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Switchable Stiffness Morphing
Aerostructures using Granular Jamming

J. David Brigido', Steve G. Burrow' and Benjamin K.S. Woods'

Abstract

One of the persistent challenges facing the development of morphing aerostructures is the need to have material and
structural solutions which provide a compromise between the competing design drivers of low actuation energy and
high stiffness under external loads. This work proposes a solution to this challenge in the form of a novel switchable
stiffness structural concept based on the principle of granular jamming. In this paper, the concept of using granular
jamming for controlling stiffness is first introduced. Four-point bending tests are used to obtain the flexural rigidity and
bending stiffness of three different granular materials under different levels of applied vacuum loading. Non-linear Finite
Element Analysis simulations using experimentally derived non-linear material properties shows good agreement with
experiment. A specific application of this concept it then proposed based on the Fish Bone Active Camber morphing
airfoil. A unit cell of this concept is built, tested, and analyzed, followed by the first prototype of a complete switchable
stiffness Fish Bone Active Camber morphing airfoil, which is experimentally shown to be able to achieve an increase in

Page 2 of 14

stiffness of up to 300% due to granular jamming.
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Introduction

Removing discontinuities from aerodynamic
surfaces

Control surfaces like ailerons, elevators, and rudders are
essential for directional control of aircraft whilst other
deployable surfaces such as slats and flats provide adaptation
to different flight speeds; however, their conventional
implementation incurs an aerodynamic penalty in the form
of drag. This drag penalty limits their ability to be used
continuously over the course of a mission to optimise
aerodynamic performance. The increased drag is due in part
to the discontinuities in the aerodynamic surfaces caused
by traditional discrete, mechanism-based (e.g., trailing edge
flaps) control surfaces. To improve upon this situation, there
has been growing interest in the use of adaptive or morphing
structures to create smooth and continuous changes in
wing shape ( Barbarino et al. (2011), Sun et al. (2016)), in
a manner which removes the discontinuities of traditional
approaches and allows for more complex, three-dimensional
changes in shape.

One promising morphing concept under development
by the authors is the Fish Bone Active Camber concept
(FishBAC) introduced by Woods and Friswell (2012), shown
in Figure 1, which is inspired by the internal structure of fish.
Fish can achieve large deflections while swimming motions
by bending their bodies around a central internal spine,
with rib bones to support their cross-sectional shape and
elastic, deformable skin to maintain a smooth fluid contact
surface. The FishBAC uses a similar idea to create smooth
and continuous changes in airfoil camber from a compliance-
based morphing concept, with a central bending spine,

stringers to maintain the airfoil profile, and a pre-tensioned
elastomeric skin. Camber change is driven by an antagonistic
tendon system which transfers actuation torque into bending
moments on the trailing edge. The resulting smooth and
continuous camber change has been experimentally shown
to increase the lift-to-drag ratio by 20% to 25% when
compared against traditional, discontinuous trailing edge
flaps (Woods et al. (2014)).

An undesirable aspect of compliance-based morphing
concepts is that energy must be put into the structure during
morphing to overcome the elastic stiffness of the compliant
mechanism. While this energy can be minimized during the
design process through careful selection of geometry and
material parameters (Woods and Friswell (2016)), there is
still an intrinsic coupling between the stiffness of the device
experienced by the actuator (which we desire to be low) and
the stiffness of the device when encountering external loads
(which we desire to be high).

Since these competing requirements for stiffness are
present in many different morphing concepts, several
materials and structural concepts have been proposed
to address the issue (Hemmelgarn and Pelley (2015),
Philen et al. (2006), Kuderetal. (2013), Imamura et al.
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Figure 1. The FishBAC a) concept schematic and b) prototype
deflected downwards

(2017)). This work proposes another approach to the
problem, one that adopts the mechanical concept of granular
jamming to create a switchable stiffness morphing structure.
The use of granular jamming allows for rapid, substantial
changes in stiffness with zero energy required to hold.
When applied to morphing aerostructures in general, or
the FishBAC in particular, this creates a structure with
significantly increased resistance to external loads, the ability
to maintain deflection without actuator input, and only
modest increases in actuation energy requirements when
deforming the structure.

Granular Jamming and Vacuumatics

Granular materials like sand, glass beads, coffee grains, etc.,
typically exist in a free-flowing, liquid-like state. They can
easily be poured and have low resistance to deformation
(Bi et al. (2011)). However, if compressive forces are applied
to the bulk material the grains are forced into each other (in
a process known as ‘jamming’) in a manner which creates
a mechanical interlocking, allowing for force transfer from
particle to particle and creating a significantly stiffer and
stronger bulk material. The degree of jamming present in
a given body of granular media is often considered with
respect to its packing fraction, ¢, which describes the fraction
of volume of the particles to the total volume, approximated
as:

o= =gt ()

Where N, is the number of particles in the structure, V,
is the volume of the particle, and V; is the volume of
the structure. This parameter is highly dependent on the
type of arrangement or packing. Granular jamming systems
have different packing volume properties and different
types of contacts known as kissing numbers (the number
of connections from one particle with the surrounding
particles). In order to create a system with variable jamming,
and therefore variable stiffness, a variable volume container
can be created for the granular media. One common
approach to this is to contain the granular media within
a flexible, sealed membrane. Applying vacuum to this

