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(57) Abstract: Actuators and methods of use are
provided. An actuator may comprise an inner member
made from an elastic material and defining a compart-
ment for receiving an actuating fluid, the inner member
being moveable in a longitudinal direction from a re-
laxed state to an expanded state by introducing an actuat-
ing fluid into the inner member; and an outer member
made from an inelastic material and being disposed
around the elastic inner member to control expansion of
the elastic inner member in a radial direction, the outer
member being moveable from a folded relaxed configur-
ation to an unfolded extended configuration as the inner
member moves from the relaxed state to the expanded
state, wherein the movement of the actuator between the
relaxed state and the expanded state causes a movement
of a structure to which the actuator is attached.
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TITLE
ACTUATORS AND METHODS OF USE

RELATED APPLICATIONS

[001]  This application claims the benefit of and priority to U.S. Provisional Application
No. 62/011,830, filed on June 13, 2014, and U.S. Application No. 14/628,663, filed on
February 23, 2015, which are both incorporated herein by reference in their entireties.

FIELD

[002]  The present disclosure relates to hydraulic actuators for medical applications and

general robotics applications.
BACKGROUND

[003] There is a wide array of muscular degenerative disorders that affect millions of
people worldwide every year. The most common type of muscular dystrophy, Duchenne
muscular dystrophy, occurs in 1 of every 3300 male births. In addition, stroke, the leading
cause of serious, long term disability in the United States, affects 795,000 people each year.
Finally, the elderly population (65 and older) in the United States was 40.3 million in 2010,
which was 13% of the total population. This number continues to grow and the elderly are
predicted to comprise of 20% of the population of the United States by 2050. Many of these
individuals cannot complete the simplest of tasks which require precise movement of arms,

legs, and all other skeletal muscle extremities.

[004]  There is a demand for a hydraulically actuated exo-musculature that can be used to
promote muscular rehabilitation, while allowing the user to wear the device comfortably
with the body’s natural movement in mind. A fully functional and comprehensive exo-
musculature has the potential to provide assistive movement for entire human body by
replacing the often cumbersome and limiting traditional robotic system. Still further, the
hydraulically actuated Exo-Musculature, consisting of a network of actuator, that can be
rapidly assembled, integrated with desired artificial skeleton and utilized as stand-alone

robotic system.
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SUMMARY

[005] Hydraulic actuators and methods of their use are disclosed. According to some
aspects of the present disclosure, there is provided a hydraulically operated lattice device
comprising a first member; a second member; and an actuator connected to the first member
at its first end and to the second member at its second end, the actuator comprising an
inner member made from an elastic material and defining a compartment for receiving an
actuating fluid, the inner member being moveable in a longitudinal direction from a relaxed
state to an expanded state by introducing an actuating fluid into the inner member; and an
outer member made from an inelastic material and being disposed around the elastic inner
member to control expansion of the elastic inner member in a radial direction, the outer
member being moveable from a folded relaxed configuration to an unfolded extended
configuration as the inner member moves from the relaxed state to the expanded state,
wherein the movement of the actuator between the relaxed state and the expanded state
cause a movement of at least one of the first member and the second member relative to the

other member.

[006]  According to some aspects of the present disclosure, there is provided an actuator
system comprising a reservoir including an actuating fluid; and multiple actuators, each of
the multiple actuators comprising: an inner member made from an elastic material and
defining a compartment for receiving an actuating fluid, the inner member being moveable
in a longitudinal direction from a relaxed state to an expanded state by introducing an
actuating fluid into the inner member; and an outer member made from an inelastic material
and being disposed around the elastic inner member to control expansion of the elastic inner
member in a radial direction, the outer member being moveable from a folded relaxed
configuration to an unfolded extended configuration as the inner member moves from the
relaxed state to the expanded state; a pump in fluid communication with the reservoir and
the actuators for selectively supplying the actuating fluid to the actuators; and a controller in

communication with the pump to control operation of the pump.

[007]  According to some aspects of the present disclosure, there is provided an

exoskeleton joint comprising a wearable sleeve; a first member and a second member
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combined with the wearable sleeve, the second member being pivotably connected to the
first member by a hinge; an actuator connected to the first member at its first end and to the
second member at its second end, the actuator comprising: an inner member made from an
clastic material and defining a compartment for receiving an actuating fluid, the inner
member being moveable in a longitudinal direction from a relaxed state to an expanded state
by introducing an actuating fluid into the inner member; and an outer member made from an
inelastic material and being disposed around the elastic inner member to control expansion
of the elastic inner member in a radial direction, the outer member being moveable from a
folded relaxed configuration to an unfolded extended configuration as the inner member
moves from the relaxed state to the expanded state, wherein the movement of the actuator
between the relaxed state and the expanded state cause a movement of at least one of the

first member and the second member relative to the other member.

