotive application, the selection of an
SMA material is influenced by the range of operating
temperatures. The austenite start and finish tempera-
tures should be higher than the maximum operating
temperature, whereas the martensite start and finish
temperatures should be lower than the minimum oper-
ating temperature. For demonstration purposes, a NiTi
#6 SMA with properties listed in Table 4 is considered
in the design. Heating temperatures required to gener-
ate a flattening force of 24.8 N are calculated for vari-
ous values of NiTi #6 wire diameter (Figure 11(a)). The
corresponding change in martensite volume fraction is
plotted in Figure 11(b) per the following expression for
transformation from martensite to austenite, when
(TD)/H)CA(T — A7) < F<((mD?)/4)Cs(T — 4,)

_ o T 4F
&= ?{COS<AS—Af(TASF2CA)> + l} (14)

where Cy4 is the stress—temperature coefficient for the
austenite phase, and 4; and A4y are the austenite start
and finish temperatures, respectively. In martensite to
austenite transformation, stress delays phase change,
thereby requiring higher temperatures than in the

stress-free case to achieve actuation. For a given flat-
tening force, a higher wire diameter corresponds to
lower stress and hence lower actuation temperature. As
a consequence of the lowering of stress and actuation
temperature, the change in martensite volume fraction
reduces with an increase in wire diameter. An SMA
wire of 0.58 mm diameter is chosen for demonstration;
the wire is heated to 55°C to flatten the composite.
Using the kinetic law for austenite to martensite trans-
formation (Brinson, 1993), it can be verified that the
volume fraction changes from & = 0.68 (from Figure
11(b)) to £ =1 when the composite returns to the
domed shape after the actuation input is switched off.

Case study: fender skirt
Fabrication and validation of composite ribs

The steps involved in the fabrication of the fender skirt
are illustrated in Figures 12 and 13. The ribs are cut out
of a sector of a circular nylon panel with an included
angle of 148° and a radius of 228.6 mm. To accommo-
date the rigid portion (Figure 3(b)), a smaller sector of
radius 76.2 mm is removed from the larger sector prior
to rib preparation (Figure 12(a)). An EMC strip is
stretched to 1.5 times its stress-free length and held
between a pair of grips (Figure 12(b)). The prestressed
EMC is laminated with a sandwiched vinyl foam
(Divinycell, 48 kg/m?, Fiberglast Developments Corp.)
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Figure 12. Fabrication procedure for a prestressed composite rib. (a) Ribs cut out of a sector of nylon sheet; (b) a2 90° EMC
stretched and held between a pair of grips; (c) lamination of the nylon panel, vinyl foam core, and EMC under pressure; and (d) final

free shape of the prestressed rib.

core to each rib using a flexible adhesive (automarine
silicone sealant by DAP products) as shown in Figure
12(c). Upon curing for 24 h, a cylindrically curved rib
is obtained (Figure 12(d)). The out-of-plane displace-
ment of the rib is measured to be 63 mm. The measured
displacement agrees well with the model-calculated
design value of wy = 60 mm.

The prestressed EMC is oriented asymmetrically
relative to the trapezoidal nylon rib such that the in-
plane reaction forces generated during actuation are
aligned in the horizontal and vertical directions relative
to the structure to enable flattening. As the fender skirt
flattens, the vertical component of reaction force aids
in rotation of the central hinge and the horizontal com-
ponent forces the ends of the rim to slide outwards.
Stiffeners are added to the rim-side edges of the ribs to
prevent buckling at the hinges during morphing (Figure
12(a)); the effect of the stiffener on the out-of-plane dis-
placement is negligible.

Fabrication of the fender skirt

The two halves of the central region are 3D-printed
using nylon and are connected by the central hinge.
The curved ribs are then riveted to the rigid segment to
obtain a domed shape (Figure 13(a)). The hinges on the
ribs are linked together using a compliant rim made of
copper wire. NiTi #6 SMA wires of 0.58 mm diameter

are trained using cyclic strain at a constant temperature
of 80°C. The wires are then installed on 3-mm-thick
polycarbonate bridges that are bonded to the outer face
of the panel; bridges are added to maintain an offset of
6 mm from the mid-plane (Figure 13(b)). The wire is
clamped on the outer end of the panel and is latched at
the inner end. The response time of the actuator SMA,
and hence the structure, is on the order of seconds. In
order to quickly return from an intermediate shape to
the domed shape in emergency maneuvers, a rotary
latch is designed to release the actuator SMA (Figure
13(c)). Latch design details are presented in Appendix 2.

