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JAMMING BRAKE DEVICE

FIELD OF INVENTION

The present invention relates broadly to a jamming brake device, in particular to a multi-
segments, high density stretchable layer jamming brake for wearable and soft robotic
applications.

BACKGROUND

Tunable stiffness is a crucial property in soft robotic devices, enabling their diverse
applications in, for example, grippers, wearable exoskeletons, and deployed structures. This
characteristic allows these devices to switch between a soft, compliant state, facilitating shape
deformation, and a rigid, load-bearing state, resisting such deformation. In controlling the
dynamics of robotic systems, researchers typically explore two main categories of tunable
stiffness devices: actuators and brakes or dampers. Actuators can generate and modulate forces,
adding energy to the system. Examples include pneumatic artificial muscles (PAM), which
offer multi-directional motion and high force density, providing an alternative to traditional
robots. In contrast, brakes and dampers remove and modulate energy from the system. Various
techniques exist, such as electrorheological (ER) and magnetorheological (MR) mechanisms,
electrostatic adhesion (EA), and jamming-based structures. While much research has focused
on soft, tunable stiffness actuators, relatively less has delved into brakes and dampers in the
context of soft robotics.

Most tunable stiffness brakes utilize active phase-change materials, often subject to external
stimuli like temperature, electric or magnetic fields, and pressure. Electrorheological and
magnetorheological fluids, for example, adjust their viscosity in response to changes in electric
or magnetic fields. These fluids have seen multiple applications in prosthetics, haptics, and
grippers. However, these materials are predominantly shear-dependent and cannot withstand
tension. Temperature-based tunable stiffness systems employ thermally active materials like
wax and solder that transition between solid and liquid states, hence demonstrating significant
changes in stiffness. Nevertheless, these materials may exhibit latency, rendering them
unsuitable for applications like wearable haptics. Consequently, vacuum pressure-based phase
change mechanisms, employing a "jamming" approach, are gaining interest for achieving
tunable stiffness.

Vacuum-jamming brakes generally function by applying vacuum pressure within an elastic,

enclosed space filled with inextensible materials like particles, fibers, or layers. Particle

jamming is valued for its conformability and has been examined for applications in universal

grippers, haptic interfaces, and shape-changing displays. However, it requires a substantial

volume to generate adequate stiffness, and adding granules to the enclosed space may increase

the system's weight. Fiber jamming, another prevalent vacuum-based technique, involves
1
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tightly packing light, thin fiber sheets when a vacuum is applied. This method can generate
high bending forces and torques, making it suitable for bending-based mechanisms such as
wearable haptlic gloves and deployable structures. Square [iber jamming rods have been
designed to distribute stress cvenly, but despite ongoing rescarch into fiber-based jamming for
tensile-bascd applications, fiber jamming might not be the best choice for tasks requiring a high
axial payload.

Vacuum layer jamming mechanisms have been cxtensively studicd for various applications
such as continuum robots, haptic glovces, and rchabilitation. One mechanism uscd is single
stacked of non-cxtendable/non-stretchable layer jamming However, they cannot producce high
tensile forees and their incxtensible structure limits their deformation range.

Other rescarchers have developed vacuum sliding layer jamming (SLJ) mechanisms, offering
more degrees of freedom. Vacuum SLJ mechanisms use an clastic enclosurc around a single
stack of sliding layers, providing tunable stiffncss and cnabling bending-based [2,3] or tensile-
bascd motion resistance. Various rescarchers have developed bending based vacuum SLJ
mechanisms for robotic cxoskcletons, demonstrating higher lincar stiffness than vacuum
particle jamming mcchanisms.

Additionally, positive, and ncgative pressurc (PNP) layer jamming systems have been
developed, in which negative pressurcs can be appliced to inncr enclosure around the single
stack of sliding laycrs and a/or a positive pressurc can be applicd to an outer enclosurc around
the inner enclosure, capable of generating braking forces nearing SOON.

Also, cxisting single stack sliding SLJ brake mechanisms arc designed for tensile-based brakes,
bending-based brakes, and lincar tensile dampers.

Embodiments of the present invention seek to address at least one of the above problems by,
inter alia, proposing an altcrnative SLJ based brake.

SUMMARY

In accordance with a first aspect of the present invention, there is provided a tunable jamming
brake device comprising:

first and second endcaps;

at least three interdigitated layer segments connected to, and extending between, the
two endcaps; and

a first enclosure enclosing the at least three interdigitated layer segments such that a
vacuum pressure can be applied around the at least three interdigitated layer segments;

wherein each interdigitated layer segment comprises a plurality of stacked layers with
interfaces between respective portions of pairs of adjacent layers for friction jamming of the

2
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layers, wherein a first layer of each pair of adjacent layers is connected to the first endcap and
a second layer of each pair of adjacent layers is connected to the second endcap; and

whercin the at Icast three interdigitated layer segments arc disposed around a longitudinal
axis of the device with at lcast two different orientations of the stacked layers.

In accordance with a sccond aspect of the present invention, there is provided a mcthod of
fabricating tunablc jamming brake dcvice, comprising the steps of:

providing first and second endcaps;

providing at least three interdigitated layer segments connected to, and extending
between, the two endcaps; and

providing a first enclosure enclosing the at least three interdigitated layer segments
such that a vacuum pressure can be applied around the at least three interdigitated layer
segments;

wherein each interdigitated layer segment comprises a plurality of stacked layers with
interfaces between respective portions of pairs of adjacent layers for friction jamming of the
layers, wherein a first layer of each pair of adjacent layers is connected to the first endcap and
a second layer of each pair of adjacent layers is connected to the second endcap; and

disposing the at least three interdigitated layer segments around a longitudinal axis of the
device with at least two different orientations of the stacked layers.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be better understood and readily apparent to one of ordinary
skill in the art from the following written description, by way of example only, and in
conjunction with the drawings, in which:

FIG. 1A shows a schematic drawing illustrating a conventional sliding layer jamming break.

FIG. 1B shows a schematic drawing illustrating a sliding layer jamming break according to an
example embodiment.

FIG. 1C shows a schematic drawing illustrating a sliding layer jamming break according to an
example embodiment.

FIG. 2A shows technical drawings illustrating an endcap of a sliding layer jamming break
according to an example embodiment.

FIG. 2B shows technical drawings illustrating an endcap of a sliding layer jamming break
according to an example embodiment.

PCT/SG2024/050372
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FIG. 3A shows schematic drawing illustrating mold arrangement for fabricating a jamming
layer for a sliding layer jamming break according to an example embodiment.

FIG. 3B shows schematic drawing illustrating molding apparatus for fabricating a jamming
laycr for a sliding laycr jamming break according to an cxample cmbodiment.

