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Pressure-actuated elements can be embedded in morphing panels to achieve continuous control of shape
and stiffness. This paper presents a multifunctional laminated composite that exhibits a curved geometry
due to intrinsic mechanical prestress and a change in curvature when fluid (liquid or gas) contained in
one of its laminae is pressurized. The composite is composed of a mechanically-prestressed layer, a fluidic
layer, and a constraining layer. The composite can be driven to any desired shape up to a flat limiting
shape through modulation of pressure in its fluidic layer. An analytical model is developed to characterize
the quasi-static response of such a composite to the applied fluid pressure for various laminate stacking
sequences. A parametric study is also conducted to study the effects of the dimensions of the fluid chan-
nel and its spatial location. Composite beams are fabricated in the laminate configuration that requires
the least actuation effort for a given change in curvature. Pneumatic pressure is applied to the composite
in an open-loop setup and its response is measured using a motion capture system. The simulated
response of the composite is in agreement with the measured response.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Morphing structures have gained importance in the aerospace
and automotive industries due to their ability to serve multiple
functions as adaptive control surfaces. In an aircraft, wings with
variable-geometry optimize aerodynamic drag at various operating
conditions [1], leading to improved fuel economy and perfor-
mance. Morphing concepts for aircraft wings have been studied
extensively [2,3]. In automobiles, potentially conflicting require-
ments like aesthetics and aerodynamic efficiency can be met by
incorporating morphing panels into the vehicle body [4]. A design
requirement encountered quite often in the development of mor-
phing panels is the ability to achieve a large change in curvature.
Curvature change is typically achieved by actuating a panel whose
stiffness is tailored for the desired shape transition. Curvature in a
fiber-reinforced polymeric (FRP) composite can be created by
imparting residual stress in its matrix through high temperature
curing [5,6]. In symmetric FRP laminates, creation of curvature
requires a mechanically applied fiber-prestress in addition to
thermally-induced matrix prestress [7,8]. Initially-curved
composites with a mechanically-prestressed matrix can serve as
morphing elements when installed in a structure [9]. The
limitation in the existing designs is that the entire matrix must
be prestressed to create curvature. Application of matrix prestress
in specific laminae allows combination with a wide variety of other
laminae to create multifunctional composites. Chillara et al. [10]
demonstrated a curved laminated composite with an intrinsic pre-
stress in the matrix of a single lamina. In this design, the residual
stress can only be redistributed within the composite and not
relieved.

Embedded actuation is preferred for morphing panels due to
the possibilities for reducing weight, size, and complexity. In most
cases, the actuation material is either inserted into channels cre-
ated in a passive composite [11] or is an active layer in a laminated
composite [12]. Passive composites can also be actuated through
thermal loading [13,14]. However, this method is mostly restricted
to thermally-cured FRP laminates. Ideally, an actuation material
embedded in a morphing composite should have a high power out-
put per unit volume and operate the composite in a frequency
range consistent with the structural dynamics. Piezoelectric mate-
rials can generate an adequate amount of force [15] but require
stroke amplification to achieve large deflection while maintaining
system rigidity and frequency response. Shape memory alloys
can provide sufficient force and stroke although their application
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Fig. 2. (a) Participating laminae, (b) possible laminate configurations of a fluidic
prestressed composite, (c) for configuration 1, pressurization of the fluidic layer
induces moments as shown.
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is often limited by their low operating frequency limit of about a
few Hz. Continuous shape control is a challenge in the case of
shape memory materials. In some cases, hydraulic and pneumatic
actuators can produce large force and stroke in the frequency range
of the structure, but with a weight penalty. Lightweight and com-
pact solutions for harnessing fluid power are offered by smart
material-based miniature electrohydraulic actuators [16] that
amplify the small stroke of materials with high frequency band-
width such as piezoelectrics and magnetostrictives through fluid
flow rectification.

Fluid-based actuation systems are of interest in fields like soft
robotics, bio-inspired structures, and morphing structures. Linear
actuators such as pressurized artificial muscles are often used to
create robotic mechanisms that can bend or fold [17]. Flexible
pneumatic bending actuators have been proposed by Deimel and
Brock [18] for a soft-robotic hand that can grip objects. Marchese
et al. [19] developed a compliant structure with embedded fluid
channels that is capable of replicating fish-like motion. Philen
et al. [20,21] and Feng et al. [22] developed variable-stiffness skins
with embedded fluidic muscles that can be used for morphing air-
craft wings. The basic design principle in these fluidic actuators is
that linear actuation is achieved by restricting radial expansion
through fiber-reinforcement while bending is achieved by bonding
a constraining layer to a linear actuator.