The rim is connected, at two points near its center,
to a wooden frame that represents the fender (Figure
13(d)). The fender skirt is covered by a skin that extends
smoothly onto the fender (Figure 13(e)). The skin is
made of a polyether-polyurea copolymer, commonly
known as Spandex. The skin material used is easily
stretchable and slides smoothly on the fender skirt.
There is no shear in the skin due to the rotation of the
central revolute joint in the fender skirt.

Demonstration

The actuation sequence for the demonstrator is illu-
strated in Figure 14. The SMAs that actuate the com-
posite and the latch are referred to as actuator SMA
and latch SMA, respectively. In the unactuated state,
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Figure 13. Fabrication procedure for a half-scale fender skirt demonstrator. (a) Assembly of the ribs and a 3D-printed rigid

structure; (b) linkage of the outer ends of the ribs using a compliant copper rim; (c) elements of the latch mechanism on the back of
the rigid structure; (d) fender skirt assembled on a wooden frame; and (e) stretchable Spandex skin installed on the fender skirt. The

skin covers the morphing fender as well as the surrounding wooden frame representing the fender.
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Figure 14. Actuation sequence for the demonstration of a morphing fender skirt
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Table 5. Summary of results from the fender skirt demonstrator.

Parameter Value

Design value of wp in mm for half-scale demo 60 mm

EMC prestrain &9 calculated for wyp = 60 mm 0.5

Measured value of wy in physical composite rib 63 mm

Mass of the fender skirt demonstrator 355¢

Mass saving relative to a 0.8-mm-thick steel body panel 62%
Actuation current 46 Aat27V

Actuation power
Actuation time when SMAs are air-cooled
Actuation time when SMAs are unlatched

124 W (3.1 W per SMA)
9.1 s (flattening), 10 s (recovery)
9.1 s (flattening), 0.5 s (recovery)

EMC: elastomeric matrix composite; SMA: shape memory alloy.

Figure 15. (a) Unactuated domed shape and (b) actuated flat shape of a half-scale morphing fender skirt demonstrator.

the fender skirt is in the domed shape (stage 1). The
structure is flattened by activating the actuator SMAs
in the latched state (stage 2). From an intermediate
shape, the structure is returned to the domed shape by
activating the latch SMA (stage 3); the actuator SMA
is turned off in this stage. In the final stage, the latch
SMA is turned off and the actuator SMAs are manu-
ally latched back for subsequent actuation (Table 5).

The unactuated and actuated shapes of the fender
skirt are shown in Figure 15. The actuator SMAs on
each half of the structure are electrically connected in
series. The electrical branches on either half are con-
nected in parallel. The out-of-plane deformation of the
fender skirt is measured using a motion capture system
(Figure 16(a)). A reflective marker, bonded to the rigid
segment, is tracked using a set of four cameras. The
steps involved in shape measurement using a motion
capture system are discussed in detail by Chillara and
Dapino (2017b). The coordinates of the marker relative
to those of a reference marker on the frame are
obtained for one morphing cycle.

Figure 16(b) shows the out-of-plane displacement of
a fender skirt that is flattened by heating the actuator
SMAs and returned to the domed shape by: (1) cooling
the SMAs in forced air (table fan), (2) unlatching the
actuator SMAs from an intermediate shape, and (3)
unlatching from a flat shape. In the domed shape, the

out-of-plane displacement is measured to be 58.5 mm,
which is within 10% of the free deflection of an individ-
ual rib (63 mm per Figure 12(d)). The measured fender
skirt displacement is also within 3% of the design value
of 60 mm used in the modeling of the individual ribs.
Therefore, the domed shape validates the modeling of
the passive composite. Flattening of the structure
(wo = 0 mm) when heated and its return to the initial
domed shape (wy = 58.5 mm) when cooled validates
the model-based design of the actuator SMAs; heating
and cooling are represented in Figure 16(b) by thin and
thick black curves, respectively. With the use of latches,
the extension time is reduced to the order of millise-
conds, thereby making SMA-actuated composites
applicable to conditions involving high-steering rate
maneuvers.