FIG. 3C shows schematic drawing illustrating a jamming laycr for a sliding laycr jamming
brcak according to an cxample cmbodiment.

FIG. 3D shows schematic drawing illustrating a sliding layer jamming break according to an
cxample cmbodiment.

FIG. 4A shows schematic drawing illustrating a sliding layer jamming break with positive
pressure system according to an example embodiment.

FIG. 4B shows schematic drawing illustrating a sliding layer jamming break positive pressure
system according to an example embodiment.

FIG. 4C shows technical drawings illustrating an endcap of a sliding layer jamming break
according to an example embodiment.

FIG. 5 shows technical drawings illustrating an endcap of a sliding layer jamming break
according to an example embodiment.

FIG. 6A shows a schematic drawing illustrating a sliding layer jamming break according to an
example embodiment in a linear force test set-up.

FIG. 6B shows a schematic drawing illustrating a conventional sliding layer jamming break in
a linear force test set-up.

FIG. 7A shows a graph illustrating linear force test results of a sliding layer jamming break
according to an example embodiment.

FIG. 7B shows a graph illustrating linear force test results of a conventional sliding layer
jamming break.

FIG. 8A shows a graph illustrating a comparison of tensile force test results of a sliding layer
jamming break according to an example embodiment and a conventional sliding layer jamming
break.

FIG. 8B shows a graph illustrating a comparison of tensile force test results of a sliding layer
jamming break according to an example embodiment and a conventional sliding layer jamming
break.

FIG. 8C shows a graph illustrating a comparison of tensile force test results of a sliding layer
jamming break according to an example embodiment and a conventional sliding layer jamming
break.
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FIG. 9 shows a schematic drawing illustrating a sliding layer jamming break according to an
example embodiment in a torque force test set-up.

FIG. 10 shows a graph illustrating a comparison of torque force test results of a sliding layer
jamming break according to an cxample cmbodiment and a conventional sliding layer jamming
brcak.

FIG. 11 shows a graph illustrating a comparison of torque force test results of a sliding layer
jamming break according to an cxample cmbodiment and a conventional sliding layer jamming
break.

FIG. 12 shows a graph illustrating a comparison of torque force test results of a sliding layer
jamming break according to an cxample cmbodiment and a conventional sliding layer jamming
brcak.

FIG. 13 shows a graph illustrating a comparison of torque force test results of a sliding layer
jamming brecak according to an cxample cmbodiment and a conventional sliding layer jamming
brcak.

FIG. 14 shows a graph illustrating linear damping test results of a sliding layer jamming break
according to an example embodiment.

FIG. 15 shows a photograph of a sliding layer jamming break according to an example
embodiment in a rotational damping test set-up.

FIG. 16 shows a graph illustrating rotational damping test results of a sliding layer jamming
break according to an example embodiment.

FIG. 17A shows a graph illustrating contractile breaking test results of a sliding layer jamming
break according to an example embodiment.

FIG. 17B shows a graph illustrating contractile breaking test results of a sliding layer jamming
break according to an example embodiment.

FIG. 18 shows a graph illustrating a lift test results of a sliding layer jamming break according
to an example embodiment.

FIG. 19 shows a schematic diagram illustrating application of a sliding layer jamming break
according to an example embodiment in a haptic glove.

FIG. 20 shows a schematic diagram illustrating application of a sliding layer jamming break
according to an example embodiment in a haptic elbow device.

FIG. 21 shows a flowchart illustrating a method of fabricating tunable jamming brake device,
according to an example embodiment.

PCT/SG2024/050372



10

15

20

25

30

35

WO 2024/253584

DETAILED DESCRIPTION

In an cxample cmbodiment of the present invention, a multi-stack, sliding layer jamming (SLJ)
brake is provided, capable of gencrating tensile forces, and rotational bending torques. In the
following, the brake's design and fabrication methods according to cxample cmbodiments will
be described, as well as a model for tensile and contractile forces and torques, facilitating
simulation of the brake motion. Also, forcc, torquc, and rotational damping tests arc presented,
and cxamples of potential applications of the SLJ brake according to cxample cmbodiments in
deployable structures, controllers, and wearable haptics arc described, paving the way for
advanccd applications in the ficld of soft robotics.

The SLJ mechanism according to another cxample cmbodiment comprises a multi-scgments
SLJ mechanism embedded inside of a positive pressure systcm (PPS), also referred to as PPS-
SLJ brakc hercin. In addition to gencrating tensile forces and rotational bending torques, the
PPS-SLJ according to an cxamplc ecmbodiment can advantagcously also provide contractile
braking.

The PPS-SLJ brake implementation according to an cxample embodiment can address the
limitation that in the SLJ according to an cxample cmbodiment without the usc of a PPS the
cxtcrnal pressurc is limited to 1 atm. This can be of significance for certain applications,
because the maximum force of the system is limited. Furthermore, while cxisting SLJ brakes
demonstrated to have high damping at low velocitics [7], even though underdamped PPS by
itself cannot function as a damper, according to an example embodiment, a PPS such as a PAM
integrated as a PPS-SLJ brake can act as a damper In the PPS-SLJ brake according to an
cxample embodiment, because the SLJ occupics a central space inside the PPS, ratc of
inflation/dcflation is preferably reduced and the PPS’s dynamic responsc is prefcrably
improved.

It is noted that even though the SLJ-brake embedded into the PPS actuator according to an
example embodiment restricts motion due to the restriction of volume, the PPS (e.g.
implemented using a PAM) force output slightly incrcascs duc to the reduced volumc.
Furthcrmore, the PPS-SLJ brake according to an cxample cmbodiment can gencrate a greater
pressure differential across the brake, significantly incrcasing the braking output force.

General Structure of SLJ brake according to an example embodiment

For the SLJ brakes according to an example embodiment, there are three main components:
the endcaps, the (first) enclosure, and the sliding layers. The layers are mounted onto the endcap
or to each other attached to different endcaps either by push through locks, screws, or threads.
The enclosure is typically made from an elastic enclosure material, in non-limiting example
embodiments either ecoflex-50 or Dragonskin 10 medium (Smooth On, Inc.,TX,USA) were
uscd, and scaled with a siliconc scalant onto thc cndcaps. In a non-limiting cxample
embodiment, Silpoxy adhesive (Smooth On, Inc., TX,USA) was used as the sealant. It is noted
that as used herein, "enclosure” is intended to refer to an elastic, stretchable cover that prevents
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leakages and allows air (pressure can be either positive or negative pressure) to flow within the
defined working space.