This paper presents a fluidic prestressed composite (FPC) in
which fluid power is used to morph its shape from a curved to a flat
geometry (Fig. 1). Intermediate curvatures are obtained through
the modulation of pressure of the contained fluid. A prestressed
elastomeric layer, a fluidic layer, and a constraining layer consti-
tute this composite. While the equilibrium shape of the proposed
fluidic composite is created through application of mechanical pre-
stress to the elastomeric layer (Fig. 1(a)), morphing action is
accomplished through pressurization of the fluidic layer of the
composite (Fig. 1(b)). An elastomeric matrix composite (EMC)
exhibits anisotropic stiffness through fiber-reinforcement in an
elastomeric matrix [23]. An EMC with unidirectional fibers in the
90o orientation has been proposed as a flexible-skin panel for the
span morphing of an aircraft wing [23,24]. The property of near-
zero in-plane Poisson’s ratio of a 90� EMC is used to create a single
cylindrical curvature in the FPC. Daynes et al. [25] presented rein-
forced elastomers in a prestressed condition in a morphing wing
structure but not in a laminated-composite setup. An FPC (Fig. 1)
is capable of controlled shape transition from a cylindrical shell
to a flat plate through simultaneous actuation of parallel fluid
channels that are embedded along the curve. The actuation mech-
anism is shown in Fig. 2(c). The fluid channels are molded into a
reinforced flexible lamina instead of being embedded as
Fig. 1. (a) Geometry of a fluidic prestressed composite in the unactuated state, (b)
limiting actuated shape of the composite when the fluid channels are pressurized.
EMC stands for elastomeric matrix composite.
individually-reinforced fluidic muscles in a flexible medium as in
[21,26], resulting in a simpler fabrication process. Further, molded
fluid channels can have an arbitrary cross section, leading to lower
composite thickness for a given actuation effort. Complex
curvatures in an FPC are possible through a vascular network of
fluid channels. Through the design of individual channel dimen-
sions, the maximum force exerted along the fluid path and hence
the localized curvature can be regulated. Multiple pressure sources
enable sequential actuation of various regions of the composite.

The laminae of the composite and their stacking sequences are
described in Section 2. A nonlinear analytical laminated-plate
model is developed to characterize the response of a generic FPC
(Section 3). The large-deflection problem is defined using a Lagran-
gian strain formulation based on classical laminated plate theory.
Material and geometric nonlinearity of a prestressed EMC is
included in this model. Quasi-static equilibrium curvature is calcu-
lated as a function of the applied fluid pressure by minimizing the
total energy of the composite. The laminate configuration of a mor-
phing panel that requires the least actuation effort is determined
through a model-based analysis. A design methodology for an
FPC is presented through a parametric study of the effect of fluid
channel sizing on composite response (Section 4). A technique
for fabricating a fluidic prestressed composite is proposed and
demonstrated (Section 5). The fabrication method for the fluidic
layer is inspired by fluidic elements designed for applications in
soft robotics. The fabricated samples are pneumatically actuated
and their quasi-static response is recorded using a motion capture
system for model validation (Section 6).

2. Fluidic prestressed composite

The laminae of a fluidic prestressed composite viz., prestressed
elastomeric layer, fluidic layer, and constraining layer, are
described in this section. Also, the possible laminate configura-
tions, each resulting in a unique response of the composite, are
introduced.



Fig. 3. Geometry for a beam model of a fluidic prestressed composite illustrated in
configuration 1. The bottom face of the fluidic layer is reinforced with unidirectional
fibers oriented along the Y direction.
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2.1. Description of laminae

An EMC is a fiber-reinforced elastomer whose material proper-
ties are influenced by the orientation and volume fraction of the
embedded fibers. A 90� EMC has fibers oriented along the Y axis
(90�), making it stiff in this direction and stretchable in the orthog-
onal direction (Fig. 2(a)). Large strain (up to 100%) can be applied to
a 90� EMC in the X direction while maintaining near-zero in-plane
Poisson’s ratio, provided the modulus of the fiber is much higher
than that of the elastomer. In an FPC, a curved equilibrium shape
is created by including a prestressed 90� EMC as one of the lami-
nae. Prestress in this layer is created by applying the corresponding
mechanical strain prior to bonding the layer.

A fluidic layer consists of fluid channels molded into a continu-
ous flexible medium (Fig. 2(a)). Stiffness of the fluidic layer must
be tailored such that the fluid channel expands only along its
length when the composite is pressurized. For a channel with a
rectangular cross-section, strain in the Y direction is negligible
due to the constraint offered by the adjacent laminae, whereas
strain in the Z direction is finite and is mitigated through reinforce-
ment of the unbonded face of the fluidic layer with unidirectional
fibers in the Y direction.