Elastomeric
Membrane

Jamming by Vacuum

N
> ¥
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f AN
Vacuumatics

Figure 2. Granular jamming by vacuum (vacuumatics)

container will then lead to reductions in volume as the
external atmospheric pressure forces the particles closer
together. The stiffness of the device will then be proportional
to the applied vacuum pressure differential, which tunes
¢. This type of mechanism is known as ‘Vacuumatics’ or
‘Deflateables’ (Gilbert et al. (1970), Knaack et al. (2008)).
Figure 2 shows a schematic representation of this approach.
This type of jammed system has previously been used to
create deformable structures for civil engineering and soft
robotics applications.

Ivan Petrovic introduced the first granular jamming-
based variable-stiffness structural application controlled by
vacuum in 1970 (Gilbert et al. (1970)). He created a dome
structure built of Polystyrene beads as granular material and
Polyvinyl chloride as the elastic membrane. His idea was to
use a vacuum pump to generate internal vacuum pressure
with the aim to stabilize the whole structure in a specific
position. His primary objective was to be able to use these
structures for buildings or architecture devices. Petrovic was
also the first person to use the term “Vacuumatics” (Svetel
(2002)). This definition describes the integration of granular
jamming into a deformable structure and control by vacuum.

One of the first robotics applications of granular jamming
is found in the area of medicine; Loeve et al. (2010) from TU
Delft university created a flexible endoscope that can change
shape and stiffness at the same time using granular jamming
media. The idea of this mechanism is that the endoscope
should be flexible and soft when is inserted into the patient
and when it reaches the desired position, it will transition to
arigid and robust state during surgery.

Cheng et al. (2012) from the Massachusetts Institute of
Technology designed a soft robotic manipulator composed
of several sections that can move to different positions using
cables controlled by spooling motors. These sections are
easily moved due to the integration of granular jamming.
The robot can locally tune the stiffness of each section
during actuation to reduce actuation torques and help isolate
desired degrees of freedom, allowing for a reduction in
the size and power requirements of the driving actuators
needed to achieve a given stiffness under load. On the
other hand, Cheng does not consider the flexural properties
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of jamming systems, despite the target application being
bending dominated.

This paper introduces and discusses the variable stiffness
effect in granular jamming with elastic membrane using
vacuum as a control for the packing fraction. The
research presented builds on previous work on granular
jamming and will focus on the material characterization
of jammed systems considering flexural properties, with
bending stiffness and flexural rigidity being experimentally
measured for three types of granular materials and hybrid
combination between them using four-point bending tests.
Then, non-linear FEA (finite element analysis) simulations
were created to analyzed and compared the change of
stiffness of the granular jamming structure using the flexural
properties (non-linear stress-strain curves) obtained from
the material characterization. This material characterization
work naturally led to the design, manufacture and
experimental testing of Switchable Stiffness FishBAC
prototypes, beginning first with a single unit cell of the
repeating spine structure, followed by the first prototype of a
full device.

Mechanical characterization of granular
jamming devices

Compression properties

Triaxial tests are a common way to investigate how the
compression stiffness changes as a function of vacuum,
among the first that analyzed this phenomenon, were
Zalewski and Bajkowski (2007), and later on Cheng (2013),
and Hudson (2012), among others. They found that the
stress-strain curves show a linear behavior for small strain
values, transitioning to non-linear behavior at higher strain
values. Previous work has also shown that the compressive
stiffness is dependent on the type of granular material, size,
and the shape of the grains.

Hudson (2012) and Cheng (2013) performed tri-axial
compression tests varying the size of the different type of
particles at different vacuum level variations. They conclude
that the change of size can increase the stiffness by less than
one order of magnitude; however, the variation of vacuum
can vary the stiffness by more than one or two orders of
magnitudes depending on the type of material.

The type of material can change the stiffness significantly
for different vacuum variations up to 1 bar. For some
materials, an increase of stiffness can vary from less than one
order of magnitude; for others can vary more than two orders
of magnitude, this variation gap is due to friction. Rough
surface materials tend to be stiffer than smooth surface
materials.

Among the most interesting properties is the change in
stiffness when the shape of the granular material changes;
the first to highlight these properties was Athanassiadis et al.
(2014) using the same granular material but a different shape
with vacuum variation. Results showed that it is possible
to increase the level of rigidity by “about one order of
magnitude” when the shape of the particles changes. On the
other hand, Athanassiadis concluded that the best way to
change the magnitude of the stiffness is by controlling the
packing fraction using vacuum variation and found that it

is possible to increase the rigidity at least “two orders of
magnitude” (Athanassiadis et al. (2014)).

One aspect which complicates comparisons between
results from the previous works mentioned above, or indeed
the application of those results to new work, is the lack of
standardized test methods for these types of material. It has
been attempted to analytically model the change of rigidity as
a function of the vacuum level; however, Zalewski and Pyrz
(2013) were the first to impose a model based on a visco-
plastic behavior known as the Chaboche model.