The jamming brakc according to cxample cmbodiment comprises multiple stacks of sliding
jamming laycrs, also referred to as segments herein, cach providing n interfaces, i.c n+1 (n,
n=1, 2, 3,...) interdigitated laycrs of stacked matcrials in cach stack, where the number of laycrs
is roughly divided cqually between the two cndcaps. That is, for modelling purposcs, as
described below, the number of interfaces between the interdigitated laycrs is n. There are three
diffcrent lengths when the layers from different endcaps arc intcracting with cach other in cach
stack or scgment. There is L1, the length of the layer attached to the left/first cndcap which is
not intcracting with layers attached to the right endcap. Conversely, L3 is the length of the layer
attached to the right/sccond cndcap which is not intcracting with the layers attached to the
left/first endcap. Finally, there is the overlapping layers length L2 between the left(first) and
the right(second) endcap. Therefore, the areas would have a corresponding cross-sectional area
of Al, A2 and A3. The layers in the model used below would have an elastic modulus EL. In
a non-limiting cxample cmbodiment, the material used is Nylon-coated thermoplastic
polyurcthanc (TPU) with an clastic modulus of 101.5MPa. The friction between the layers p_L
madc from Nylon-coatcd TPU is 0.55, whilst the friction between the layers and the enclosure
p_E is 0.2. This has been tested using a custom test rig based on ASTM D1894-14.

Structure of multiple-stack SLJ brakc according to an cxample cmbodiment

The three different lengths L1-L3 described above form one layer segment of a particular
orientation. For the model described below, there are three different types of SLJ brake
configurations with layer scgments of different oricntations that arc considered, by way of
cxample, not limitation: a conventional onc-scgment configuration 100, a threc-scgments
configuration 102 according to an cxample embodiment, and a five-segments configuration
104 (scc F1G. 1(A-C)) according to another cxample embodiments. It is noted that cxperimental
data is presented hercin for the three-scgments configuration 102 according to an cxample
cmbodiment only, but it will be undcrstood by a person skilled in the art that similar trends as
thosc shown discussed below can be expected for other configuration, such as the 5-scgments
configuration 104 and higher number of scgments in different example ecmbodiments,

To cncompass different layer scgments of different oricntations along a longitudinal axis of the
device, the endcap and cnclosure design differs between the various configurations. The endcap
according to a non-limiting example embodiment is made from an off the shelf polylactic acid
(PLA) and is designed using Solidworks (Dassault, Systemes, France) and 3D-printed using
the Ultimaker 3 (Ultimaker, Utrecht, Netherlands). The infill is best printed at 100% to
prcferably prevent possible leakages within the material and prevent the vacuum pressure from
cscaping. In addition, the material is preferably printed in the highest resolution (c.g. 0.06mm)
to cnsurc that no/minimal errors in the design can occur that would Iead to lcakages. FIG. 2A)
shows dimensions of the endcap 200 and the structurc 202 of the one-scgment configuration
and the three-scgments configuration, and FIG. 2B) shows the dimensions of the five-segments
configuration endcap 204. It is noted that without PPS, one of the endcaps 203 can be closed

7
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since only the vacuum pressure is being used in the multiple-stack SLJ brake according to an
example embodiment.

With refercnce to FIG. 3A), to manufacturc the SLJ enclosure according to an cxample
cmbodiment, a two-part mould 300a, b is made from polylactic acid (PLA) and designed using
Solidworks (Dassault Systcmes, France) and 3D-printing using the Ultimaker 3 (Ultimaker,
Utrecht, Netherlands) with a 20% infill. The Ecoflex 0050 or Dragon-skin 10 medium is
degasscd for 15 minutcs to prevent air bubbles. Furthcrmore, the Ecoflex 0050 or Dragon-skin
10 is pourcd into the mould 300a, and the cavity mould 300b is mounted with M2 screws, and
placed in the oven for 1 hour.

With reference to FIGs. 3B) and C), for the laycr 302-304 design in SLJ, any layer design can
be used. Each laycer 302-304 is cut using the Silhouctte Camco. There arc multiple ways to cut
the layer. To preferably reduce the torsion cxpericnced by the layers and to preferably ensurc
that the layers arc aligned, there arc two types of layers: a static laycer 302 and a sliding layer
303, 304. The laycrs 302-304 can be of any length depending on the purposc and the application
of the brake. In non-limiting examplc cmbodiments, both the static and sliding layers arc 45mm
in length, 6.5mm in width and 0.35mm thick. The overall starting length of the brake is 80mm
and can extend to 100mm based on the slot 306, 307 design. FIG. 3(D) shows the basic structure
of the brake 308 according to an cxamplc embodiment.

To assemble the SLJ brake according to example cmbodiments a threc step method is used in
one example method: a layer-to-layer attachment, a layer-to-endcap attachment, and an
enclosure-to-endcap attachment. It is noted that when using countersunk screws for fastening
laycr-to-cndcap, duc to possible wear-and-tcar of the cndcap and laycrs over time, the layers
may gct loosc and slip off. Some laycrs can be scwn onto the endcap, however, while this can
provide extra sccurity for the layers, dismantling the laycrs can be cumbersome and asscmbling
the system can take longer than inscrting a countersunk screw. Thus, to reduce the crrors of
dismantling and reasscmbling the product, the usc of 2-part push-on fasteners was implemented
according to an cxample cmbodiment, where onc end connects to the layers and onc end of the
cndcap, and the sccond part has a hole where the first part of the fastener can slot into.
Preferably, this can prevent damage, and can also cnsurc that the layers do not move outside
that fixed length. This also can provide a prismatic and rotational joint between the cndcaps
and the laycrs.

Structure of multiple-segments PPS-SLJ brake according to example embodiments

For a multiple scgments PPS-SLJ brake according to an cxample embodiment, there will be
two different types of enclosures applied: the first enclosure applied to the SLJ for vacuum
pressure, and the second enclosure applied on top of the first enclosure for positive pressure
delivery. However, instead of only using PPS, as is e.g. done in [7], the PPS-SLJ brake
according to an example embodiment incorporates highly dense layers inside the first
cnclosurc. In an cxample cmbodiment, the cnclosurcs have different shapes as the first
cnclosure is prefcrably designed to housc all of the multiple layer stacks (c.g., the three-
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segments SLJ in one example embodiment), whilst the second enclosure is for example
designed to be cylindrical so that the PPS-SLJ brake can also be modelled as a PAM.