A constraining layer is typically very thin with its XY plane
modulus being much higher than that of the other layers (Fig. 2
(a)). Its function is to constrain the length of the composite,
thereby translating the effect of internal forces acting along its
length into curvature about the Y axis (Fig. 2(c)). For morphing
panels, this layer can be designed to add flexural stiffness to the
composite. A constraining layer can also be built into the fluidic
layer through suitable fiber-reinforcement to create bending actu-
ators for soft robotics and biomimetics applications [27].

2.2. Laminate configurations

The laminae of a fluidic prestressed composite can be arranged
in three unique configurations (Fig. 2(b)). In configuration 1, a pre-
stressed 90� EMC is sandwiched between a constraining layer and
a fluidic layer. The equilibrium shape of the composite in the unac-
tuated state is such that the fluidic layer is in compression. Sand-
wiching a fluidic layer between a constraining layer and a
prestressed 90� EMC as in configuration 2 also results in a curved
composite where the fluidic layer is in a compressed state. In both
of these arrangements, the effect of actuation is to elongate the flu-
idic layer, thereby flattening the composite. The actuation effort for
a given change in curvature of the composite is different between
these two configurations (discussed in Section 4). In configuration
3, a constraining layer is located between a fluidic layer and a pre-
stressed 90� EMC, with the fluidic layer on the convex side of the
composite at equilibrium. Pressurization of the fluid channel
results in further bending of the composite. This configuration
can also be realized without an EMC to generate curvature in an
initially flat composite. To calculate the quasi-static curvature of
an FPC, an analytical model is presented in the following section.
While the proposed model is applicable to all three laminate
configurations, configuration 1 is chosen for the purpose of
presentation.

3. Analytical model

Morphing of a fluidic prestressed composite is achieved with
minimal actuation effort when the fluid channels are aligned with
the direction of EMC prestrain. The simplest structure that reflects
this condition is a beam in which prestrain in the 90� EMC is
applied in the X direction and the fluid channel is oriented along
the X axis. (Fig. 3). An FPC beam is expected to have a single
equilibrium curvature in the unactuated state about the Y axis.
Curvature about X is negligible since the EMC has no prestress in
the Y direction (zero Poisson’s ratio). Pressurization of the fluid
channel does not affect the direction of composite curvature. The
mechanics of an FPC beam are modeled analytically to study the
influence of prestress in the 90� EMC and pressure in the fluid
channel on its curvature. A nonlinear Lagrangian strain formula-
tion is used in conjunction with classical laminate plate theory to
quantify the strain energy of the composite. The fluidic and con-
straining layers are linearly elastic due to the relatively low in-
plane strain associated with curvature in the composite. However,
the 90� EMC has a nonlinear elastic behavior due to the large in-
plane strain applied to it to create a prestressed condition. Actua-
tion of the composite is modeled as the work done on the compos-
ite by the working fluid. A Rayleigh–Ritz method is employed to
minimize the net energy of the composite and hence calculate
the strain and curvature at quasi-static equilibrium.
3.1. Strain energy of the composite

Strain of the composite’s mid-plane is described using unknown
polynomial functions whose degree depends on the equilibrium
shape. For example, in composites with thermally induced bistabil-
ity where curvatures about two axes and out-of-plane twist are
possible, third degree complete polynomials in x and y are used
to describe axial strains [28,29]. Since the FPC beam (Fig. 3) is
expected to have a single curvature, simpler strain functions can
be used. Longitudinal strain of the beam is described by a
second-degree polynomial in x whereas lateral strain is described
by a constant. A second degree polynomial in x is used to describe
the out-of-plane displacement. Since the 90� EMC layer has a near-
zero in-plane Poisson’s ratio, curvature about the X axis is negligi-
ble. Further, it is assumed that the Poisson’s ratio difference
between layers has no effect on the curvature about the X axis.
The stable shape is expected to be curved about the Y axis such that
the fluidic layer is under axial compression (X-direction). Per
the assumptions of classical laminate plate theory, transverse
shear ðXZ; YZÞ and transverse normal (ZZ) stresses are neglected.
Based on von Karman’s hypothesis [30], strains for composite
materials with geometric nonlinearities, as applicable to this
problem, are:
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Fig. 4. Stress–strain curve for a 90� EMC constructed as described in Section 5.1,
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Displacements u; v , and w of any point in the composite are
written in terms of mid-plane displacements u0; v0, and w0 in
the X; Y , and Z directions, respectively, as:

uðx; y; zÞ ¼ u0ðxÞ � z
@w0

@x
; ð4Þ

vðx; y; zÞ ¼ v0ðyÞ; ð5Þ
wðx; y; zÞ ¼ w0ðxÞ: ð6Þ

Substitution of (4)–(6) into (1)–(3) yields the strain of an arbi-
trary plane z of the composite:
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The expression for strain of an arbitrary plane z in the compos-
ite beam has the structure:

�x ¼ �0x þ zj0
x ; �y ¼ �0y ; cxy ¼ c0xy þ zj0

xy; ð10Þ
where �0x and �0y are the in-plane axial strains, c0xy is the in-plane

shear strain, and j0
x and j0

xy are the curvature and twist, respec-

tively, of the mid-plane. From (7) and (10), it can be seen that j0
x

is the second derivative of the displacement functionwwith respect
to x. Assuming j0

x to be constant throughout the mid-plane, a
second degree polynomial in x is sufficient to approximate the
mid-plane displacement w0 in the Z direction:

w0ðxÞ ¼ 1
2
ax2; ð11Þ

where �a represents the curvature (j0
x ) about the Y axis [28,29].

Strains in the X and Y directions are described using second and zero
degree polynomials, respectively, as:

�0x ¼ c0 þ c1xþ c2x2 and �0y ¼ d0: ð12Þ
By inspection of (9), cxy is zero because the polynomial func-

tions that describe u; v , and w are independent of y; x, and y
respectively.

The material properties of fluidic and constraining layers are
considered to be linear for small in-plane strains of the composite.
However, the mechanical behavior of a 90� EMC is nonlinear since
a large prestrain is applied to it during fabrication. This includes a
1-D geometric nonlinearity due to large axial strain and material
nonlinearity due to viscoelastic behavior of the EMC. The focus of
our model is to incorporate the nonlinear mechanical behavior of
an elastomer-like layer into the mechanics of a laminated compos-
ite that can be modeled using conventional laminate theories.

Peel and Jensen [31] developed a nonlinear model to describe
the mechanics of fiber-reinforced elastomers. A similar method is
employed to model the uniaxial response of a 90� EMC. The expres-
sion for strain of a single 90� EMC subjected to a large strain along
X is written as:

eð90Þx ¼ @u
@x

þ 1
2

@u
@x

� �2

; ð13Þ
where eð90Þx is the measured nonlinear strain and u is the constant
axial displacement of the EMC under a tensile test. Since the Lagran-
gian strain formulation presented in (7) has a linear axial strain
term, the nonlinear strain of the 90� EMC must be expressed in
terms of linear strain so that it can be modeled as a layer in the
composite. The expression for the corresponding linear axial strain
is:

eð90Þx ¼ @u
@x

: ð14Þ

The nonlinear strain eð90Þx is expressed as a quadratic function of

eð90Þx by substituting (14) in (13). Solving for eð90Þx and discarding the

negative root (non-physical solution), one obtains eð90Þx as:

eð90Þx ¼ �1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2eð90Þx

q
: ð15Þ

Based on linear strain, stress is calculated incrementally as:

rð90Þ
x i ¼ rð90Þ

x i�1 þ Eiðeð90Þx i � eð90Þx i�1Þ; ð16Þ
where Ei is the point-wise modulus of a 90� EMC (local slope of its
stress–strain curve). Peel and Jensen [31] obtained the stress func-
tion by fitting experimental data to traditional hyperelastic models.
For computational efficiency, the stress function is described by a
polynomial. The design details of a tested 90� EMC are presented
in Section 5. Since the prestressed EMC is subject to loading and
unloading during the operation of an FPC, the average stress from
the hysteretic stress–strain curve is considered as the nonlinear
stress function of the 90� EMC (Fig. 4). By the method of least
squares, the reduced stress function is described using a quartic
polynomial as:

rð90Þ
x ¼ �0:698eð90Þx

4 þ 2:29eð90Þx
3 � 2:306eð90Þx

2

þ 1:598eð90Þx ½MPa�: ð17Þ
For a 90� EMC, a polynomial stress function is preferred to tra-

ditional rubber models like the Ogden model [32] for the sake of
computational efficiency. The stress function of an EMC depends
on design parameters such as fiber volume fraction and orientation
[33].

The total potential energy (U) of the system can be expressed as
the sum of the strain energy of the initially-stress-free host struc-
ture comprising of the fluidic (UðFLÞ) and constraining layers (UðCLÞ),
and the residual strain energy (UðP90Þ) of the 90� EMC as:
obtained from a uniaxial tensile test.
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U ¼ UðCLÞ þ UðFLÞ þ UðP90Þ: ð18Þ
In practice, the bottom face of the fluidic layer in cases 1 and 3

(Fig. 2(b)) is reinforced with fibers in the 90� orientation to miti-
gate expansion in the thickness direction. In case 2, the face of
the fluidic layer that is bonded to the prestressed EMC is reinforced
with 90� fibers. This step is equivalent to the addition of a stress-
free 90� EMC to the fluidic layer. The strain energy of the laminate
adhesive is assumed to be negligible compared to the total strain
energy. The total strain energy of the linear elastic layers can be
written as:

UðCLÞ þ UðFLÞ ¼
Z xu

xl

Z yu

yl

Z zu

zl

1
2
Q11�2x þ Q12�x�y þ

1
2
Q22�2y

� �
dzdydx;

ð19Þ
where fQ11;Q12; and Q22g are the plane stress-reduced stiffness
parameters [30] defined as:

Q11 ¼ E1

1� m12m21
; Q12 ¼ m12E2

1� m12m21
; Q22 ¼ E2

1� m12m21
; ð20Þ

and E and m are the elastic modulus and Poisson’s ratio, respectively.
The limits of integration that must be applied for each layer in the
host structure are listed in Table 1.

The strain energy of a prestressed 90� EMC is expressed as:

UðP90Þ ¼
Z xu

xl

Z yu

yl

Z zu

zl

U x
ðP90Þ þ

1
2
Q22�2y

� �
dzdydx ð21Þ

where Ux
ðP90Þ is the strain energy in the X direction, calculated as the

area under a nonlinear averaged stress–strain curve obtained from a
uniaxial tensile test (Fig. 4). The resulting strain energy in the pre-
stressed 90� EMC as a function of strain of the composite and layer
prestress (�0), is of the form:

UðP90Þ ¼ f ð�0 � �x; �yÞ: ð22Þ
3.2. Work done by applied fluid pressure

Pressurization of a working fluid in the fluidic layer results in
actuation of the composite. The work done by a fluid on the com-
posite can be expressed as a product of the operating pressure and
the change in volume of the fluid channel due to the applied pres-
sure. While the initial volume (Vi) of the fluid channel corresponds
to the volume at static equilibrium, the final volume (Vf ) is a func-
tion of the unknown strain functions in x and y. Since the constant
initial volume vanishes in the energy minimization step, it is not a
critical element in the computation of composite geometry. How-
ever, it is required in the calculation of actuation power. In this
model, it is assumed that volume change occurs in-plane; thick-
ness of the composite remains constant. Assuming that the work-
ing fluid is an ideal gas operating in adiabatic conditions, work
done on the composite [34] by pneumatic actuation can be
expressed as:

W ¼ PiVi � Pf Vf

c� 1
; ð23Þ
Table 1
Limits of integration for the computation of strain energy of the linear elastic layers of th

Coordinate Constraining layer Prestressed 90� EMC Fluid

x ð�Lx=2; Lx=2Þ ð�Lx=2; Lx=2Þ ð�Lx
y ð�Ly=2; Ly=2Þ ð�Ly=2; Ly=2Þ ð�Ly
z ðh1;H=2Þ ðh2;h1Þ ð�h3

Strain energy UðCLÞ UðP90Þ Uðlay
UðFLÞ
where c ¼ 1:4 is the adiabatic coefficient of air. The volume (Vf ) of
the fluid channel in the actuated state can be expressed in terms of
the unknown strain polynomials as:

Vf ¼
Z

V
ð1þ �xÞð1þ �yÞdV ð24Þ

¼
Z
V
ð1þ c0 þ c1xþ c2x2 þ azÞð1þ d0ÞdV : ð25Þ
3.3. Computation of composite shape

The equilibrium shape of the morphing composite is deter-
mined using the principle of virtual work. Exact differentials of
the strain energy and work terms formed with respect to the
unknown constants of strain polynomials are written as:

X
k

@ðU �WÞ
@k

dk ¼ 0; k ¼ fa; c0; c1; c2; d0g: ð26Þ

The partial derivatives of the strain energy and work terms are
computed symbolically to obtain five nonlinear algebraic
equations. These equations are solved numerically using the
Newton–Raphson technique (or similar). The model presented thus
far provides a means to design the curvature of an FPC in its
unactuated state and the required actuation pressure range to
obtain a flat limiting shape. The following section is a study of
the response of an FPC in each of its laminate configurations.

4. Model-based study of composite response

The effect of laminate stacking sequence on the quasi-static
response of an FPC is investigated using the model presented in
Section 3. The three layer arrangements in Fig. 2(b) are considered
with the dimensions shown in Fig. 5 and the material properties
listed in Table 2. The configuration that results in the least actua-
tion effort for a given change in curvature is identified. The influ-
ence of design parameters such as the size and location of the
fluid channel on composite response is examined through a para-
metric study.

