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An Experimental Investigation on the Performance of a
Shape Changing, Bio-inspired F2MC Panel

Oscar E. Johansson

ABSTRACT

The purpose of this thesis is to explore the performance of a bio-inspired plate undergoing
oscillatory heave motions and active shape change. The shape change will be achieved us-
ing a panel embedded with Fluidic Flexible Matrix Composite (F?MC) tubes for actuation.
A beam, or plate strip, model is presented as a means of verifying that F?2MC tubes can
effectively serve as a means of actuation. This model was actuated in air and water at
several internal tube pressures. The static experimental deflections were compared to two
beam models relying on Euler-Bernoulli and Timoshenko beam theories with concentrated
tip moments and a distributed moment. It was found that the Euler-Bernoulli model with a
concentrated tip moment best approximated the static experimental deflections. Following
the success of the plate strip, and panel with 10 embedded F?MC tubes was manufactured.
The plate panel was constructed with Dragon Skin Silicone and embedded with two rows
of five F?2MC tubes which provide the means of shape actuation. Experimental results from
actuating the panel in static conditions showed that F2MC tubes are an effective means of
prescribing a repeatable shape change to a silicone panel. Then, Classical Plate Theory and
First-Order Shear Deformation Plate Theory were used with a concentrated tip moment at
the free edge to provide a means of modeling the full panel. When comparing the static ex-
perimental results to the numerical models, it was found that the deflected plate shape could
be most accurately predicted at lower pressures for upward deflection and higher pressures

for downward deflections. When tested in unsteady conditions in a heaving experiment (0.5



Hz to 2.3 Hz), the force measured at frequencies above 1.5 Hz were up to 3.6 times greater
than those measured for frequencies below 1.5 Hz. Additionally, the phase difference between
the tip deflection and force with respect to the keel position decreased for force as frequency
increased, while the opposite was true for the tip deflection. At 1.5 Hz, the tip deflection
and force were equally out of phase with the keel. When the panel was subjected to an
oscillatory heaving motion while asymmetrically actuated, it was found that faster heaving
frequencies resulted in higher maximum force values for all actuation pressures, actuation
directions, and depths below the free surface. However, when subjected to dual actuation by
pressurizing the top and bottom tubes at the same pressure, the tip amplitude was highly
dependent on specific combinations of heaving frequency, actuation pressure, and depth be-
low the free surface. This indicates that the actuation pressure must be tuned to the depth
and frequency of operation to obtain the desired tip amplitude for a given application. These
findings further the knowledge of shape-changing F>MC panels operating near a free surface

and lay a groundwork for developing flapping propulsors that mimic marine animals.
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An Experimental Investigation on the Performance of a
Shape Changing, Bio-inspired F2MC Panel

Oscar E. Johansson

GENERAL AUDIENCE ABSTRACT

The purpose of this thesis is to explore the performance of a bio-inspired plate undergoing
oscillatory (up and down) heave motions and active shape change. The active shape change
is achieved using Fluidic Flexible Matrix Composite (F2MC) tubes, which act as an arti-
ficial muscles to deflect the panel. To verify that F2MC tubes are capable of prescribing
a repeatable deflection, a simple beam model with two embedded tubes was manufactured
and tested statically in air and water. It was found that the F?MC tubes were able to
prescribe a repeatable deflection, and when comparing to two beam models, Euler-Bernoulli
and Timoshenko, it was found that the Euler-Bernoulli model with a concentrated tip mo-
ment best approximated the static experimental deflections. Following the success of the
beam model with 2 embedded tubes, a panel was made with 10 embedded F?MC tubes, 5
along the bottom and 5 along the top, was created. This panel was tested statically and
dynamically. Static results showed strong deflection repeatability. When subjected to heav-
ing motions, it was found that the force in the system increased with increasing heaving
frequency. The phase difference measured between the tip deflection and force with respect
to the keel position decreased for force as frequency increased, while the opposite was true
for the tip deflection. It was also observed that there exists a point where the tip deflection
and force were equally out of phase with the keel. When the panel was subjected to dual
actuation by pressurizing the top and bottom tubes at the same pressure, the tip amplitude

was highly dependent on specific combinations of heaving frequency, actuation pressure, and



depth below the free surface. This indicates that the actuation pressure must be tuned to the
depth and frequency of operation to obtain the desired tip amplitude for a given application.
These findings further the knowledge of shape-changing F?MC panels operating near a free

surface and lay a groundwork for developing flapping propulsors that mimic marine animals.
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Chapter 1