FIG. 4A-C show diagrams of thc small/miniaturc PPS-SLJ 400 according to an cxample
cmbodiment. However, it is noted that the PPS-SLJ 400 can be of any length, width or height
depending on the desired requirements. In onc example cmbodiment, two smaller endcaps 402,
404 arc uscd in the small/miniaturc PPS-SLJ 400, where one of the endcaps 402 (which is the
samc the cndcap 203 shown in FIG. 2A) is configured to deliver the vacuum pressure for the
(inner) SLJ cnclosure 406 and the other endcap 404 is configurced to deliver positive pressurce
for the (outer) PPS cnclosurc 408.

With reference to FIG. 5, in another cmbodiment, a miniaturc endcap without any conduits for
delivery of vacuum or positive pressurc can be provided at one end and a large endcap 502 at
the other end, according to another example cmbodiment. In such an embodiment, the larger
cndcap 502 has conduits for delivery of vacuum and positive pressure, and the tubes for the
vacuum pressurc and positive pressure delivery arc attached to the onc endcap 502, whercas
the miniaturce cnclosure docs not have any tubing, which advantagcously prcvents possible
cntanglement of the tubes and possible bending of the brake. The duct for applying the positive
pressure around the first enclosure may comprise two pneumatic airflow ports e.g. 504.

As described above, advantageously the PPS-SLJ can apply positive and vacuum pressurc at
various diffcrent incorporated SLJ sizes, as may be required for different applications.

Overall Force model of the system according to an example embodiment

Because the SLJ brake is constructed inside of a PPS, if PPS is used, according to an example
embodiment, and in parallel, their respective forces can be independently modelled. So, the
total force for the system according to an example embodiment with PPS is:

Frotar = Fsiy + Fpps (1)

It is noted that for an ecmbodiment without PPS, Fpps=0, as will bc appreciated by a person
skilled in the art.

For the outside ambicnt pressure, the brakes cxternal pressurc is atmospheric pressure whilst
when a PPS is added to the system, the external pressurce will be controlled by the positive
pressure applicd to the brake.

Force and Stiffness Modelling the brake without the PPS, according to an example embodiment

Tensile force model

To model the resistive tensile force provided by the brake, the multi-segments SLJ brake has
two modes: the before sliding phase and the after sliding phase.

PCT/SG2024/050372
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Before sliding model

In thc domain of laycr jamming systems, particularly concerning lincar braking mechanisms,
a dichotomous catcgorization is impcrative for clucidating force interactions: the before-sliding
(BS) and after-sliding (AS) phascs. The layer jamming brake is subjected to a differcential
tensile load within the BS domain, invoking a mechanical responsc analogous to three helical
springs in scrics. Independent of the specific arrangement of layers, the resulting stacked arca
is comparablc, if not identical, to that of a single-layer jamming configuration. Conscquently,
the tensile foree required for clongational deformation can be described as follows.

-1
1 1 1
FBS = Keffx = (k_1 +k_2 +k_3) X (2)

wherein denotes the effective spring stiffness Kegr conglomerate of the layered assembly. The
stiffness paramcter for cach stratificd scgment is given by:

Kepp =22 (1= 1,23) (3)

Where E is the Youngs modulus of the layer material, A;is the total stacked area of the layers
in each given section, and L; is the length of the layers in the given section.

After sliding model

Once the applied tensile force exceeds the frictional force Fr generated by the layer-to-layer
contact and the elastic force generated by the layer-to-enclosure contact Fe, the layers will start
sliding. The layers will then absorb mechanical energy in the process. For this event, the
braking force will be the sum of the frictional and elastic forces, given by:

FAS = Ff + Fe (4)
Where Fris given by:
Fr = urnw(L, — x)AP, (5)

Where n is the total number of interfaces between layers across all of the multiple stacks of
layers, APy is the absolute pressure (or vacuum pressure) applied to the system, and y; is the
coellicient of [riction between the layers. Feis given by:

Fe:ﬂe('\/HerAeEWLe) (6)

Where ne is the maximum number of sliding and static layers combined in contact with the
enclosure (i.e il an enclosure is considered (o have [our sides (i.e. Lop, bottom lefl and right
side) and there are [our slatic layers and [our sliding layers in contact with the enclosure, i.e. a
three stack example embodiment (compare FIG. 1B), the maximum number n. can be is 4,
whereas [or a [ive stack embodiment (compare FIG. 1C), the maximum number n. can be is
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6), L. 1s the friction coefficient between the layers and the environment, and L. and A. are the
length and area of contact between the enclosure and the layers. It was accordingly found by
the present inventor that, according to this [orce model, the elastic [orces are more dominant in
terms of laycr jamming performance than previously assumed and should not be neglected in
the assessment of jamming performance, as has been done in previous works.

Force Modelling the brake with PPS

It is noted that the force modelling docs not dependent on the number of jamming layer stacks
uscd insidc the inner enclosure of the PPS-SLJ brakes according to example ecmbodiments. For
any PPS [7], a gencralized modcl for an idcal cylindrical PPS can be uscd. Thus, the force
modcl can be determined as:

,AV
Fpps = —AP (7)

Where AP’ is the change in the pressure diflerence between the positive pressure applied to the
the system and the ambient environment, AV is changes in volume and Ax is the changes in the
displacement caused when a tensile load has been added. In this model, two volumes exist:
volume occupied by the brake V, and the volume occupied by the PPS V;,.Thus, the total force
generated by the actuator F, is the total forces generated by the brake and the PPS F,, and F,
from the given volumes V), and V, respectively, as:

AV r av av, av, av,
Fy=Fy+Fy=—AP5 = — (AP} 22 4 APRELY = —(Py — Pog) 52 — (P — Parm) 22 (8)

Where Ppand Byare the pressures generated by the actuator from the brakes and the PPS
respectively, Py, and Py are the pressure differences between the positive pressure applied to the
brake and the PPS, and P, is the atmospheric pressure.

The working principle behind how the actuator produces a force output and shortens in length
is described next. When the PPS system contracts, Fj,<0, % would be greater than O as the
width and the hcight of the cndcaps rcmain to be constant and do not change in sizc.
Conversely, E,>0 when —p < 0 is the ideal PPS. Thus, by inference, F;would be less than E,.

This can bc proven by:

dL dL
Fa=Fb+Fp=_Wh(Pb_Patm)d_;_T[rpz(Pp atm) p(9)
where == > 0, and ap - < 0, and rpis the radius of the PPS.