4.1. Configuration study

Fig. 6 shows the magnitude of curvature (jj0
x j) of an FPC in each

of the possible laminate configurations calculated as a function of
actuation pressure for EMC prestrain ranging from 0.3 to 0.6. In all
cases, a higher EMC prestrain yields a higher composite curvature
about the Y axis for a given actuation pressure. In the unactuated
state, curvature is the least in case 1 and is maximum in case 2
for a given EMC prestrain. A direct coupling between a constraining
layer and an EMC enables the EMC’s strain energy to be manifest
primarily as a deflection (w0) in the composite in the Z direction;
the in-plane component (@u=@x in (1)) of �x in the constraining
layer is negligible. Curvature is lowest in case 1 since a part of
the EMC’s strain energy is lost to in-plane compression of the flu-
idic layer. Curvature in case 3 is higher than in case 1 since the
mechanics of the constraining layer are minimally affected by
e composite.

ic layer Fluid channel 90� fiber-reinforcement in fluidic layer

=2; Lx=2Þ ð�Cx=2;Cx=2Þ ð�Lx=2; Lx=2Þ
=2; Ly=2Þ ð�Cy=2;Cy=2Þ ð�Ly=2; Ly=2Þ
; h2Þ ð�h3b;h3aÞ ð�H=2;�h3Þ
erÞ UðchannelÞ UðreinforcementÞ
¼ UðlayerÞ � UðchannelÞ þ UðreinforcementÞ



Fig. 5. Dimensions of the laminae of a fluidic prestressed composite: (a) fluidic
layer, (b) constraining layer, and (c) prestressed 90� EMC.
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the fluidic layer bonded to it. In case 2, composite deflection is aug-
mented by the in-plane compressive strain ð@u=@xÞ in the sand-
wiched fluidic layer, resulting in the highest curvature among the
three cases.

Pressurization of the fluid channel results in a reduction in com-
posite curvature in cases 1 and 2. Recognizing that the curvature
corresponding to a flat shape is zero, it is apparent that the actua-
tion pressure required to nearly flatten the composite is lower in
case 1. The difference in response is attributed to the larger in-
plane compressive strain in the fluidic layer in case 2. In case 3,
actuation of the composite leads to an increase in its curvature.
Deflection of the composite in the Z direction is accompanied by
an in-plane tensile strain in the fluidic layer.

For minimal actuation effort at a given EMC prestrain, an FPC
must have a higher curvature in the unactuated state with a lam-
inate arrangement as in case 1 and must be actuated to produce
a lower curvature. At lower values of EMC prestrain, the actuation
pressure required to flatten the composite is lower. However, the
trade-off in lowering the EMC prestrain is a loss in morphing
ability.

4.2. Parametric study

The parameters influencing actuation effort such as thickness,
width, and location of the fluid channel are examined in this sec-
tion. An FPC with laminae arranged as shown in case 1 (Fig. 2(b))
is used in this study. Prestrain in the 90� EMC is maintained con-
stant at 0.5.

The relevant design parameters are defined as:

/ ¼ Cy

Ly
; v ¼ h3a þ h3b

h2 þ h3
; and w ¼ h2 � h3a

h3a þ h3b
; ð27Þ

where /; v, and w are the non-dimensional width, thickness, and
proximity (to the fluidic layer-EMC interface) of the fluid channel.

The response of an FPC for various values of / is plotted in Fig. 7
(a). The values of v and w are maintained at 0.6 and 0.4 respec-
Table 2
Measured material properties of the laminae of a fluidic prestressed composite.

Lamina Ex (MPa)

Constraining layer (1095 spring steel) 200,000
Fluidic layer - pure elastomer 1.2
Fluidic layer - reinforced elastomer 1.5
Prestressed 90� EMC Nonlinear
tively. Based on simulations conducted in an actuation pressure
range of 0–50 kPa, it is observed that the magnitude of the slope
of the response curve increases with an increase in /. This phe-
nomenon is a consequence of the increase in cross-sectional area
of the fluid channel and hence the available force along the channel
for a given actuation pressure. The increase in curvature in the
unactuated state at higher / is due to a reduction of material in
the fluidic layer.

The effect of the non-dimensional fluid channel thickness (v) on
composite response is studied at a constant value of / and w of 0.4
(Fig. 7(b)). An increase in v enables a reduction in the actuation
pressure needed to obtain a given curvature, while increasing the
curvature in the unactuated state. Such behavior is explained in
the same manner as done in the study on /. The overall effect of
increasing / or v is an enhanced morphing envelope at a lower
actuation pressure.

The dimensions of the fluid channel cross-section are main-
tained constant (/ ¼ 0:4;v ¼ 0:6) and the effect of its proximity
to the prestressed EMC (w) is simulated (Fig. 7(c)). The physical
equivalent of lowering w is a shift in the fluidic layer material
towards the bottom face. The effect of this material shift is an
increase in compressive stress in the fluidic layer and hence a
decrease in composite curvature at a given pressure. Therefore, a
decrease in the value of w leads to an increase in the slope (magni-
tude) of the response curve.