Conclusion

The analytical model for active prestressed composites
serves as a tool for shape tailoring, composite material
selection, and actuator design. The model has been
validated for the calculation of static shapes of the
composite. Future developments may include an analy-
tical thermomechanical dynamic model of the SMA-
driven structure to calculate deployment speeds.
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Figure 16. (a) Motion capture setup to record the morphing of a fender skirt and (b) out-of-plane displacement of the rigid
segment in the fender skirt demonstrator; thin and thick lines indicate the structure’s flattening and extension, respectively.

Comprehensive modeling of the fender skirt shapes
requires finite-element multiphysics simulations that
include kinematic constraints, fluid-structure interac-
tions, and the thermomechanical response of SMAs.

An experimental morphing fender skirt based on
smart prestressed composites has been presented and its
shape transition has been demonstrated in the labora-
tory at half-scale. The composite structure presented is
shown to have sufficient stiffness to withstand the aero-
dynamic loads on a cruising vehicle. For purposes of
material selection, forces due to acrodynamic drag and
crosswinds are assumed to act uniformly on the struc-
ture. The exact load distribution on a fender skirt can
be determined using a computational fluid dynamics
study and road testing on a vehicle. The results of these
studies can guide decisions on the optimal domed shape
for aerodynamics, the location of radial SMA actua-
tors, and a strategy for selective actuation of the SMAs.

SMA-actuated latches are shown to be capable of
quickly returning the fender skirt to the domed shape
by capitalizing on the prestress in the composite ribs.
An alternative to quick-release latches would be bis-
table composite ribs. SMA-actuated bistable compo-
sites could reduce design complexity and the overall
weight of the structure. With bistable ribs, power can
be turned off when the fender skirt is in the flat shape,
thereby reducing actuation requirements.

To enable transition from a domed shape to a flat
shape, various types of hinges are used in our demon-
strator. In future versions, the hinges could be replaced
with compliant joints to create a single compliant
mechanism-based fender skirt. The compliant structure
would have a morphing skin on its outer face, pre-
stressed laminae on its inner face, and embedded smart-
material based actuators.

Mechanically prestressed composites are attractive
for combination with smart material-based actuation
to achieve controllable curvature. Stretchable skins
described in the literature that are suitable for morph-
ing applications can serve as a source of prestress for
creating localized curvature in a morphing surface.
The passive materials used in this work are relatively
inexpensive and are suitable for mass-market prod-
ucts such as automobiles. In conclusion, smart
material-driven prestressed composites have the
potential to serve as building blocks in the develop-
ment of morphing vehicles that shift shape to opti-
mize vehicle performance.
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Notes

1. Based on a target for fuel economy of 54.5 mpg by 2025.

The estimated average fuel economy for 2015 is 41.5 mpg.

2. A 10% reduction in weight translates to a 6.5% increase
in fuel economy (H-D Systems, 2013).
3. Uniaxial stretching of a thin rectangular lamina with zero

in-plane Poisson’s ratio results in uniform stress and strain.
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Appendix |
Fender skirt dimensions

The geometry of a steered wheel relative to its fender is
shown in Figure 17.

Appendix 2
Latch design

This manually-reset latch design is intended to experi-
mentally demonstrate the rapid extension of the fender

Top view
Left turn
1203.2

114.3
' S——>
215.QI

Right turn

Fender
Arch

Driving
Direction

skirt. In order to quickly release the actuator SMAs,
two rotary latches, one on each half of the rigid seg-
ment, are used on the demonstrator (Figure 18). Each
latch is actuated using one SMA wire; the latch SMA is
installed in the detwinned martensite phase. The latches
are also coupled by a spring that returns them to the
initial shape and the latch SMA to the detwinned mar-
tensite phase. In stages 1 and 2, the end of each actua-
tor SMA is attached to a cantilever that is held rigidly
by the latch body during normal operation. Upon heat-
ing (stage 3), the latch SMA pulls on the latch body,
rotating it to disengage it from the cantilever, which
bends to release tension in the actuator SMAs. To reset,
the latch SMAs are turned off, the actuator SMAs are
manually stretched, and the spring returns the latch
body to the engaged position while stretching the latch
SMA to the detwinned martensite phase.

Side view Driving

T Direction

Units are in mm

Figure 17. Approximate fender dimensions and motion limits of the left wheel of a compact passenger car.
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Figure 18. Latch design for the rapid release of actuator SMAs to return from an intermediate shape to the initial domed shape.