Flexural properties

When a bending load is applied to the structure, the granular
material will work in compression in the upper section of
the system, and the membrane would work in tension in the
lower section. For small strains, the rigidity of the system
can be analyzed by only considering the material properties
of the granular media and ignoring the elastic properties of
the skin (Figure 3(a)). However, the elastic skin or membrane
plays an essential role in flexural properties for high strains
and cannot be ignored. When the bending curvature (and
strains) increases with applied load, a splitting point appears
(Figure 3(b)). At a particular value of bending load, the
particles of the bottom layer start to separate, causing load
transfer to the skin, and the curvature affects the way the skin
is withstanding the load (Huijben (2014)).

In granular mechanics, structures such as bridges are
analyzed as beams with flexural loads; however, those
structures are designed to only withstand compressive loads
(Andreotti et al. (2013)). The granular material is very
resistant to compression; the more compressive force the
material is subjected to, the higher the number of contacts
per particle and with it the compression strength and rigidity
increases (Andreotti et al. (2013)). However, the behaviour
under tension is intrinsically different and can lead to a
softening effect as progressively less of the material is
carrying load (Naaman (1982)).

Vacuumatic structures subjected to bending can be
considered in a similar manner to prestressed/reinforced
concrete beams, which are also made from a material that
is not well suited to loading under tension. However, in the
case of granular jammed by vacuum, the pressure difference
under vacuum pushes the elastic membrane inwards and
wraps it firmly around the outer surface of the grains. The
contact between the skin and the granular material creates a
pre-stress force, which maintains the granular media locked
with the elastic membrane. The axial pre-stressing force
allows the structure to resist tension. At a certain point, the
tension induced by the applied loading will be greater than
the pre-compressive stresses, leading to localized splitting
between particles (Huijben (2014)). In pure bending (no
shear stresses are considered) the stresses in a beam vary
with their distance from the neutral axis, grain separation will
initiate at the skin surface on the ‘tension’ side of the beam,
and they move progressively towards the center. As will be
seen, this happens in a smooth and regular fashion, leading
to a softening non-linearity in the beam. Interestingly, the
progression of this region of ‘inactive’ material leads to the
movement of the neutral axis.

Huijben et al. (2009) were the first to study the impact
of elastic membranes on granular jamming structures in
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bending. Huijben proposed an analytic model of the flexural
properties of vacuumatic systems and used discrete element
method (DEM) based numerical analysis to attempt to
predict the resulting behavior. Furthermore, Huijben found
that the for the cases considered, grain size did not
significantly change the rigidity of the system (Huijben
(2014)). This work includes an analytical model of pre-
stressing forces, DEM and FEA modelling of bending
behaviour considering the linear properties of the granular
media and the skin obtained in triaxial and uniaxial tests.
Initially, his experimental results and numerical simulations
were not in good agreement, but he was able to improve
matching by instead fitting the compression modulus of the
granular media to better match the experiments, in which
he considered a modulus range from 0.13GPa to 1.3GPa
(Huijben (2014)). Huijben (2014) concludes that it is not
possible to model the flexural behavior using the linear
parameters obtained from triaxial and uniaxial tests due to
the high non-linearity of this type of structures. Accordingly,
it is essential to consider non-linearities in bending from the
beginning in order to model this behavior adequately, and the
high computational cost of DEM limits its ability to be used
as an effective tool for the design and analysis of systems
with a large number of grains.

Analytical models for granular matter are well under-
stood only for specific applications like soil mechanics
(Iwashita and Oda (1999)), but the flexural properties of the
structure employing granular jamming are very complicated
to model, and except for straightforward cases, it is not possi-
ble to develop closed-form analytical expressions to describe
their behaviour. Further work is therefore needed in order
to capture the complexity of the response of these systems
in a manner which is computationally efficient enough to be
useful in a design and optimization context. Non-linear FEA
methods are a promising option to analyze those properties
in a numerical way.

It is important to mention that it is possible to model
the non-linear behavior in bending using plasticity models,
however, taking into account that the system is not working
in a plastic range, but that it always remains elastic during
the analysis. The plasticity of vacuumatics structures has
not been studied yet, and there are still many doubts about
what kind of behavior would be appropriate to model these
characteristics. Some authors such as Zalewski and Pyrz
(2013), stipulate that this type of structure present a
viscoelastic behavior because the device can shift from
a solid-like state to liquid-like behavior. Otherwise, the
nonlinearities of the structure are faithfully modeled using
models such as Chaboche and the non-linear FEA model
used in this research; both models are based on plasticity.

Experimental characterization of flexural
properties

In order to experimentally quantify the behaviour of granular
jamming beam structures in bending, a series of four-point
bending tests were carried out. For this testing, a switchable
stiffness beam with a rectangular cross-section shape was
built from granular material held within an elastic membrane.
The dimensions of the beam and loading rig were determined
in accordance with ASTM Standard C880/C880M (ASTM

Figure 3. Compression stiffness (a) and flexural property
known as splitting point (b). Picture taken from Huijben (2014)

(2018)). For the membrane, a material with low modulus,
high strain capability, and resistance to fatigue was desired,
and a silicone sheet (SuperClear centrifugally cast silicone
from Silex Silicones, LTD) with a thickness of 0.5mm was
found to be suitable. Rigid end fittings were used at each
end to set the cross-sectional shape and to simplify the
installation of ports for filling the membrane and applying
vacuum pressure.