Introduction

Structural reconfiguration can be observed throughout nature, from manta rays swimming,
to sea grass in a current. These are only two examples, but they also serve to categorize
reconfiguration into two categories; passive and active. While sea-grass is dependent on
the current to achieve reconfiguration, manta rays are able to flap their fins actively to
propel themselves forward or glide efficiently through the water. Taking inspiration from this
swimming motion, active reconfiguration can be adapted for use in human-made structures
to improve their performance and efficiency. Flapping propulsors have the potential added
benefit over other forms of propulsion in that they remove loud propellers that cause noise,
cavitation, and danger to marine life. Flapping propulsors that mimic marine animals can
also operate in the ocean with less intrusion to the environment and can blend in more easily,

making them more stealthy.

Studying natural structures and how they utilize reconfiguration to improve efficiency is crit-
ical to applying the same concepts to human-made structures. To build this understanding,
previous studies have investigated the implementation of artificial muscles in a variety of

structures, including plane wings and robotic fish, to name a few. There have also been
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numerous studies performed on flapping plates of various shapes, sizes, and materials to
understand the forces present when plates flap close to the free surface and far away from
the surface. Morphing and adaptive structures have also been explored extensively for both
aerospace and ocean applications, with results showing increased performance when the
structure can be morphed during its operation. This thesis will explore the implementation
of Fluidic Flexible Matrix Composite (F2MC) tubes in a panel as a means of bio-inspired
actuation. First, a F2MC beam model was developed to confirm the effectiveness of F2MC
tubes at prescribing a repeatable deflection under static conditions. Then, a panel with 10
embedded F2MC tubes was manufactured and tested in static and unsteady conditions to
assess the static deflection repeatability. To achieve unsteady conditions, the panel will be
flapped close to the free surface at a range of distances and heaving frequencies. The total
force in the system and a time history of the plate shape is recorded and analyzed. By
assessing the performance of this panel under various conditions (heaving frequency, depth
below the free surface, and actuation), a groundwork is laid for developing flapping propul-
sors that have increased efficiency when compared with other examples in the literature, and
can operate with less intrusion in marine environments. These advancements will lead to
more effective designs of bio-inspired adaptive structures that mimic marine animals and can

be implemented in a variety of marine applications from surveying to stealth operations.

1.1 Literature Review

The following sections outline numerous studies on topics related to the work in this thesis.
First, studies on artificial muscles are surveyed and related to the implementation of F2MC
tubes in this thesis. Then, studies on heaving and flapping plates are explored to under-

stand the current physical understanding of such structures. Finally, studies on adaptive
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and morphing structures are investigated to understand how artificial muscles have been im-
plemented in the past and lay the groundwork for implementing F2MC tubes in an adaptive

panel in this thesis.

1.1.1 Arti cial Muscles

To prescribe a deflection to a structure or change the stiffness of a structure, inspiration can
be taken from biological structures. Most notably, antagonistic pneumatic artificial muscle
(PAM) actuators are able to act as an artificial muscle within structures. These actuators
were originally developed by J.L. McKibben in the 1950s and implemented in robotic devices
to assist victims of polio. Thus, they are also referred to as “McKibben actuators.” This
type of actuator is preferred to other types of actuators in that it has high work-to-weight
and force-weight ratios. They are also low-cost, readily available, and generate higher force
output than pneumatic cylinders at the same internal pressure without the risk of fire or

explosion of hydraulic systems [1].