When the brake is stretched when the PPS is active, the resulting % would have a miniscule
movement as the volume of the brake is occupied by solid layers. Thus, the corresponding
volume of the system would be & [7] identified that to operate the multiple-plane brake with

a PPS outer layer as a PAM, in part1cular the McKibben muscle, the system is pressurized such
11
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that P,= P, > Py, such that there would be no changes in pressure. Thus, Fyg = 0. Thus, the
hypothesis is that the force generated by the PPS (Fpps4prake) is higher than the typical PPS of
a similar volume. Therefore, the force generated by the multiple-plane SLJ with a PPS would
be the force of the PPS and the additional force F, s, resulting from the losses of Fy,. This can
be written as:

Fpps+brake = Fpps + Foffset = Fpps + P,wh (10)

Stiffness Modelling the brake with the PPS

To model this system as a stiffness-based system, it is realized that both the systems are set in
a parallel format. So, the stiffness of the total system is considered as:

kpps+brake = kpps + Kprake (1 1)

Where ky,,s is the stiffness generated by the PPS and kirare 18 the stiffness generated by the SLJ
brake. Using the derivation of the Fy,ps1prakes Kpps+brakeCan also be rewritten as:

_ deps+brake _ deps

dap.
il 23
kpps+brake - dx = dx +wh

dx

(12)

Torque Modelling the brake without the PPS

With the force model (see above), the torque model can be further developed. The bending
torque produced by a layer is dependent on the orientation of the layer and the distance between
the layer and the rotational point of the brake. Based on previous research [2,3] it may be
determined that the side-layer segments according to an example embodiment are designed for
rotational motion whilst the front-layer segment according to an example embodiment is
designed for tensile-based motion. As it is difficult to determine the exact position at which the
brake bends due to constant movement when no vacuum is applied, it will be assumed the
bending occurs at the centre of the brake. Furthermore, it will be assumed that each layer-
segment can be modelled as one thick layer when a vacuum pressure has been applied. Thus,
this would increase the thickness and would increase the bending torque 7 of the brake when a
torque has been applied to the brake. So, the original torque equation would remain as:

cos(8) 2r

(8) = Py w foé\/(Lcas(H))z + (2rsin(0))? + rsm(©) In (% |cot (8)] + (L 4:ot(67))2 + 1) (13)
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Methodology, results and discussion, according to example embodiments:
Force test without the PPS

The objective of the lincar force test is to show that the brake according to an cxample
cmbodiment can maintain a similar lincar force output to cxisting SLJs (in this case, [4]), and
in some cascs, a significantly greater braking force. To investigate how different vacuum
pressures affect the tensile, frictional, and clastic force causced by the brake, five vacuum
pressures OkPa, -20kPa, -40kPa, -60kPa and -80kPa arc uscd. OkPa is as a rcference to
demonstrate the braking force produccd by the materials without vacuum pressure. The total
force created by the brake is measured using the JSV H1000 handy test stand (JISC, Sakurai
City, Japan) along with the softwarc SOP-EG1 (JISC, Sakurai City, Japan). FIG. 6(A). shows
the sctup of the force test for the multi-segments SLJ 1000 according to an cxample
cmbodiment. The Busch RS RA 0040 F rotary vanc pump 600 generates the required vacuum
pressurcs. A constant 2mm/s pulling spced along a vertical lincar extension of 20mm. The
length, width, and height of the layers in the multi-scgments SLJ 1000 according to an cxample
cmbodiment arc the samc as in the single-planc conventional SLY 1002 layers (FIG. 6(B)). In
the experiment, a three jamming laycr stacks cmbodiment was uscd as the multi-scgments SLJ
1000, i.e. there were 12 interfaces in the middle segment 602, and there were 2 x 6 interfaces
in the side scgments 604, 606 in the SLJ 1000 according to an cxample cmbodiment. In the
conventional, single stack SLJ 1002, there arc 12 interfaces. Hence, the friction braking force
of the SLJ 1000 according to an cxample cmbodiment is cxpected to be about double that of
the conventional SLJ 1002.

FIG.7A illustrates the total tensile force generated by the SLJ-brake 1000 according to an
cxample cmbodiment, with three scgments of diffcrent oricntations. The peak forces for the
brakcs arc 49.7N, 59.5N, 70.4N and 90.4N. Thc rcsults indicatc that an incrcasc in vacuum
pressure Icads to a risc in the total tensile force generated by the brake.

FIG.7(B) shows the force generated by the conventional SLJ 1002 [4]. The peak forces for the
brakes arc 32.9N, 39.4N, 44.6N and 50.8N. From a comparison of FIGs. 7A and B, whilc the
force gencerated by the SLJ 1000 according to an cxamplc cmbodiment is not twice that of the
conventional SLJ 1002, as would be expected from the number of interfaces as mentioned
abovc, the SLF 1000 according to an cxamplc ecmbodiment docs gencrate a signific any higher
force.

To further verify the force test, a force test was conducted with another layer material: paper.
This is to sce if warp and weft in fabric play a part in braking. A force test where the layers arc
made of thick paper for -40kPa, -60kPa and -80kPa was also conducted. -20kPa |and OkPa
were not performed as the layers ripped and would not generate any braking force. The
arrangement of the layer configuration is different to the nylon-coated TPU layers for the
conventional SLJ. Instead of measuring 12 interfaces as in SLJ 1002, 24 interfaces were used
for the conventional SLJ for comparison.

13
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FIGs.8A-C show the comparison of the tensile force generated by the SLJ-brake according to
an example embodiment using paper as layer material but otherwise in the same configuration
as SLJ 1000, and the conventional single stack SLJ with 24 interfaces. The observation is that
the pcak forces in the SLJ-brake according to an cxample ecmbodiment using paper as the layer
matcrial yviclded greater braking forces than the conventional SLJ. Furthermore, the stiffness,
i.c. the force over the displacement, yiclded no significant differcnce when a change in pressure
occurrcd as the stiffness produced an approximate 15kN/m. As frictional forces arc cxpected
to be similar based on previous literature [1], the results are consistent with the model described
above, i.e. the elastic forces in the SLJ-brake according to an example embodiment play a
greater role in the braking [orce, thus emphasizing the importance of elastic [orces in example
embodiments.

Torque test without the PPS

Fig.9A shows the sctup of the torque cxpcriment, with onc end 900 of the SLJ break 902
according to an cxample crnbodiment fixed to a JSV H1000 handy test stand 904 with vacuum
pump conncction. Pressures of -20kPa, -40kPa, -60kPa and -80kPa wcre performed.

FIGs.10-13 show the experimental torque results for an three jamming layer stacks SLJ
according to an example embodiment, simulation data, and a conventional single jamming
layer stack SLJ. The peak torques based on he single-stack conventional SLJ from OkPa to
80kPa arc 0.145Nm, 0.152Nm, 0.165Nm, 0.177Nm and 0.196Nm. For thc thrce-stack SLJ
brake according to an cxamplc cmbodiment, the pcak torqucs arc 0.2060Nm, 0.258Nm,
0.320Nm, 0.356Nm and 0.383Nm. Thc conventional brake and the brakc according to an
example embodiment both showed that an increase in vacuum pressure would increase the
bending torque exerted by the brake. Furthermore, an increase in the vacuum pressure leads to
an increase in bending stiffness, i.e. torque over bending angle. A significant portion of the
bending torque generated by the single-stack conventional SLJ is generated by the materials
without any vacuum pressurc.