A number of different granular materials were to be
tested to allow for performance comparison. Comparing
the stiffness of a non-frictional material against a frictional
material was sought. Both spherical and irregular shaped
materials were considered, with attempts made to source
similar grain sizes to minimize one potential source
of variation. Smooth, spherical glass beads of 250um
circumference were used. Glass bead is one of the most
common materials for testing in granular applications. Glass
allows to have a very smooth surface (the friction among
particles can be meaningless), that is ideal for some models
were the friction is not considered, and the spherical shape
can be used to analyze contact in an easy manner (Hertzian
contact models are used to analyze this type of materials).
Sand of 500pm circumference was chosen because the
relation weight/volume is approximately equal to the glass
bead; however, it has a rough surface and can be considered
as a frictional material (non-Hertzian contact models are
used for this type of materials).

Soft robotics applications as same as morphing structures
require light materials. Natural materials like seeds, coffee
grains, etc. or some light polymers are used widely used in
soft robotics. Moreover, one of the most popular materials
for this type of applications is coffee. Coffee is cheap, easy
to obtain and has one of the best stiffness/weight relation in
granular materials (the best one in triaxial compression tests
reported at the moment), for all these reasons was chosen for
the development of the following morphing application.

Hybrid materials were made from 1:1 mixtures of each
pair of materials (glass/sand, sand/coffee, glass/coffee),
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Figure 4. Flexural test setup; preparation(a), schematic (b),
and laboratory test (c)

mixed manually until homogeneous mixtures were obtained
(approximately mixed for 5 minutes per 130000 mm? of
granular material).

Three levels of applied vacuum pressure were tested;
0.5 bar, 0.75 bar, and 0.85 bar, with at least eight tests
being performed on each combination of material type and
vacuum level. The vacuum pressure level applied to the
beam was measured by an analogue gauge connected to
the vacuum pump regulator valve. The four-point bending
load was applied with a material test machine (Shimadzu
AGS-X, 10N-10KN) equipped with a 1kN load cell, and
displacement ramps of 50mm were applied with a constant
displacement rate of 10mm/min. The load is applied by two
rollers (load rollers) of 22 mm diameter spaced 250mm apart.
A video extensometer iIMETRUM, Allied Vision Manta G-
504 B/C GigE Camera 2452x2056) was used to measure
the displacements of the beam at a number of tracking
points placed between the loading points. Figure 4 shows
a schematic of the four-point bending test setup and the
experiment as realized in the lab. The objective of the tests
is to measure the flexural rigidity of the beam filled with
each type of granular material with the aim of obtaining the

fundamental underlying nonlinear stress-strain behavior of
the granular media at different vacuum pressures.

Figure 5 shows the bending load versus displacement
diagrams of all the materials analyzed. For a displacement
of 30mm, It can be seen that the achieved stiffness variation
for coffee grains is greater than a factor of 2.14x using a
vacuum pressure from 0.5 to 0.85 bar. Sand obtained an
increase of stiffness of 58% using the same vacuum pressure
variation, and glass beads an increase of 77%. While the
hybrid combinations, coffee/sand achieve an increase of
99.5% and coffee/glass achieved an increase of 115%. It is
worth noting that an applied vacuum pressure of 0.5 bar was
set for this testing because of the very low stiffness of the
beam at lower pressures. Below 0.5 bar, the deformations
due to self-loading were so large and the retained bending
stiffness so low that the four-point bending test rig was not
able to accurately measure the beams response. This implies
that the achievable range of stiffness variation would be
larger if the vacuum pressure were decreased further, but
in the context of the present bending tests, we restrict our
consideration to what could be reliably measured.

===+ 0.5 Bar (Coffee)
= 0.75 Bar (Coffee)
=0.85 Bar (Coffee)
o 0.5 Bar (Glass)
= 0.75Bar (Glass)
=——0.85 Bar (Glass)
===+ (0.5 Bar (Sand)
= 0.75 Bar (Sand)
=—(0.85 Bar (Sand)

Load F [N]

10 20 30 40 50 60
Displacement/ [mm]

===+ 0.5 Bar (Sand & Coffee)

70 T = 0.75Bar (Sand & Coffee)
=0.85 Bar (Sand & Coffee)
60 0.5 Bar (Coffee & Glass)
0.75 Bar (Coffee & Glass)
50 0.85 Bar (Coffee & Glass)
. ===+ 0.5 Bar (Sand & Glass)
Z = 0.75 Bar (Sand & Glass)
TN 40 ,4=0.85 Bar (Sand & Glass)
kS
3 30
20 1
10 1

10 20 30 40 50 60 70 80
Displacement/ [mm]

Figure 5. Load vs displacement for coffee grains, sand and
glass beads (a). Load vs displacement for hybrid materials (b)