This study uses Fluidic Flexible Matrix Composites (F?MC) tubes, which are functionally
the same as PAMs, as a means of actuation. F2MC tubes are comprised of a woven fiber
encased in a silicone tube to create a bladder [2]. Depending on the fiber weave angle, the
tubes can be either extensile or contractile when pressurized. However, contractile tubes
generate 13 times the force of extensile tubes and 34% higher strokes [1] and will therefore

be used.

Yerkes and Wereley (2008) quantified the performance of these actuators in trailing edge
flap actuation on a rotor [3]. PAMs of different diameters and materials were tested exper-
imentally to measure the block force (i.e. how much force the actuators can exert) and the

contraction. It was found that force scales upward with increasing actuator diameter, but
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the actuator contraction did not change repeatably between the diameters tested. However,

both force and contraction scale with the internal actuator pressure.

Gentry and Wereley (2008) investigated the effect of fiber braid angle in PAMs with internal
pressures ranging from 0 to 90 psi [1]. It was determined that increasing the braid angle of
the fiber in the PAM increases the stroke of the actuator and results in higher block forces
produced at all contraction ratios. However, larger braid angles also resulted in much larger
increases in PAM diameters when pressurized. This is important to consider when imple-
menting these actuators. The PAMs were also subjected to cyclical longitudinal loading and
the results show highly nonlinear behavior, especially at higher contraction ratios. Addition-
ally, performance dropped for small diameter PAMs with large braid angles. So, although
increasing the braid angle of PAMs typically increases the force produced when pressurized,

this is limited by the diameter of the PAM.

Design decisions about material, braid angle, and other parameters must be established using
a model employing key parameters and the loading conditions. Yerkes and Wereley (2008)
and Kang et al (2009) derived several relations to estimate force generated by PAMs using
the initial conditions and post-actuation conditions [3, 4]. These are useful if the PAM has
been fabricated and has been tested in experiments. It is difficult to apply these relations
when the post-actuation parameters are not known. Both of these models were an extension
of a relation derived by Gaylord (1958), where only the initial conditions are needed [5]. The
Gaylord force is

P
FGaylord:4N—2 3L B?; (1.1)

where P is the internal pressure, N is the number of fiber turns, L is the actuator length,
and B is the fiber length. This model provides an approximation for the force produced by

the tube when actuated.
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Kang et al (2009) proposed a model for dynamically controlling antagonistic PAMs and
compared it to experimental results [4]. The dynamic model was based on the antagonistic

PAM pair equation of motion

I "+b =(F, F)r; (1.2)

where | is the mass moment of inertia of the joint, b is the viscous damping coefficient, F;
and Fy are the forces generated by the two tubes in the antagonistic pair, and r is the radius

of the joint. The radius of the joint is analogous to the eccentricity presented in Ch. 3.

It was found that the proposed dynamic model was able to accurately predict the motions
of the antagonistic PAM pair. Experiments also showed that at higher actuation frequencies
(closer to 5 Hz), the PAMs were not able to fully pressurized and depressurize. This dynamic
model has the potential to serve as a piece of a larger effort to analytically predict the motions

of an actively reconfigurable propulsor.

1.1.2 Heaving and Flapping Plates

The reconfiguration of structures in nature, such as manta ray fins, can be modeled as a
heaving plate. As the plate heaves vertically in water, the plate deforms passively. Scianna
(2022) provided a series of flapping flexible plates in water at differing distances from the
free surface [6]. The flapping plates used in this study were not actuated and consisted of
very thin plastic sheets. It was found that there exists a critical depth where the free surface
no longer affects the deflection of the heaving panel. Above this critical depth, the fluid
loading was asymmetric and resulted in asymmetric deformations. Below the critical depth,
the plate deflection was symmetric. Particle Image Velocimetry was also used to study the
flow around the plate as it heaved and these experiments confirmed the asymmetric flow

behavior at shallow depths.
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Li et al (2013) investigated the effect of oscillation frequency, plate depth, and plate edge
geometry of a rigid heave plate on hydrodynamic coefficients [7]. These rigid heave plate are
often used on offshore drilling platforms as a means of damping the motion of the structure
as it heaves in the waves. The plate was oscillated vertically at frequencies ranging from 0.2
to 1.0 Hz. The Morison equation of motion was used to calculate the added mass coefficient
and drag coefficient:

| e
(M + rCyX + 3 ACyXjX =F; (1.3)

where M is the mass of the system, is the density of the fluid, ¥ is the immersed volume,
Ca is the added mass coefficient, and Cgq is the drag coefficient [8]. It was determined that
oscillation frequency had only a small impact on added mass. Additionally, the influence of
plate depth is negligible at the deeper depths (0.6-1.2 m) tested. The Keulegan-Carpenter
(KC) number,

2

KC = - (1.4)

was used to non-dimensionalize the amplitude of oscillation and quantify the importance of
drag forces with respect to inertia forces in the oscillating flow. L is the width of the plate
and a is the amplitude of oscillation. It was found that the added mass coefficient increased
as the KC number increased. However, the drag coefficient decreased with increasing KC
number. When looking at the plate edge geometry, it was determined that sharp edges
resulted in the highest added mass coefficients, while rounded geometry reduced the added
mass. The edge geometry did not have a noticeable impact on the drag coefficient. These
relationships can be expanded to be used to inform on the design of a flexible flapping

propulsor so that it has desirable performance characteristics.

Yadykin et al (2003) studied the added mass of a flexible, oscillating, cantilevered plate

by using thin airfoil theory to calculate the pressure difference across the panel [9]. The
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numerical analysis showed that added mass decreased as the mode of vibration increased.
A decrease in the aspect ratio of the plate also caused a decrease in the added mass. This
shows that the added mass on an oscillating plate depends on both its aspect ratio and the

fluid loading.

Floryan et al (2017) investigated the forces generated by continuous and intermittent (burst-
and-coast) swimming using a rigid airfoil in a water tunnel [10]. The foil was subjected to
sinusoidal pitching motions and the force and torque on the foil was measured using a six-
component force/torque sensor. Particle Image Velocimetry data was also collected to study
the flow around the foil. The PIV measurements of the wake showed that the dominant flow
structures were always counter-rotating pairs, regardless of the duty cycle, or the ratio of

burst to coast.

Zhong et al (2021) studied the effect of aspect ratio on the equilibrium altitude of near-ground
swimmers [11]. This is based on the steady ground effect that enables animals to swim or
fly faster near solid surfaces due to lift forces being amplified near the solid surface. They
found that decreasing the aspect ratio of the fin or wing operating near a solid boundary
weakens the steady ground effects and the equilibrium altitude lowers. However, the same
experiment was not performed with a fin operating in shallow water to investigate the free
surface effects on gliders operating underwater, but near the free surface. When a flexible
panel was subjected to an oscillatory motion near the solid boundary, as presented in Quinn
et al (2014), an unsteady ground effect occurs [12]. This unsteady ground effect arises from
asymmetric vortex streets that cause asymmetric lift forces. Thus, there are regions of net
upward and downward lift that result in altitudes that oscillating hydrofoils converge to.
Additionally, when the same panel was oscillated at its resonant frequency, the propulsive
efficiency increased at the solid boundary versus farther from the wall. Similarly, Fernandez-

Prats et al (2015) investigated pitching hydrofoils near a solid boundary and found that
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pitching motions can increase the thrust generated by 45% and the speed by 25% [13].

1.1.3 Adaptive/Morphing Structures

Utilizing adaptive structures that have the capability of morphing their shape allows for more
efficient operation. This efficiency can come from a reduction in drag, quieter operation, or
a combination, depending on the application. Quackenbush et al (2004, 2005) studied the
application of shape memory alloys (SMA) actuation to the actuation of a ducted propulsor
[14, 15]. The SMAs allowed for the propeller duct to be morphed, thus directing the flow
from the propeller in a desired direction. Using a SMA duct allowed for a steerable propeller
outflow, which provides a steering moment for the ship it is attached to as well as the
acoustic benefits that ducted propellers offer. These benefits were obtained without the
need for additional rudders to direct the flow, thus eliminating potentially complex systems

and reducing the amount of moving parts associated with the steering system.