DESCRIPTION OF THE DRAWINGS

[008]  The presently disclosed embodiments will be further explained with reference to
the attached drawings. The drawings shown are not necessarily to scale, with emphasis
instead generally being placed upon illustrating the principles of the presently disclosed

embodiments.
[009]  FIG. 1 is illustrates an actuator system according to the present disclosure;

[0010] FIG. 2A illustrates an actuator according to the present disclosure in a relaxed

state;
[0011] FIG. 2B illustrates an actuator of the present disclosure in an extended state;

[0012] FIG. 2C and FIG. 2D show a cross section of an actuator in a relaxed state and an

expanded state according to the present disclosure;

[0013] FIG. 2E illustrates an embodiment of a actuator according to the present

disclosure;

[0014] FIG. 2F shows an axially symmetric actuator according to the present disclosure;
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[0015] FIG. 2G shows an axially asymmetric actuator according to the present disclosure;

[0016] FIG. 2H, FIG. 21, FIG. 2J and FIG. 2K show various embodiments of a lattice

device including an actuator according to the present disclosure;

[0017] FIG. 3A illustrates a lattice device including an actuator according to the present

disclosure;

[0018] FIG. 3B and FIG. 3C shows an example of use of a lattice device according to

present disclosure;

[0019] FIG. 3D illustrates an exoskeleton joint utilizing a lattice device according to the

present disclosure;

[0020] FIG. 4 illustrates a diagram of a muscle in a human arm, in particular, aspects of

mimicking a muscle operation in a human arm;

[0021] FIG. 5A, FIG. 5B, FIG. 6A and FIG. 6B show an actuator system according to the

present disclosure;

[0022] FIG. 7A, FIG. 7B and FIG. 7C show an actuator according to the present

disclosure.

[0023] FIG. 8 and FIG. 9 are graph showing an actuator length relative to applied actuator

pressure based on tests of a prototype actuator;

[0024] FIG. 10 is a graph of force relative to the pressure based on tests of a prototype

actuator;

[0025] FIG. 11 is a graph of resistance relative to distance based on tests of a prototype

actuator;

[0026] FIG. 12 and FIG. 13 are graphs of resistance relative to length based on tests of a

prototype actuator.

[0027] While the above-identified drawings set forth presently disclosed embodiments,
other embodiments are also contemplated, as noted in the discussion. This disclosure

presents illustrative embodiments by way of representation and not limitation. Numerous
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other modifications and embodiments can be devised by those skilled in the art which fall

within the scope and spirit of the principles of the presently disclosed embodiments.

DETAILED DESCRIPTION

[0028] The present disclosure provides a new type of an actuator or a hydraulic actuator
that can be made very similar in size, mass and overall performance to biological muscles.
The actuator of the present disclosure can be produced very inexpensively and can have a
variety of applications from wearable medical devices to stand-alone robotics systems. The
actuators of the present disclosure can be used in a different industries and technologies,
such as, for example, the health industry, medical device technologies for humans and
animals, space technologies, underwater technologies, robotic system technologies and

similar industries and technologies.

[0029] In reference to FIG. 1, an actuator system 100 may include a pump 110, one or
more valves 120, a controller 130 and one or more elastic actuators 200 that can act as an
artificial muscle. The actuator system 100 may further include a reservoir 150 for a fluid
used to actuate the elastic actuator. In operation, the pump may be used to pump the
actuating fluid from the reservoir into the artificial actuator to pressurize and expand the
actuator, thus providing a pushing force. Once a desired pressure is achieved, the actuator
may be maintained at the desired pressure, providing full control of the actuation. When the
fluid is discharged from the elastic actuator, the pressure release from the actuator causes the
actuator to contract, providing a pulling force. The controller 130 is in communication with
the component of the actuator system 100, as shown in FIG. 1, to control the operation of
the actuator system 100. The controller can be any type of controller known and used in the

art.