Neutral axis variation

The measurement of 2D displacements/strains on the side of
the beam allows for initial interrogation of the distribution
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of strain through the thickness of the beam. In order to
achieve this, a line is fit through the axial strains of the upper
and lower tracking points at the centre (lengthwise) of the
beam. The point in the thickness direction at which this line
passes through zero strain is the neutral axis of the beam at
that instant. This process is shown in Figure 6 (a) and (b)
for two different vacuum pressure levels, where we see the
surface strains measured for the upper (blue line), middle
(green line) and lower (red line) section of the beam, and
the purple line shows the interpolated position of the neutral
axis. The material above this point will be under compression
(negative axial strain) while the material below is under
tension (positive axial strain). It is, therefore, possible to
estimate the position of the neutral axis as a function of the
applied bending moment using the video extensometer and
the load cell from the test frame machine.

Figure 6 (c) shows a trace of the interpolated vertical
position of the neutral axis for a coffee filled beam as
a function of the bending load for each vacuum level. A
complex non-linear response can be observed, with a general
trend of a downwards shift in the neutral axis location by
increasing vacuum pressure. This result contradicts previous
work by Huijben (2014) which did not show a significant
change in neutral axis position with varying vacuum level.
This phenomenon is related to the axial pre-stress force
discussed in the last section. The experimental results (Figure
6) help to support the hypothesis that increases in applied
vacuum pressure lead to higher compressive pre-stressing
of the grains, delaying the onset of grain separation and
allowing for more of the cross-sectional area to effectively
carry load - thereby leading to a neutral axis closer to the
center of the beam.

Non-linear stress-strain curves

Once the bending load is obtained from the diagram
mentioned above, then the bending moment is calculated
in the following way as a function of the bending force
M = F,/d, where the distance d is obtained by mechanical
equilibrium, or it can also be obtained from the shear
and moment diagram (when the moment is maximum or
constant, and the shear is zero). The stress is obtained using
Euler-Bernoulli bending beam equations. Furthermore, the
position of the neutral axis is different for each vacuum
variation, and it is necessary to change the equations in the
following way.

MZ MZ
Oc = [C;Ut: [t (2)

Where o, the compression stress, o; is the tensile stress,
M is the bending moment, Z. is the distance from the neutral
axis to the uppermost part of the beam, Z; is the distance
from the neutral axis to the lowermost part of the beam. As
can be seen in the Euler-Bernoulli equations, the stresses
can be calculated as a function of the bending load, and the
neutral axis can also be obtained as a function of the same
load as shown in Figure 6 (c). Figure 7 displays the resulting
nonlinear stress-strain curves in tension and compression for
coffee grains, as estimated using beam theory.

Coffee grains (0.5 bar)

20 =
~
15 >
\\\
10 ~d
—_ I e N
£ 5 ~ — Lower -
E o SN — mid
= 4
£ N. — Upper v
‘@ -5 S = — Neutral axis
T ~
-10 N
~
-15 >
S
-20
—0.02 0.00 0.02 0.04 0.06
Strains
Coffee grains (0.85 bar)
T T
20 N — Lower
15 AN — wMid i
~
S — Upper
10 N — — Neutral axis |
—_ ~
E ST f——f——Sfo——F————1--
= 0 —=
€ N
o
T -5 A N
T ~
-10 >
SN
-15 \\
>
-20 >

-0.02 -0.01 0.00 0.01 0.02 0.03
Strains

b)

O o=~ ———2 ‘—— 0.50 bar
—— 0.75 bar
—— 0.85 bar
== center

Neutral axis position [mm]

0 10 20 30 40 50 60
Bending load [N]

c)

Figure 6. Strains and neutral axis locations

Non-linear FEA

Non-linear FEA analysis was implemented in ABAQUS
version 6.14. The material properties for the numerical
simulation were defined assuming a Von Mises plasticity
model, using the nonlinear material stress-strain curves taken
from the four-point bending test in the last section as
inputs. While it is not considering the granular material
to be operating in a plastic regime, this Von Mises
plasticity model, as implemented within ABAQUS, provides
a manner of inputting custom, non-linear stress versus strain
behaviour.

The four-point bending analysis was simulated in the
following way. The structure was partitioned into two
different material properties. The partition of the structured
was divided by the position of the neutral axis (explained in
the last section). The material chosen above the partition was
the compressive non-linear stress-strain curve taken from the
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Figure 7. Nonlinear stress-strain curves for coffee grains

four-point bending tests (shown in blue in Figure 8 (a)), and
below the same partition, the nonlinear tensile stress-strain
was chosen (shown in red in Figure 8§ (a)). The Poisson’s ratio
of the different granular media was estimated using Lame’s
relation (Mott and Roland (2013)):

v=1-Z (3)

Where E' is the modulus of elasticity, and K is the bulk
modulus. For this work, the bulk modulus for coffee grains
was taken from the tri-axial compression tests performed
by Cheng (2013). Because E is a value that depends on
applied vacuum pressure, Poisson’s ratio is recalculated for
different vacuum levels. The beam was meshed using eight-
node 3D brick elements (ABAQUS element type C3D8R).
For the convergence of the results a sequence of meshes
was performed, according to the global number of size.
The smaller the size, the greater the number of elements

7
0.10 ——
_0.08 ~
a
= 0.06
g 0.04 /
& 0.02 — Tensile .
— Compression
0.00 0.02 0.04 0.06

Strains

(a)

Compression
K, properties

A

Tensile properties

(b)

(c)

Figure 8. Nonlinear FEA of four-point bending tests

generated by mesh. The size number was compared with
the difference between the experimental and the numerical
analysis; showing a good agreement with a total of 230000
elements.