In addition to morphing structures, studies have been conducted to explore the importance
of structural stiffness of human-made bio-inspired swimmers. For example, Zhong et al
(2021), Quinn et al (2021), and Wainwright et al (2020) studied the locomotion of tuna
fish and the effect of tunable stiffness in a tuna robot based on the real fish as it swam
through water [16, 17, 18]. They found that by increasing the flexibility of the tuna-bot,
the overall performance of the robot could be increased or decreased. However, it was found
that stiffness can have different effects in different situations. For example, the flow speed
can impact whether flexible or stiff structure is needed to increase propulsive efficiency.
Additionally, one stiffness may be more beneficial to acceleration, while another is beneficial
for achieving high speeds. Thus, it may be necessary for a structure to be adaptive such that

the stiffness can be changed to accommodate different performance requirements at various
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stages of operation.

Aside from the various studies on traditional fish, manta ray swimming, which serves as
the inspiration for this project, has also been studied in relation to structural stiffness and
undulatory propulsion. Clark et al (2006) studied the hydrodynamic performance of a flexible
fin, such as those found on manta rays [19]. They found that including chordwise oscillation
of the fin, resulted in increased efficiencies, upwards of 50%. Moored et al (2011) expanded
on these findings by studying kinematic modes (flat, curved, and tip lag) of manta ray
swimming and the heaving waveform shape (sine and square waveforms) [20]. They found
that the flat swimming mode was more efficient and produced more thrust than the curved
swimming mode. When comparing the tip lag mode, it was found that there was no benefit
to introducing tip lag. Additionally, the energy efficiency of a passively flexible fin was
greater than an actively actuated fin, but this came at a cost of lower steady state swimming

speeds - 80% of the actively actuated fin.

Sun et al (2022) studied the use of a soft robotic pad (SRP) as a means of actuating the fins
of a manta ray robot [21]. This novel design used a flat elastomer body with a large chamber
inside. A fiber reinforcement matrix was embedded in the top and bottom elastomer layers
so allow the chamber can contain pressures up to 400 kPa. The matrix weave also allowed
for optimized surface morphing, while still generating large force outputs. It was found that
when these SRPs were embedded in fins, the manta ray robot was able to propel itself at a
maximum forward velocity of 28.5 cm/s by flapping the fins span-wise and chord-wise, as a

real manta ray would.

Giordano et al (2024) studied the effect of a soft, flexible, morphing wing for use on an
underwater glider [22]. The wing was made in the shape of a NACA0016 airfoil, with a rigid
leading edge, and hollow chambers within the silicone wing. The actuation of the wing was

achieved by pressurizing these hollow voids. It was found that actuating the wing enables
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the lift-to-drag ratio to be adjusted according to different flow conditions. At an angle of
attack of 12.5°, the lift-to-drag ratio can be decreased by 70% or increased by 10% when

compared to a rigid wing.

In the aerospace field, morphing wings of various types have been studied with the goal of
optimizing airplane wing shapes for different applications and stages of flight. For example,
Reed et al (2005) studied a wing capable of morphing in chord to increase the planform
area by 80% [23]. The wing presented used shape memory polymers and shape memory
composites in the structure. When subjected to a thermal input, these materials returned
to a predefined memory shape. However, this structure relies on a uniform heat distribution

to enable the entire structure to transition between rigid and elastic states as required.

Thill et al (2010) explored the use of composite corrugated structures to enable a morphing
wing skin [24]. Wing panels made out of this material can be used as a morphing control
surface on the trailing edge of a wing to change the chord and camber. The implementation
of the composite structure allowed for a chord changes up to 4% and control surface deflection
of 12°, all while maintaining a smooth surface, which more traditional trailing edge actuators
are unable to provide. This results in a significant reduction in the drag generated by the
trailing edge section of the wing. Previtali et al (2014) studied a similar morphing composite
wing and compared it to a traditional wing [25]. They found that the morphing wing was able
to provide sufficient roll control authority, but increasing the roll authority also increased
the weight of the structure. Additionally, the morphing wing generated lower maneuvering
drag when compared with the traditional wing design. The morphing capability could also

be used to tune the lift distribution of the wing as needed.