[0030] In reference to FIG. 2A and FIG. 2B, in some embodiments, the actuator 200
includes an inner member 210 surrounded by an outer member 220. In some embodiments,
the inner member 210 forms an clongated, expandable compartment for receiving an

actuating fluid. The inner member 210 can thus be moved from a relaxed state to an
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expanded or pressurized state by introducing the actuating fluid into the inner member 210
and back to the relaxed state upon discharge of the actuating fluid from the inner member
210. In this manner, the contracting movement of the inner member 210 can be used as an
actuating force. The inner member 210 may be made of various medical grade expandable
materials, preferably having one or more of the following characteristics: resistance to wear

and tear, high tensile strength, resilience, and elongation.

[0031] FIG. 2C and FIG. 2D show a cross section of inner member 210 for at least one
geometry embodiment. For example, FIG. 2C shows a relaxed actuator inner and outer
radius and FIG. 2D shows a pressured actuator inner and outer radius. As can be seen from
these figures, the inner member 210 initially expands in both the radial and longitudinal
direction. In fact, at the start of the expansion, the radial expansion may be greater than the
longitudinal expansion. However, as the pressure inside the inner member increases with
addition of the actuating fluid and the inner member 210 continues to expand, it gets to the
point when the longitudinal expansion become dominant, until the inner member 210 can no
longer expand radially at all, and only continues to expand in the longitudinal direction.
This can lead the actuator to produce a non-linear force. To combat this, in some
embodiments, the actuator 200 may be designed to reduce, if not completely prevent, the
radial expansion of the inner member 210. In some embodiments, the inner member 210
may be pressurized to a pressure sufficient to fully radially expand the inner member 210,
such that any additional pressurization of the inner member 210 may result in longitudinal

extension only.

[0032] Referring to FIG. 2C and FIG. 2D, tensile strength is product of tensile stress and
wall cross sectional area. For small pressures of actuating fluid the wall area may be treated
constant. Hence, for specified inner and outer wall radii of relaxed inner member and for
specified radius of radially constraining non-stretchable outer layer the inner radius or
pressurized inner member, treated as constant, can be obtained. The inner radius of
pressurized inner member can be then used to estimate the inner cross sectional area subject
to pressure generated by the actuating fluid; given the pressure of actuating fluid, that can be

obtained with conventional pressure sensor, the force produced by pressure of actuating
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fluid can be estimated as pressure times estimated inner tube area.

[0033] Still referring to FIG. 2A, FIG. 2B, FIG. 2C and FIG. 2D, the actuator 200 can
both pull and push. When an elastic contractile force is due to elongation of an inner
member 210 is larger than a force produced by pressure of an actuating fluid, then the
actuator 200 is pulling. On the other hand, when the force produced by pressure of an
actuating fluid is larger than an elastic contractile force due to the elongation of an inner
member 210, then the actuator is pushing. This can remove the necessity for an antagonistic
pairing configuration, meaning that a joint can be fully actuated by a single actuator, which

can both push and pull.

[0034] Desired ranges of clongation and tensile strength of the actuator 200 may vary
depending on application. For example, in some large strain applications, the elongation can
include ranges up to hundred percent or more of the actuator’s relaxed length, such as, when
the actuator’s end points are attached further away from the joint axis. For some small
strain applications, the elongation may include ranges of a few percent of the actuator’s
relaxed length, such as when the actuator’s end points are attached closer to the joint axis.
Similarly, tensile stress, being a product of Young’s modulus and strain may vary many
orders of magnitude depending on the application. Young’s modulus of the actuator can
depend on Young’s modulus of the inner member material(s), in addition to the number of
materials used per embodiment. For example, there can be single material embodiments or
there may be several materials used for other embodiments. In the multiple material
embodiments, various materials can contribute to a composite Young’s modulus. For
example strips of the same or different materials may be added centrally or on a side along
the actuator length to reinforce actuator strength and/or introduce different dynamical
performance, as well as geometry of the inner member. In some embodiments, this may
depend on the inner and outer radius of the inner member wall, whereas in other

embodiments, this may depend on details of more complex, possibly composite geometry.

[0035] In some embodiments, the inner member 210 may be made from latex. For
example, latex has a very high efficiency because latex can have a very small elastic

hysteresis. This means that only a very small amount of energy (on the order of only a few
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percent per duty cycle) is dissipated due to material inner friction.