Linear damping test without the PPS

Having evaluated the linear braking force and the braking bending torque model, the multi-
segments SLJ according to an example embodiment can be evaluated for damping. There are
two types of damping: linear and rotational damping. Previous research [1,7] has shown that a
single-layer segment can behave as a linear damper. As the multi-segments SLJ according to
an example embodiment contains a front layer segment, it is shown that the front-layer segment
can make the multiple-segments SLJ brake act as a linear damper, which evaluates how the
mechanism dampens the weight during a free-fall drop.

The linear damping is measured in three conditions: with the mechanism but no pressure, a
tuneable pressure (-40kPa) a maximum pressure -80kPa. The reason linear damping is divided
14
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into three experiments is because previous work [1] stated that in some instances it is possible
to determine the total kinetic energy of the system in real time, but at points, it is not possible
to determine the kinetic because ol the absence ol a sensor within the brake. The vertical height
(or y axis) movement will be tracked during the drop-test. The brake and the weight (1.6kg)
werce attached using a nylon rope.

FIG.14 shows the findings of the lincar damping cxpcriment with a three-scgment layer
jamming mechanism according to an cxamplc cmbodiment. The finding is that without
pressure, there was still damping, but not as cffective as with vacuum pressure. The maximum
pressure slowed down the weight faster than the tuncable pressure but deformed the length by
absorbing the kinctic cnergy. However, the tuncable pressurc reduccd overshoot by not
dcforming the length. But the mechanism did take longer to dampen. Thus, cven though the
mechanism can bechave as a lincar damper, the damping requircments need to be considerced
and understood before selecting a pressure.

The next damping performance cvaluation is rotational damping. The modecl presented aims to
show that the side-layer scgments/plancs with different orientations can make the multi-
segment SLJ brake according to an cxample embodiment act as a rotational damper, and
evaluates how the mechanism dampens the weight during a rotational motion (e.g. pendulum
motion). For rotational damping, the cnergy dissipated is calculated for the multi-
scgment/planc SLJ according to an cxample ecmbodiment during a 30-degree swing from the
vertical axis with a weight of 0.5kg attached to the brake in the x-y planc. Like lincar damping
[1], the dissipated encrgy is a function of vacuum pressurc and can be calculated as:

(14)

Rotational damping test without the PPS

FIG.15 shows a photo of the setup of the rotational damping experiment. Rotational damping
is measured in four conditions: without the brake, i.e only a string attached to the wight, with
the SLF brake 1500 according to an example embodiment, but no vacuum pressure, a tunable
vacuum pressure (as an example set to -40kPa), and a maximum pressure -80kPa.

FIG. 16 shows the damping results concerning angular displacement. Without the brake, the
weight is still moving after 10s. With the multi-stack SLJ brake 1500 (FIG. 15) according to
an example embodiment, the 0.5kg stopped moving (no vacuum, stopped moving at 7s).
Furthermore, using the highest vacuum pressure will absorb mechanical energy and slow down
the weight faster (4s). With the multi-stacks SLJ brake 1500 (FIG. 15) according to an example
embodiment controlled to a tunable pressure, here -40kPa, although the time to slow down the
weight is slower (5.9s), not only is the overshoot reduced in contrast to no vacuum or with a
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maximum vacuum, but the end position of the brake ended up closest to the vertical axis
starting point. Thus, there is a trade-off in overshoot and time taken to brake at higher pressures.
Thus, even though the mechanism can behave as a rotational damper, the damping
rcquircments need to be considered and understood before sclecting a pressurc.

Contractile braking with the PPS

Another aspect of the brake according to an cxample cmbodiment is to show that it can perform
contractile braking. To show how the contractile braking works, a a sctup similar to that shown
in FIGs. 6A and B for the force test was used, but with the brake 1000 according to the cxample
embodiment subjected to a (downward) compression force. The vacuum pressures applied
were no vacuum pressurc (0kPa), and maximum vacuum pressurc (-80kPa) with a pressurc in
the outer (PPS) cnclosurc of OkPa and 100kPa rcspectively. Higher pressurcs could be tested
but were not duc to possible rupturcs.

FIG.17A-B shows the results of the experiment. Each experiment was repeated three times and
an average of the three experiments was taken. With reference to FIG. 17A, what was found
was that as vacuum pressurc was added to the system with the same PPS pressurc (here
100kPa), the laycrs intcracting with cach other act as a block. Thus, vacuum pressure increascs
contractile forces from 25N to 32N with 100kPa PPS.

With reference to FIG. 17B, for the changes in positive pressure with maximum vacuum
pressure, there was an increase in force from 25N to 32N. What was also found with maximum
vacuum pressurc applied, the brake is harder to compress further.

Thus, the PPS-SLJ according to an example embodiment can function as a tool for contractile
braking.

Applications of example embodiments
Logistics

As one of the applications we aim to fulfil is logistics, the aim of the brake if using small
mechanisms is to lift, for example, a Skg plate and return the plate back on the floor using 3-
stack jamming mechanism according to an example embodiment. The displacement during the
lifting for the conventional 1-stack jamming mechanism is greater in comparison to the 3-stack
mechanism according to an example embodiment, as shown in FIG.18. Therefore, the three
stack SLI, here without PPS, according to an example embodiment can advantageously provide
for a more compact lift mechanism design.

Haptic Glove

One main application to apply the brake as a damper for smaller-scale applications is a

kinesthetic brake in wearable haptics [8] and can be modelled for different groundings [5]. As

the brake can generate torques greater than 0.0149Nm and 0.0225Nm. The brake can withstand
16
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bending torques of the finger and the wrist [9] FIG.19 shows how the three stacks SLJ brake
1900, without PPS in this example, can be used as a kinesthetic feedback brake-cable 1902
driven mechanism when attached (o a human [inger 1904. As haptics improves (he immersive
cxpericnce of virtual reality, future work can for cxample include performing a haptic study
with an actual gamc,[5, 8].

Physiotherapy for resistive movements and the development of a haptic elbow

As the brake according to cxample cmbodiments can be converted to different sizes, another
application is for physiothcrapy and the usc of the system as a haptic clbow dcvice. Currently,
there are no systems that can perform haptic feedback on an elbow. FIG. 20 shows a schematic
drawing illustrating a brake 2000 according to an cxamplc cmbodiment, tcsted to jam the clbow
2002 when performing an clbow cxtension.