Morphing solutions have also been explored to change the span of a wing. Bae et al (2005)
explains that increasing the wingspan of a cruise missile results in a reduction in induced

drag and thus an increase in range [26]. However, an increase in wing span will likely cause
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larger deflections that must be accounted for in the design process to ensure the structure
can withstand the large deformations. Vocke et al (2011) developed and tested a span-
extending morphing wing capable of increasing its planform area by 100% [27]. The skin of
the wing utilized an elastomeric matrix composite (EMC) structure bonded to a zero-Poisson
ratio morphing core. This allowed for high strains within the structure to accommodate the
increase in span. The wing was then manually stretched to different spans and tested in a
wind tunnel to ensure that the structure could withstand aerodynamic loading up to 130
km/h. It was found that the EMC structure was able to withstand the aerodynamic loading,

with out of plane deflections of less the 2.54 mm.

Morphing structures have a variety of applications in both marine and aerospace applications.
They provide advantages such as changing structural stiffness, chord length, wing span, and
angle of attack of a wing, to name a few. Their versatility allows for broad implementation
across multiple platforms, but there certain conditions that have not yet been studied, some

of which will be explored in this thesis.

1.2 Project Scope

A gap in understanding of the performance of a exible panel with embedded
F2MC tubes apping in close proximity to a free surface has been identified which
will influence the design of quieter and more efficient bio-inspired propulsive devices operating
near the free surface. The work in this thesis includes content published in Johansson et
al (2023, 2024) [28, 29] and is reprinted here by permission of the American Institute of
Aeronautics and Astronautics, Inc. The work presented is primarily experimental, with
simple numerical models used to predict deflections of the two physical models, beam and

plate, presented. The flexible panel with F?MC tubes embedded is subjected to a vertical
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heaving motion. The heaving force is recorded and high speed recordings are captured.
These recordings are used to track the shape of the panel through time by first extracting
images, then using gradient-based edge detection to extract quantitative panel position data.
The results will characterize the performance of the panel with embedded F2MC tubes and
will advance the understanding of the physics surrounding the operation of such a panel

operating near a free surface.
The chapters of this thesis are organized as follows:

Chapter 2 explains the experimental setups and procedures used to test the F?MC beam
and F2MC panel. A material characterization is performed on both models, with the panel
model undergoing a more rigorous tensile test. Then, the two tanks used to test the beam
and panel models are introduced. The small tank was used to measure the static deflection of
the beam model statically in air and water as well as the panel in water. Following the static
deflections, the panel was subjected to an oscillatory heaving motion without actuation in
the small tank, and the associated procedures and instrumentation for those experiments
are presented. At this point, the heaving rig was moved to the big tank and this setup is
explained as it relates to heaving the panel with no actuation, single actuation, and dual

actuation.

Chapter 3 explains the beam models, Euler-Bernoulli and Timoshenko, that were used to
predict the static deflection of the F2MC beam model. Concentrated tip moments and
distributed moments were considered as a means of approximating the reaction of the force
exerted by the F?MC tubes when pressurized. Following the discussion of the beam models,
two plate theories, Classical Plate Theory and First-Order Shear Deformation Theory, are

presented as they were used to predict the static deflection of the F2MC panel.

Chapter 4 presents the results from the experiments conducted, starting with the static
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deflections of the F?2MC beam in air and water. The experimental deflections are compared
to the two beam theories presented in Ch. 3. Then, the results of statically deflecting the
F2MC panel are presented and compared with the numerical predictions from the two plate
theories presented in Ch. 3. Following the static deflection experiments, the results from
subjecting the non-actuated panel to an oscillatory heaving motion in the small tank are
presented. At this point, the heaving rig was moved to the big tank. Lastly, the results from
heaving the panel in the big tank with no actuation, single actuation, and dual actuation

are presented.