There was a simulation for each applied vacuum level,
the Figures 9 (a) - (c¢) show the comparison between the
experimental data and the non-linear FEA using coffee grains
for a vacuum level of 0.5 bar, 0.75 bar, and 0.85 bar. The
results show a good agreement between the experimental
data and FEA simulations. As a highlight, it can be observed
an increase in stiffness of 107% when the vacuum pressure
increases from 0.5 to 0.85 bar. The following section
describes the development of a morphing aerostructure using
granular jamming as a variable stiffness mechanism.
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Switchable Stiffness Morphing Concept

Switchable Stiffness Fish Bone Active Camber
morphing airfoil (SwitchBAC)

Having established the ability of granular jamming to
provide a significant variation of bending stiffness, the
following section presents an application of this material
to a bending dominated morphing concept known as
the Fish Bone Active Camber (FishBAC), to create a
novel Switchable Stiffness FishBAC - the SwitchBAC. The
underlying motivation is to use the granular media to
allow for real-time control of the bending stiffness of the
FishBAC. The combination of these two concepts is shown
schematically in Figure 10. Through active control of the
vacuum pressure applied inside of the elastic membrane
containing the granular media (and therefore the net pressure
acting on the grains), the total bending stiffness in the
camber direction can be varied. The applied vacuum pressure
can be decreased during actuation to reduce actuation

torque and energy requirements, and then increased once
the SwitchBAC is in the desired position to increase its
resistance to variations in external loading. One additional
benefit is the possibility of turning the actuator off once
the desired position is achieved, with the shape then being
maintained by the jammed granular media. If achievable, this
would provide a zero-energy hold capability which would
significantly reduce the total energy required by the device
over the course of a mission.

While there are many different possible design approaches
to combining granular jamming with the FishBAC concept,
in this work we start with what is perhaps the simplest.
The existing cavities formed between the stringers of the
FishBAC are simply filled with granular media (coffee in
the first instance) and covered in a silicone membrane
to create multiple sealed compartments along the chord
of the FishBAC. A manifold at the forward end of the
FishBAC connects to the upper and lower cavities, which
are connected by channels through the stringers. In this
way, application of vacuum pressure to the manifold will
evacuate the air inside the cavities, leading to stretching
of the membrane and compression of the granular media
under the external atmospheric pressure. Consequently, this
leads to granular jamming and restricts the bending of the
FishBAC spine through the additional stiffness provided,
which of course can be tuned by varying the applied vacuum
pressure.

An interesting secondary aspect of this design configu-
ration is that while applying vacuum pressure to the entire
device leads to the aforementioned stiffening effect, applying
differential pressure above and below the spine will induce
bending moments in the spine (due to the pressure forces
acting on the inside faces of the stringer walls) which can
be used as an actuation mechanism for the concept. While
previous work on the FishBAC has considered antagonistic
tendons driven by various actuators as the driving mechanism
(Woods and Friswell (2012)), this combined actuation and
variable stiffness effect opens up other alternatives worth
considering.

In order to better understand the operating principle of this
concept, and to show its viability, we will first consider the
performance of a single ‘unit cell” of the device, which is
taken to be a single segment of spine with granular media
above and below, contained within structures representative
of the stringers and covered in an elastomer membrane.

SwitchBAC unit cell experimental
characterization

A single representative unit cell of the SwitchBAC concept
was built and subjected to bending tests with the aim to
measure the stiffness variation of the device using the same
test frame machine of the four-point bending tests, but
with modifications to the loading and gripping devices. The
unit cell was 3D printed out of Nylon and has a loaded
length of 156 mm (of which 40 mm contains the granular
media), a thickness of 100 mm, a height of 60.22 mm and
a spine thickness of 2.22 mm. The grip and support of the
mechanism were designed as an L-shaped base, which allows
the unit cell to be mounted horizontally to align with the
motion of the test machine. The load is applied through
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Figure 10. Switchable Stiffness FishBAC concept (SwitchBAC)

a cylindrical loading bar attached to the load cell, which
moves with the cross-head of the machine. The machine is
programmed to displace the load at a speed rate of 10mm /
min. When the head reaches a displacement of 19mm, the
load stops for 5 seconds and begins unloading at the same
rate. For these tests equivalent levels of vacuum pressure
were applied above and below the spine. Figure 11 (a) shows
the unit cell installed on the test machine.

In order to be able to separate out the different components
which contribute to the overall stiffness of the unit cell, the
unit cell was initially tested with no granular material inside
of it and with no applied vacuum pressure. Then the device
was tested with the granular material and without vacuum.
After that, the unit cell was tested with granular material and
varying the vacuum level (from O to 0.85 bar). The results of
the tests are shown in Figure 11 (c). It can be seen how the
stiffness varies according to the vacuum pressure, and the
unit cell shows the ability to increase its stiffness by a factor
of 2.4 through the application of 0.85 bar of vacuum.