In onc embodiment, a tunable jamming brake device is provided comprising first and sccond
cndcaps; at lcast three interdigitated layer scgments connccted to, and cxtending between, the
two endcaps; and a first enclosure enclosing the at least three interdigitated layer segments such
that a vacuum pressure can be applied around the at least three interdigitated layer segments;
wherein each interdigitated layer segment comprises a plurality of stacked layers with
interfaces between respective portions of pairs of adjacent layers for friction jamming of the
layers, wherein a first layer of each pair of adjacent layers is connected to the first endcap and
a sccond layer of cach pair of adjaccnt laycrs is connected to the seccond cndcap; and whercin
the at Icast three interdigitated laycr scgments arc disposed around a longitudinal axis of the
device with at [cast two different oricntations of the stacked laycrs.

The device may comprise a second enclosure enclosing the first enclosure such that a positive
pressure cqual to or greater than atmospheric pressurc can be appliced around the first
cnclosure, whereby the tunable stiffness device can function as a contractile braker.

The first endcap may comprise a first duct formed therein for applying the vacuum pressure
around the at least three interdigitated layer segments, and the second endcap may comprise a
second duct formed therein for applying the positive pressure around the first enclosure.

The first endcap may be a closed endcap and the second endcap may comprise a first duct
formed therein for applying the vacuum pressure around the at least three interdigitated layer
segments and a second duct formed therein for applying the positive pressure around the first
enclosure. The second duct may comprise two pneumatic airflow ports.

Each of the first and second endcaps may comprise at least three mounting surfaces for
mounting respective ones of the at least three interdigitated layer segments, wherein the at
least three mounting surfaces may be disposed in respective orientations of the stacked layers
of the respective at least three interdigitated layer segments around the longitudinal axis of
the tunable stiffness device.

17
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The device may be configured for use in a system for rotational damping, wherein an
overshoot of the under-damped system may be tunable by varying the vacuum pressure.

The device may be configurced for usc in a system for lincar force gencration, whercin a
magnitude of the gencrated lincar force may be tunable by varying the vacuum pressure.

The device may be configurced for usc in a system for torque force gencration, whercin a
magnitude of the gencrated torque force may be tunable by varying the vacuum pressurc.

The device may be configured for use in a system for linear damping, wherein damping
propertics of the lincar damping system may be tunable by varying the vacuum pressure.

The device may be configured for use in a system for rotational damping, wherein damping
properties of the rotational damping system may be tunable by varying the vacuum pressure.

The device may be configured for use in a system for contractile breaking force generation,
wherein a magnitude of the generated contractile breaking force may be tunable by varying
the vacuum pressure and/or the positive pressure.

FIG. 21 shows a flowchart 2100 illustrating a method of fabricating tunable jamming brake
device, according to an example embodiment. At step 2102, first and second endcaps are
provided. At step 2104, at least three interdigitated layer segments connected to, and extended
between, the two endcaps are provided, wherein each interdigitated layer segment comprises a
plurality of stacked layers with interfaces between respective portions of pairs of adjacent
layers for friction jamming of the layers, and wherein a first layer of each pair of adjacent layers
is connected to the first endcap and a second layer of each pair of adjacent layers is connected
to the second endcap. At step 2106, a first enclosure enclosing the at least three interdigitated
layer segments is provided such that a vacuum pressure can be applied around the at least three
interdigitated layer segments. At step 2108, the at least three interdigitated layer segments are
disposed around a longitudinal axis of the device with at least two different orientations of the
stacked layers.

The method may comprise providing a second enclosure enclosing the first enclosure such
that a positive pressure equal to or greater than atmospheric pressure can be applied around
the first enclosure, whereby the tunable stiffness device can function as a contractile braker.

The first endcap may comprise a first duct formed therein for applying the vacuum pressure
around the at least three interdigitated layer segments, and the second endcap may comprise a
second duct formed therein for applying the positive pressure around the first enclosure.

The first endcap may be a closed endcap and the second endcap may comprise a first duct
formed therein for applying the vacuum pressure around the at least three interdigitated layer
segments and a second duct formed therein for applying the positive pressure around the first
enclosure. The second duct may comprise two pneumatic airflow ports.
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Each of the first and second endcaps may comprise at least three mounting surfaces for
mounting respective ones of the at least three interdigitated layer segments, wherein the at
least three mounting surfaces may be disposed in respective orientations ol the stacked layers
of the respective at Icast three interdigitated layer segments around the longitudinal axis of
the tunable stiffness device.

The device may be configurced for usc in a systcm for rotational damping, wherein an
overshoot of the under-damped system may be tunable by varying the vacuum pressure.

The device may be configurced for usc in a system for lincar force gencration, whercin a
magnitude of the generated linear force may be tunable by varying the vacuum pressure.

The device may be configurced for usc in a system for torque force gencration, whercin a
magnitude of the gencrated torque force may be tunable by varying the vacuum pressurc.

The device may be configured for use in a system for linear damping, wherein damping
propertics of the lincar damping system may be tunable by varying the vacuum pressure.

The device may be configured for use in a system for rotational damping, wherein damping
properties of the rotational damping system may be tunable by varying the vacuum pressure.

The device may be configured for use in a system for contractile breaking force generation,
wherein a magnitude of the generated contractile breaking force may be tunable by varying
the vacuum pressure and/or the positive pressure.

As described herein, an approach that uses a lightweight, portable multi-segments SLJ is
provided according to example embodiments, and a PPS-SLJ to be operating as a tensile braker,
contractile braker and a bending-torque braker can also be provided in example embodiments.
The significance of size and how the endcap design according to example embodiments can
allow the PPS-SLJ to perform contractile braking, tensile braking and rotational braking has
also been described. The design, modelling, analysis and the results of the multi-segments SL.J
mechanism according to example embodiments has been presented. The results have shown
that for force modelling, the brake can maintain a similar, and in some cases, a significantly
higher linear stiffness than the conventional SLJ [4]. For the bending rotational torque, adding
additional side-layer segments with a high layer density according to an example embodiment
has shown to produce greater bending rotational torque compared to the single-layer segment
demonstrated in [4]. In addition, the brake according to an example embodiment can behave as
an under-damped system for rotational damping and tunable vacuum pressures can reduce the
overshoot of the system.

The multi-segments SLJ and PPS-SLJ brakes according to an example embodiment serves as
an alternate solution for variable stiffness brakes and dampers. The theoretical model described
can be a stepping stone in designing multiple applications by determining the number and size
of layers, the enclosure and endcap material, and the vacuum pressure applied to the brake.
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Furthermore, the functionality of the brake according to an example embodiment having
bending-based characteristics and tensile-based characteristics allows the brake to be
implemented in a range o[ applications.