Chapter 5 highlights the key findings of the work presented in this thesis. Opportunities for

future work are also presented to show the next steps of this project.

Appendix A presents a preliminary Particle Image Velocimetry (PIV) setup to be used
to characterize the fluid between the top of the F2MC panel and the free surface while
undergoing an oscillatory heaving motion. Preliminary results are also presented to illustrate

the limitations of the current setup and steps to mitigate these limitations are discussed.

Appendix B presents comprehensive plots of heaving data (force, keel position, and tip
position) for all conditions presented in this thesis. Summary plots are provided in the main

text.



Chapter 2

Experimental Setup

This chapter will present the experimental setups used to collect the data in this thesis. First,
the design of the F2MC panel will be explained, starting with the design and manufacturing
of an F?2MC beam with 2 embedded F2MC tubes. A simple cantilevered beam setup was
used to obtain material property values for this plate strip. Then, a panel with 10 embedded
F2MC tubes will be presented along with a more rigorous tensile test that was used to
characterize the material properties of the panel, once it was determined that F2MC tubes

provided an effective means of actuation.

Following the discussion of the F2MC panel, two experimental setups will be presented. The
first is a small tank used to test the static actuation of the beam and panel, as well as heaving
experiments of the panel. The instrumentation used to collect data in the small tank is the
same as was used in the second setup, the big tank. The setup in the big tank is adapted
from the small tank, and is used to collect data on the panel flapping in various actuation

conditions; no actuation, single actuation, and dual actuation.

14
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2.1 Design of the F°MC Panel

The next two subsections provide details on the design and manufacturing of a panel with
F2MC tubes embedded within. The first prototype is a beam model, or plate strip, with
two embedded tubes and provided the groundwork for manufacturing a wider panel with ten

embedded tubes.

2.1.1 F2MC Beam
FZMC Beam Parameters

A 5 cm wide beam, or plate strip, with two F?MC tubes embedded was constructed with
Dragon Skin silicone. The two tubes were stacked above each other symmetrically about the
neutral axis. This resulted in an eccentricity of 6.5 mm. This is important for generating
the distributed moment described in Ch. 3. The final beam had a height of 2.6 cm and an

unsupported length of 21 cm.

Material Characterization

The F2MC tubes were comprised of PET polyester braided plastic fibers and Dragon Skin 30

silicone. The plate was made by embedding these F?MC tubes in more Dragon Skin silicone.

Dragon Skin silicone is the predominant material used in the plate and will therefore have the
largest influence on the behavior of the plate. Ranzani et al (2015) found that the behavior
of Dragon Skin silicone is highly nonlinear [30]. Because the observed deflections are large,

this is a non-trivial effect.

Due to the way the plate is manufactured, i.e. that it is not isotropic or homogeneous, the
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material properties of the plate are not a simple mixture of the material properties of each
material. To gain a better understanding of the flexural modulus of the plate, the trial
plate with embedded F2MC tubes was tested, as it had the appropriate ratio of tubing to
encasing silicone. In this test, the plate was set up as a cantilevered beam and deflected
under the self weight of the plate. The plate was tested at several unsupported lengths, and
the deflection was measured to then compute the flexural modulus. These results can be
found in Table 2.1. It should be noted that these results vary widely, which can likely be

attributed to the nonlinear behavior of the panel as a whole.

Table 2.1: Measured Flexural Modulus.

Unsupported Deflection Computed

Length (cm) (cm) Flexural
Modulus (kPa)
12.7 0.9525 595
0.140 0.60 1400
17.78 1.905 1140
20.32 2.54 1460

2.1.2 F2MC Panel

F2ZMC Plate Parameters

A 15 cm wide plate, half the width of the panel presented in Scianna [6], was constructed
with Dragon Skin silicone. Two rows of five F>MC tubes were embedded into the Dragon
Skin plate. Each row of tubes is offset from the neutral axis by 6.5 mm. This gives the tubes
6.5 mm of eccentricity to generate a moment about the tip of the plate. The height of the

plate is 2.6 cm and the unsupported length is 29 cm.
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