Theoretically, the maximum morphing ability in an FPC for a
given actuation pressure range is obtained for / ! 1; v! 1, and
w ! 0. To restrict the strain of the fluid channel in Y and Z direc-
tions, the suggested practical limits for /; v, and w are 0.6, 0.5,
and 0 respectively.

The response of an FPC in various laminate configurations and
its dependence on some of the design parameters has been exam-
ined using the analytical model presented in Section 3. A fabrica-
tion procedure for a fluidic prestressed composite is prescribed in
the following section.

5. Composite fabrication

Composite beam samples of an FPC in configuration 1 are fabri-
cated to demonstrate its operation and to validate the analytical
model. The chosen configuration requires the least actuation effort
among the three configurations. Dimensions and material proper-
ties of the laminae are the same as listed in Fig. 5 and Table 2. The
fabrication procedure used for each of the composite laminae is
discussed in the following subsections.

5.1. 90� EMC

A 90� EMC is fabricated by sandwiching two layers of unidirec-
tional carbon fibers between two pre-cured silicone rubber sheets.
Freshly mixed liquid silicone rubber, applied to the fibers and sili-
cone rubber skins, cures to form an EMC with design specifications
listed in Table 3. Rhodorsil 340/CA 45 mold making silicone rubber
of durometer grade 45 (shore A) is used as the elastomeric matrix.
The same rubber composition is used in the fabrication of all
elastomeric elements in the FPC. Unidirectional carbon fibers are
Ey (MPa) mx my

200,000 0.28 0.28
1.2 0.48 0.48
170 0 0
170 0 0
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Fig. 6. Modeled curvature vs. actuation pressure of a fluidic prestressed composite in (a) configuration 1, (b) configuration 2, and (c) configuration 3.
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prepared by removing transverse fibers from woven carbon fabric
(Fiberglast Developments Corp., 3.1 kg/m2). A tensile test was con-
ducted on the 90� EMC up to 110% strain transverse to the fiber
direction with the response shown in Fig. 4.

5.2. Fluidic layer

The first step in the fabrication is to build molds for the fluidic
layer and the fluid channel. The mold for the fluidic layer is 3D-
printed whereas a steel strip is used as a mold for the fluid channel.
A release agent (Pattern Release 202, National Engineering Prod-
ucts Inc.) is used on both molds to facilitate the removal of the
cured sample. A pre-cured silicone rubber skin is sized to fit the
mold for the fluidic layer and then laid out on it. The steel strip
is positioned on this rubber skin (Fig. 8(a)) and freshly mixed
degassed silicone rubber is poured into the mold to create one part
of the fluidic layer (Fig. 8(b)). Upon curing, the steel strip is
removed from the elastomer and the resulting void is filled with
paraffin wax. Marchese et al. [35] proposed lost wax casting as a
fabrication technique for soft fluidic actuators. A steel tube of
diameter 1.78 mm (0.0700) is used as a pressure supply line and is
positioned in the mold as shown in Fig. 8(c). The steel tube is
locked in position in the composite by smearing its outer surface
with a flexible silicone adhesive that cures along with the silicone
rubber surrounding it. The outlet in the elastomer is then sealed by
pouring silicone rubber around the steel tube (Fig. 8(d)). Curing of
the elastomer completes the fabrication of the fluidic layer (Fig. 8
(e)). Finally, the bottom surface of the fluidic layer in the XY plane
is reinforced with carbon fibers in the Y direction. Fibers wetted
with liquid silicone are sandwiched between the bottom face and
a pre-cured silicone rubber skin (Fig. 8(f)).

5.3. Laminated composite

The fabricated 90� EMC layer is held at its ends by grips and pre-
strained to the desired value. Separately, the fluidic layer and a
1095 spring steel strip that is used as the constraining layer are
bonded on either face of the prestressed EMC using a flexible sili-
cone adhesive (DAP Auto-Marine 100% RTV silicone sealant) and
allowed to cure at room temperature for 24 h (Fig. 9(a)). Upon
removal from the grips, a fluidic prestressed composite is obtained.
At this stage, the composite has a curved shape but the curvature is
less than expected due to the restriction offered by the wax (high
modulus) in the fluid channel. Finally, the wax (melting point of
57 �C) is melted out through the pressure supply line by placing
the composite in an oven at 60 �C. The resulting composite has a
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Table 3
Design details of the fabricated 90� EMC.