Actuation through differential pressure

As alluded to above, another feature of this design
configuration is the ability to actuate the camber deflection
of the SwitchBAC through differential pressure. This
phenomenon was shown experimentally with the unit cell
by applying vacuum pressure to the granular media on
one side of the spine while leaving the other open to
atmospheric pressure. In this way, large, bidirectional
bending deformations were achieved. As a simple means of
capturing the complex deformation of this device, a nominal
geometric deflection angle can be considered, as shown in
Figure 12, the unit cell demonstrator can achieve £18° of
nominal angular deflection using a vacuum variation from 0
to 0.85 bar for each cell.

Non-linear FEA of the unit cell

Finite element analysis of the unit cell under bending
was carried out, based again on the non-linear material
properties from the beam studies. Using Abaqus FEA (Finite
Element Analysis) software, the device was modelled in the
following way. The nylon components (the stringers, spine
loading/clamping tabs) were modelled using the properties
of the 3D printed nylon as obtained from the manufacturer
(Markforged). These components were meshed using 3D
quadrilateral/brick elements (eight-node brick element with
reduced integration C3D8R), with 530,000 total elements.
The mesh elements of the granular media also consist of 3D

----------------- F- e e e e e e e e e e e m ===
L}

Lower noise and drag

Elastomeric Granular media

Membrane O
+ 528

Jamming by Vacuum
N ¥

~> ¥
¥
' AN
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Granular media

b) Tracking strains

3004 0.85 bar
—— 0.50 bar
2001 0.10 bar
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c) Variable stiffness results

Figure 11. Unit cell bending test and variable stiffness results

elements similar to the nylon, with a total number of 350000
elements in each of the upper and lower cells. To join the two
types of materials is necessary to create tie couplings, which
are responsible for restricting the movement of the slave node
as a function of the movement of the master node.

Consequently, all the slave nodes of the granular material
that come into contact with the surfaces of the cell made of
the master nylon nodes were joined. As boundary conditions,
all the degrees of freedom are restricted (full-fixed) to the
faces that are supported by the clamps to replicate the
experiments. The load is then applied to the loading tab as
a line contact force. The material properties of the granular
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Figure 12. Actuation through differential pressure and control for spine deflection. Image a) No spine deflection. Image b) Upwards

deflections on the spine. c) Downwards deflections on the spine.

media are taken from the non-linear stress-strain curves of
the four-point bending tests.

Figure 13 (d) shows the displacement along the spine of
the unit cell at 0.85 bar vacuum level under a load of 58
N. It should be noted that the trending behavior between
the experimental values and the numerical simulation is
almost the same; however, there is an offset from 0.1mm to
0.7 mm between them (for a length of spine from 40mm
to 150mm). We hypothesize that the offset is due to the
following reasons: Even though a bending load profoundly
influences the system, the granular jamming properties are
only considering flexural properties (pure bending obtained
from four-point bending tests), and it is ignoring shear (shear
is presented in not slender-beams). Another reason is that the
mechanical properties of the 3d printed could be different
from our database; probably it is required to perform flexural
tests for the 3d printed material. Moreover, we speculate that
the granular jamming device has micro leaks (undetectable
for the pressure sensor connected to the pump), that could
reduce the stiffness.

The numerical analysis can be used as a tool to predict the
rigidity of new morphing devices. While further development
of the analysis is needed, the unit cell has successfully shown
the basic viability of the concept, with an experimentally
measured 2.4x increase in stiffness due to granular jamming.
It is likely that careful improvement of the design and
implementation of the granular jamming concept into the
unit cell will lead to even higher levels of stiffness variation.
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Figure 13. Nonlinear FEA of the SwitchBAC unit cell

It is worth noting here that the selection of coffee as the
granular material is mostly based on expedience. While it
does perform well relative to heavier materials like sand

and glass, it is not being proposed here for use in real-
world aerospace applications. Coffee is an organic material
whose properties will degrade over time, and it is likely to
be subject to mechanical breakdown with repeated use - to
say nothing of the possible impact of water ingress. Within
this study, coffee is simply a useful, commonly available
material that helps to show the basic mechanical viability of
using granular jamming in a morphing aerostructure context.
Further consideration of the underlying concept would look
to more appropriate materials - perhaps even developing
bespoke materials combining low density with high stiffness,
strength, and wear resistance properties. Ceramic particle
coated microspheres, for example, could provide a good
combination of properties, but for the time being, we put that
question aside.