[0036] The outer member 220 may form an outer sleeve around the inner member 210 to
direct the expansion and contraction of the inner member 210. The outer member 220 may
be made of a variety of different materials, preferably having one or more of the following
characteristics: cloth like inelastic but foldable, tough, with low absorption of moisture and
a high flexural linear strength. In some embodiments, the outer member 220 may be made
of polyester. In some embodiments, the outer member 220 may be configured to expand
only in the longitudinal direction. In some embodiments, the outer member 220 may be
made of an inelastic material with wrinkles or folds. In this manner, the outer member 220
may be folded when the inner member 210 is in the relaxed state. However, as the inner
member 210 is expanded with actuating fluid, the outer member 220 would begin to stretch-
out in the longitudinal direction until the outer member 220 is fully expanded. In some
embodiments, the outer member 220 may only be connected to the inner member 220 at the
ends, but not along entire lengths, to allow the outer member 220 to freely fold and expand,
as required. In some embodiments, the outer member 220 is connected to the inner
member210 discontinuously, that is, at certain one or more contact points, in addition to end
points rather than along the entire length. This may further aid in folding and unfolding of

the outer member 220.

[0037] The outer member 200 may be designed to prevent or at least minimize radial
expansion of the inner member 210. To that end, it is desirable that when the outer member
220 is expanded there are no openings in the outer member 220 through which the inner
member 210 can protrude in radial direction when pressurized. Allowing parts of the inner
member 210 to protrude through the outer member 220 may jeopardize the efficiency of the
system as energy would be transferred not along actuation dimension, i.e., longitudinal
direction, but in a radial direction. Moreover, if the inner member 210 protrudes through the
outer member 220, the inner member 210 may be pinched by or become entangled with the
outer member when contracted, which may cause further problems. Accordingly, in some
embodiments, the outer member 220 can be made from a sheet of material which in the

expanded state has no openings to provide an unbroken or uninterrupted barrier which
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prevents the inner member 210 from protruding through the outer member 220, in whole or
in part. By way of a non-limiting example, the outer member 220 may be made from a
corrugated fabric or cloth like material. The expansion of such outer member 220 is not
likely to create any openings in the outer member 220 through which the pressurized inner
member 210 may protrude, in whole or in part. The outer member 220 is allowed to expand
by unfolding the folds of the outer member 220, rather than by simply stretching the outer

member 220, which may result in unwanted openings.

[0038] In some embodiments, the inner member 210 may include two or more members
and the outer member 220 may include two or more members, or some combination of one
or more inner members 210 with one or more outer members 220. For example, it is
contemplated there could be several inner members 210 for a single outer member 220, such
as the several inner members 210 acting as actuator fibers within the same actuator 220. It is

also contemplated that there could be several actuators 220 configured in parallel.

[0039] FIG. 2E shows an embodiment of the actuator 200, wherein the prototype actuator
200 includes an outer inelastic member 220, fasteners 209 to attach the actuator to a joint,
and a fluid adaptor 225 used for accessing the actuating fluid to into the inner member 210
(not visible). The actuator 200 may include at least one brass plug located at an end of the

prototype actuator 200 to plug one end of the actuator 200.

[0040] The actuator 200 may have segments with variable elastic properties, different
cross sections or both along its length. This may be achieved by changing the eclastic
properties of the inner member 210, outer member 220 or both. In some embodiments, the
actuator can have variable elastic properties as a function of azimuthal angle. For example,
one side of the inner member 210 may have different elastic property than the other side
(such as due to reinforcement). In this manner, pressurizing the actuator 200 with actuating
fluid can cause the actuator 200 to curve.

[0041] As shown in FIG. 2F, in some embodiments, the actuator 200 may be axially
symmetric in its elastic properties. An axially symmetric actuator may be able to expand
and contract substantially linearly substantially in longitudinal direction, without bowing.

As shown in FIG. 2G, the actuator 200 may be axially asymmetric in its elastic properties,
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with different sections of the actuator 200 having different elastic properties. An axially
asymmetric actuator may bow when pressurized as shown in FIG. 2G. In some
embodiments, the elastic properties of the actuator 200 may be designed such that the
actuator 200 is axially asymmetric and conforms to more complex pre-defined shapes.
[0042] It should, however, be noted that due to inherent elasticity of the actuator 200,
even an axially symmetric actuator may experience some curving when pressurized. In
some embodiments, when bowing is not desirable, an additional non-stretchable layer may
be added to the actuator 200 to diminish or eliminate bowing of the actuator 200 and instead
to guide expansion of the actuator along a substantially straight line. Alternatively or
additionally, the inner member, the outer member or both can be reinforced.