It will be appreciated by a person skilled in the art that numcrous variations and/or
modifications may be made to the present invention as shown in the specific cmbodiments
without departing from the spirit or scope of the invention as broadly described. The prescnt
cmbodiments are, thercfore, to be considered in all respects to be illustrative and not restrictive.
Also, the invention includes any combination of featurcs described for diffcrent cmbodiments,
including in the summary scction, cven if the feature or combination of featurcs is not cxplicitly
specified in the summary scction or the detailed description of the present cmbodiments.
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CLAIMS
1. A tunablc jamming brakc device comprising:
first and sccond cndcaps;

at least three interdigitated layer segments connected to, and extending between, the
two endcaps; and

a first enclosure enclosing the at least three interdigitated layer segments such that a
vacuum pressure can be applied around the at least three interdigitated layer segments;

wherein each interdigitated layer segment comprises a plurality of stacked layers with
interfaces between respective portions of pairs of adjacent layers for friction jamming of the
layers, wherein a first layer of each pair of adjacent layers is connected to the first endcap and
a second layer of each pair of adjacent layers is connected to the second endcap; and

wherein the at least three interdigitated layer segments are disposed around a longitudinal
axis of the device with at least two different orientations of the stacked layers.

2. The device of claim 1, comprising a second enclosure enclosing the first enclosure such
that a positive pressure equal to or greater than atmospheric pressure can be applied around
the first enclosure, whereby the tunable stiffness device can function as a contractile braker.

3. The device of claims 1 or 2, wherein the first endcap comprises a first duct formed therein
for applying the vacuum pressure around the at least three interdigitated layer segments, and
the second endcap having a second duct formed therein for applying the positive pressure
around the first enclosure.

4. The device of claims 1 or 2, wherein the first endcap is a closed endcap and the second
endcap comprises a first duct formed therein for applying the vacuum pressure around the at
least three interdigitated layer segments and a second duct formed therein for applying the
positive pressure around the first enclosure.

5. The device of claim 4, wherein the second duct comprises two pneumatic airflow ports.

6. The device of any one of the preceding claims, wherein each of the first and second
endcaps comprise at least three mounting surfaces for mounting respective ones of the at least
three interdigitated layer segments, wherein the at least three mounting surfaces are disposed
in respective orientations of the stacked layers of the respective at least three interdigitated
layer segments around the longitudinal axis of the tunable stiffness device.

7. The device of any one of the preceding claims, wherein the device is configured for use in
an system for rotational damping, wherein an overshoot of the under-damped system is
tunable by varying the vacuum pressure.
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8. The device of any one of the preceding claims, wherein the device is configured for use in
a system for linear force generation, wherein a magnitude of the generated linear force is
tunable by varying the vacuum pressure.

9. The device of any onc of the preceding claims, wherein the device is configured for usc in
a system for torque force generation, wherein a magnitude of the generated torque foree is
tunable by varying the vacuum pressurc.

10. The device of any onc of the preceding claims, whercin the device is configured for use in
a system for lincar damping, wherein damping propertics of the lincar damping system arc
tunable by varying the vacuum pressure.

11. The device of any onc of the preceding claims, whercin the device is configured for use in
a system for rotational damping, whercin damping propertics of the rotational damping
system are tunable by varying the vacuum pressure.

12. The device of any onc of the preceding claims, whercin the device is configured for use in
a system for contractile breaking force generation, wherein a magnitude of the generated
contractile breaking force is tunable by varying the vacuum pressure and/or the positive
pressure.

13. A method of fabricating tunablc jamming brake dcvice, comprising the steps of:
providing first and second endcaps;

providing at least three interdigitated layer segments connected to, and extending
between, the two endcaps, wherein each interdigitated layer segment comprises a plurality of
stacked layers with interfaces between respective portions of pairs of adjacent layers for
friction jamming of the layers, and wherein a first layer of each pair of adjacent layers is
connected to the first endcap and a second layer of each pair of adjacent layers is connected
to the second endcap;

providing a first enclosure enclosing the at least three interdigitated layer segments
such that a vacuum pressure can be applied around the at least three interdigitated layer
segments; and

disposing the at least three interdigitated layer segments around a longitudinal axis of the
device with at least two different orientations of the stacked layers.

14. The method of claim 13, comprising providing a second enclosure enclosing the first
enclosure such that a positive pressure equal to or greater than atmospheric pressure can be
applied around the first enclosure, whereby the tunable stiffness device can function as a
contractile braker.

15. The method of claims 13 or 14, wherein the first endcap comprises a first duct formed
therein for applying the vacuum pressure around the at least three interdigitated layer
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segments, and the second endcap having a second duct formed therein for applying the
positive pressure around the first enclosure.

16. The method of claims 13 or 14, whercin the first endcap is a closed endcap and the
sccond cndcap compriscs a first duct formed therein for applying the vacuum pressurc around
the at least three interdigitated laycer scgments and a sccond duct formed thercin for applying
the positive pressurc around the first cnelosure.

17. The method of claim 16, wherein the second duct compriscs two pncumatic airflow ports.

18. The method of any one of claim 13 to 17, wherein cach of the first and sccond cndcaps
comprisc at lcast three mounting surfaccs for mounting respective ones of the at Ieast three
interdigitated layer scgments, wherein the at Icast three mounting surfaces arc disposed in
respective orientations of the stacked layers of the respective at least three interdigitated layer
segments around the longitudinal axis of the tunable stiffness device.

19. The method of any one of claims 13 to 18, wherein the device is configured for usc in a
system for rotational damping, whercin an overshoot of the under-damped system is tunable
by varying the vacuum pressure.

20. The method of any one of claims 13 to 19, wherein the device is configured for use in a
system for lincar force generation, wherein a magnitude of the generated linear foree is
tunable by varying the vacuum pressure.

21. The method of any one of claims 13 to 20, wherein the device is configured for use in a
system for torque force generation, wherein a magnitude of the generated torque force is
tunable by varying the vacuum pressure.

22. The method of any one of claims 13 to 21, wherein the device is configured for use in a
system for linear damping, wherein damping properties of the linear damping system are
tunable by varying the vacuum pressure.

23. The method of any one of claims 13 to 22, wherein the device is configured for use in a
system for rotational damping, wherein damping properties of the rotational damping system
are tunable by varying the vacuum pressure.

24. The method of any one of claims 13 to 23, wherein the device is configured for use in a
system for contractile breaking force generation, wherein a magnitude of the generated
contractile breaking force is tunable by varying the vacuum pressure and/or the positive
pressure.
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