Material Density (kg/m3) Volume fraction Thickness (mm)

Silicone sheet 1340 0.83 0.76 (� 2)
Carbon fibers 53.53 0.17 0.50
Total 1113 1 2
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curved shape at equilibrium and can be pressurized to obtain a
change in curvature (Fig. 9(b)). The composite is actuated
pneumatically using a disposable medical syringe to achieve a
morphing function. The unactuated and actuated shapes of the fab-
ricated FPC beam are shown in Fig. 9(c) and (d), respectively. It has
been observed that the prestressed 90� EMC can peel off from the
spring steel strip over an extended period of time. This is probably
caused by a high shear stress at the interface created due to a large
difference in the elastic moduli of these two layers. In such a case,
the roughness of the bonding surfaces influences bond strength. To
improve the durability of the bond, a thin layer of paint primer is
sprayed onto the metal surface.
6. Model validation

The shape of an FPC beam fabricated in configuration 1 is mea-
sured as a function of pneumatic pressure in a quasi-static condi-
tion. The experimental setup for this measurement is shown in
Fig. 10(a). The composite is pressurized pneumatically using a
plastic medical syringe with a diameter of 28 mm (1.100) and a
stroke of 101.6 mm (400). The syringe is rigidly mounted on a base
and the position of its piston is set using a threaded rod. The
applied pneumatic pressure is measured using a pressure gauge
of range 0–103.5 kPa (0–15 psi) that is linked to the syringe using
a saddle valve. Reflective markers placed on the concave face of the
composite (Fig. 10(b)) are tracked using an OptiTrack motion cap-
ture system consisting of four cameras that have a resolution of 1.3
megapixels. The composite is mounted on a fixture using thin
double-sided tape such that shape change can occur without any
restriction while its center remains stationary. Movement of the
center does not affect measurement accuracy since only the rela-
tive position of markers is required. The coordinates of the markers
are then fit to a circle using the method of least squares to calculate
the curvature of the composite (Fig. 10(c)).



Fig. 8. (a) Setup to mold the body of the fluidic layer, (b) layup of silicone rubber to
create the body, (c) setup for the end cap, (d) silicone rubber poured to create the
end cap, (e) fully cured fluidic layer, (f) fiber-reinforcement of the bottom face.

Fig. 9. (a) Setup for the lamination of a fluidic prestressed composite, (b) trimmed
laminated composite, (c) unactuated and (d) limiting actuated shapes of the
composite.

Fig. 10. (a) Experimental setup to measure the quasi-static response of a fluidic
prestressed composite, (b) composite equipped with reflective markers, (c) spatial
coordinates of the reflective markers measured by a motion capture system.
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The curvatures of three composite beam samples fabricated
with prestrains of 0.25, 0.5, and 0.6 in the 90� EMC, are measured
at discrete values of pneumatic pressure (Fig. 11). The maximum
applied pressure is restricted to 82.7 kPa (12 psi) due to the limited
sealing capability of the plastic syringe, but is sufficient to nearly
flatten the composites. It is observed that the measured quasi-
static response of an FPC matches fairly well with the simulated
response. In the unactuated state (0 kPa), the error in curvature
is 0.3%, 4.0%, and 2.0% for EMC prestrains of 0.25, 0.5, and 0.6,
respectively. This bias may be attributed to dimensional variability
in the fabricated samples. At 82.7 kPa, the maximum error in sam-
ples with 0.5 and 0.6 prestrain is 6.7% and 8.2% respectively. In the
sample with 0.25 prestrain, the maximum error is 10.2% at
48.2 kPa; the composite attains a nearly flat shape at 34.5 kPa
where the error is 1.9%. The error in the nearly-flat shape is higher
due to the bulging of the bottom face of the fluidic layer. The bulge
is a result of the fluid channel cross-section tending towards a cir-
cle at higher pressure and is equivalent to a localized increase in
composite thickness. As per the parametric study in Section 4.2,
an increase in fluid channel thickness (v) yields an increase in
the slope of the response curve. Since the model assumes a
plane-stress condition, curvature is over-predicted in the simu-
lated response. Bulging may be minimized by lining the inner walls
of the fluid channel with an inextensible material such that it
expands only in the longitudinal direction.

7. Concluding remarks

A design for a fluidic prestressed composite that has a curved
equilibrium geometry in the unactuated state and exhibits a con-
trollable change in shape when actuated, is presented for the first
time. An analytical model developed under a plane-stress assump-
tion incorporates the nonlinear behavior of elastomeric layers and
simulates the quasi-static response of an FPC accurately at low
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operating pressures. The laminate configuration of an FPC that
requires the least actuation effort is identified and the effects of
parameters influencing actuation are examined through a model-
based study. A method for fabricating an FPC and measuring its
response is presented. The simulated response of the composite
is in agreement with the measured response. Durability of FPCs
is an area for further investigation and optimization. When used
in conjunction with a compact pressure source, fluidic prestressed
composites have the potential to serve as lightweight morphing
structures that can exhibit drastic, controllable changes in shape.
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