[0043] FIG. 2H and FIG. 21 illustrate a lattice device 250 operated by the actuator 200.
The lattice device 250 may include a first member 252 and a second member 254 pivotally
connected to one another by a hinge or joint 256. The members 252, 254 may be made of a
rigid or semi-rigid material, and may be made of different shapes. In some embodiments,
the members 252, 254 may be an clongated rod. The lattice device 250 may be operated
(bended and straightened) by the actuator 200, which may be connected at its opposite ends
to the firs member 252 and the second member 254. In some embodiments, the lattice
device may be configured so only one of the members moves relative to the other member.
In some embodiments, the lattice device may be configured that both members 252, 254
move relative to one another.

[0044] As shown in FIG. 2H, the actuator 200 may be shaped to a desired shape to aid in
operating the lattice device 250. The actuator 200 may also be allowed to bow in a pre-
defined manner to increase the force that the actuator can apply on the first and second
members 252, 254. In some embodiments, this can be achieved using an axially asymmetric
actuator or multiple actuators, as discussed above. Alternatively or additionally, this may
be achieved by providing a restraining member 240, which may be designed to guide the
bowing of the actuator 200. Segments AB, BC, CD, DE of the restraining member or of the
actuator can be constructed from different materials characterized by different stiffness or
pre-stretched wrinkling level. In some embodiments, the segments AB and DE may be

designed so the angles at points A and E (connection points of the actuator to the lattice)

10
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may be approximately 90 degrees or as close to 90 degrees as practical or possible. This
may enable the actuator 200 to apply more torque on the members 252, 254 of the lattice
with same actuator force compared to if there was no bowing or too much bowing. In this
manner, the efficiency of the actuator may be improved, and the actuator may be allowed to
perform tasks such as pushing larger loads. At the same time, the segments BC and CD
may be designed to provide controlled bowing of the actuator along those segments.

[0045] FIG. 2J and FIG. 2K illustrate alternative embodiments of the lattice device 250.
As shown in FIG. 2J, the actuator 200 can move the members 252, 254 linearly relative to
one another as indicated by the arrow A. As shown in FIG. 2K, in some embodiments, the
members 252, 254 may be connected by a series of additional members, joints or both to
allow the movement of the member 252 relative to the member 254 in a manner indicated

by the arrow B.

[0046] Referring back to FIG. 1, various pumps can be used in the actuator systems 100
of the present disclosure. In some embodiments, a diaphragm pump can be used. By way
of a non-limiting example, SHURflo 8035-963-239 12VDC diaphragm manual demand
pump may be used. It is a positive displacement, 3-chamber diaphragm pump that utilizes
maximum discharge pressures to deliver high flow rates. The check valve is 2-way
operational and prevents reverse flow while providing 6ft head of forward flow. The
actuator system of the present disclosure may further include various valves and sensors for
controlling the flow and pressure of the actuating fluid. In some embodiments, solenoid

valves may be used.

[0047] In reference to FIG. 3A, FIG. 3B, FIG. 3C and FIG. 3D, the lattice device 250
powered by the actuator 200 may be employed as an exoskeleton. In some embodiments,
the lattice device 250 may be provided about a user’s joint (either internally or externally) to

assist the user in moving the limbs of the joint.

[0048] For example, FIG. 3A shows the actuator 200 being attached to the lattice device
250 using fasteners 309. The position of the actuator attachment points on the lattice device
may be varied up and down the latticed device 250, for example, to control the torque

applied on the lattice device 250 by the actuator 200.

11
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[0049] The fasteners 309 can include cutouts therethrough to assist in attaching the
actuator 200 to the lattice device 250. In some embodiments, the fasteners 309 may be a
thin sheet metal with cuts into approximately 1 inch by 3 inch pieces and then bent a third of
the way down at a 90 degree angle. On one third of the piece, a hole can be drilled so that
the cutout could be aligned, concentrically, between one or more adapters for the actuator
200 for a sturdy and permanent attachment. The other half of the cutout can be bent to look
like a hook so that it could be fastened around any segment of the latticed device 250.
Because of the malleability of the sheet metal, it may be possible to adjust the bend angle so
that the open end of the actuator 200 and adapters can stay parallel to maintain the structural
integrity of the elastic. At least one aspect to this design may allow for easy detachment and
attachment at both ends of the fasteners so the actuator 200 could be arranged in a variety of

configurations and at different points on the lattice device 250.

[0050] FIG. 3B shows the lattice device 250 fastened to a portion of the skeleton. In
reference to FIG. 3C, multiple actuators 200a, 200b, and 200c may be integrated with the
lattice device 250 to allow for a skeletal actuator model that can actuate many degrees of
freedom. For example, an actuator 200 can be attached as a shoulder flexor of the skeleton
so that the model can actuate with two degrees of freedom. In some embodiments, two
actuators 200 may be employed to actuate the elbow joint of the skeleton, and a third

actuator 200 can be used to actuate the shoulder of the skeleton.