Switchable Stiffness FishBAC Demonstrator

Switchable Stiffness FishBAC
(SwitchBAC)

Figure 14. Switchable Stiffness FishBAC Demonstrator for a
morphing wing

Having shown the basic viability of the SwithBAC concept
through the unit cell testing, the first prototype of a complete
SwitchBAC was then designed and built. A 600 mm chord
section of OA212 airfoil and a spanwise length of 150 mm
was selected for the prototype geometry. The SwitchBAC
portion of this model starts at the 75 % chord location, giving
an overall morphing section length of 140 mm, of which 70
mm can be filled with granular media, due to the presence
of arigid trailing edge strip at the rear of the FishBAC. The
model was 3D printed, it has 12 cells (6 in the upper camber
and 6 in the lower camber), that are filled with coffee grains.
The cells have slots in the stringers to allow the air flow
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through the stringers, allowing for the vacuum to reach the
after cells. The elastic membrane is a silicone sheet which
is glued along the upper and lower camber on top of the
stringers. Finally, the SwitchBAC was sealed on the sides by
bonding in pre-made silicone castings. Figure 14 shows the
prototype new switchable stiffness morphing trailing edge.
In order to show the ability of this concept to provide
switchable stiffness, the bending stiffness of the SwitchBAC
prototype was characterised as a function of applied vacuum
pressure. Loads were again applied by a test frame machine
(the same machine used for the unit cell). In this case, the
SwitchBAC prototype was clamped to the bench and loaded
at the tip of the trailing edge via cordage attached to the
rigged portion of the trailing edge. The objective of the tests
is to compare the change of stiffness with and without the
application of granular jamming at different vacuum levels.
Figure 15 shows the device unloaded (picture a) and with
an applied deflection 30 mm (picture b). Finally, the change
of stiffness from a vacuum level of 0.00 to 0.77 bar could
be observed (picture d). Figure 16 displays the increase of
stiffness per vacuum level in the SwitchBAC. The morphing
trailing edge presented a maximum increment on its stiffness
by more than 300% for a tip deflection of 3 mm, an increase
of 180% for a tip deflection of 10mm, and it reduces until
obtaining an increase of 120% for a tip deflection of 30mm.

Conclusion

This work has introduced the concept of applying granular
jamming to morphing aerostructures as a way of providing
them with switchable stiffness. This concept is an attempt to
help address the competing design constraints on morphing
structures to have both low stiffness during actuation and
high stiffness when acted upon by external loads. While
this concept has a very broad range of potential applications
and implementations, the initial focus of this paper was
on bending dominated structures, such as the Fish Bone
Active Camber morphing airfoil. Due to the relative lack
of bending performance characterization in the existing
granular jamming literature, four-point bending studies were
performed on a granular media filled beam, with three
different materials being tested. This led to non-linear
finite element analysis of the beam structure based on the
experimentally measured non-linear stress-strain behaviour
of the granular media, with different properties being used
for compressive and tensile loading. The concept of a
Switchable Stiffness FishBAC was then introduced, with
initial testing and analysis on a single unit cell of the
device motivating the construction and testing of a complete
prototype SwitchBAC wing section. Several key conclusion
can be drawn from each phase of this research.

e The flexural rigidity of the four-point bending
specimens depends highly on the level of applied
vacuum pressure (from 0.5 to 0.85 bar), and as
expected, the increase of stiffness can vary more
than one order of magnitude and for other types of
materials up to more than two orders of magnitude.
As it was mentioned before, the difference in stiffness
between these materials is due to their shape; the rough
materials were stiffer than the smooth materials, the
gravel reached an increase of 1.6 while the glass beads
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Figure 15. Experimental validation of variable stiffness
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Figure 16. Increase in stiffness

of 1.4. Meanwhile, the combination of these materials
can reach peculiar increases of rigidity and in some
cases that increase can be higher than two orders
of magnitude (coffee/glass achieved an increase of
2.3). The mixing of materials opens up the possibility
of studying this type of granular jamming devices
in more detail. On the other hand, coffee grains
were selected for the development of the SwitchBAC
because they have the highest stiff/weight relation in
the flexural test performed in this research.

e The non-linear flexural behaviour of granular jamming
devices can be characterized using the method
proposed in this research. This method allows for the
development of numerical models of granular jammed
structures in FEA (through adaptation of a Von Mises
plastic material model).

e The variation of the stiffness can be predicted using
non-linear FEA for the development of switchable
stiffness structures. For this case, the prediction of
the Unit cell was analyzed. The unit cell is the base
for the further analyzed of the morphing trailing edge
(SwitchBAC), the SwtichBAC is composed for a serial
number of unit-cells. Once the stiffness of the unit cell
is predicted, then it is possible to predict the stiffness
of the following cells.

e Experimental testing of a SwitchBAC unit cell showed
that the unit cell could increase its stiffness by a factor
of 2.4, and it could switch stiffness from 1.6 to 2.4
times higher by varying the vacuum pressure from 0.1
bar to 0.85 bar. The required magnitude of stiffness
variation will depend on the aerodynamic loads that
the trailing edge needs to withstand. It is something
that we will require to analyze for our subsequent
research.

e Camber deformation can be induced in the unit cell
through differential pressurization of the upper and
lower portions of the device. This opens up an
entirely new method of driving the FishBAC device.
Deflections of +£18° deflection of the spine were
achieved for a vacuum pressure level of 0.85 bar.

o A full prototype of the SwitchBAC concept was built
and tested, and it showed the basic operation of
the concept, the FishBAC can switch stiffness (more
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