[0051] In reference to FIG. 3D, to create an exoskeleton joint 260, the lattice device 250
may be combined with a wearable sleeve 270. When the user wears the sleeve 270 about a
joint of the user, the members 252, 254 of the lattice device can be positioned substantially
along the limbs of the user joint. In this manner, the movement of the lattice members 252,
254 by the actuator 200 may assist the movement of the limbs of the user. In some
embodiments, the lattice members 252, 254 may be shaped to conform to the shape of the
user’s limbs for additional comfort. In some embodiments, multiple lattice devices may be

incorporated into a wearable clothing to help movement of multiple joints of the user.

[0052] The actuator system of the present disclosure may include one or more sensors,

which may, for example, allow sensing the position of a limb actuated by the actuator

12
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system. For example, when the actuator is used to function as a bicep, the angle of the fore
arm with respect to the upper arm may be sensed. Still further the measurement of electric
resistance of actuating fluid within elastic inner member can be utilized to accurately
estimate the linear length of the actuator when inner member is fully extended in the radial

direction.

[0053] FIG. 4 illustrates a diagram of a muscle in a human arm, in particular, aspects of
mimicking a muscle operation in a human arm. There are various potential applications for
the actuator systems of the present disclosure. For example, the actuator system can be used
as exo-musculature and worn by people for various reasons, or it can be used in place of any
rigid robotic actuator that currently exists. As exo-musculature, this design can be used in
the health industry as a way to provide assistance and mobility to those that lack them, or it
can be worn in order to augment a person’s strength. There are a variety of uses for an exo-
musculature design in the health industry. It can be used as prosthetics for people who have
lost limbs. There are plenty of cases right now, where amputees are being given robotic
limbs in place of their lost limbs. They have the ability now to control the movement of the
robotic limb with their minds as accurately and as quickly as a human limb. The actuator
system is more compliant than rigid robotics and has the potential to move more similarly to
human limbs than rigid robotic limbs. The actuator system can be used in almost every
aspect of physical therapy. It can be used to help a person regain movement after injuries. It
can be used in the same manner to provide mobility and strength to people who have long
been losing their mobility and strength. Because of its compliant nature, our hydraulic
design would be much safer and much more applicable to human movement than any sort of

rigid design.

[0054] Moreover, the actuator system of the present disclosure can also be used to
provide augmented strength in other scenarios for humans and animals. Currently, the
military is investing in powered, robotic exoskeletons in order to provide service men and
women with super human strength. As advanced as these sorts of innovations are becoming,
they have the same flaw in their rigidity as everything else. It is always going to have

limitations in the degrees of freedom and mobility that comes with attaching another rigid
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structure to a human body. This design has the potential to produce the same large amounts
of force as these military exoskeletons already do while being fluid and mobile and

compliant enough to attach to a human body.

[0055] In some embodiments, the actuator system of the present disclosure can potentially
be used instead of an electric motor for virtually any robotic need. Because the actuator
system is extremely modular, it can be used anywhere from industrial robotics to the robots
that kids tinker with as a hobby. This has the potential to help move robotics as a whole

away from rigid structures to soft robotics.

[0056] Further, it is possible that the modular actuators can have embedded pressure
sensors, ¢lastic band length sensors, and conductive threads instead of conventional wiring.
[0057] In the context of orthotic devices and exo-skeletons the similarity that the
actuators of the present disclosure have with human skeletal muscle can reduce the
difficulty of their integration with exo-skeleton systems. The compliance that the actuators
of the present disclosure can introduce into a joint, for example, that the actuators are easily
adjustable over a wide range of spring constants, can reduce shock and jerk on both the
mechanics of the exoskeleton and on the human operator.

[0058] Further, the hydraulically actuated actuators of the present disclosure can offer
several advantages over a pneumatic actuation. For example, in the system of the present
disclosure response times can be typically much faster, i.e. pressure propagates faster in
water than in air, energy losses can be much smaller, and for incompressible fluids, output
forces per unit area may be much larger enabling a more compact prime actuator for the

same dynamic force output characteristics.

[0059] Referring to FIG. 5A and FIG. 5B, in some embodiments, the systems of the
present disclosure may include multiple actuators 200 to provide a versatile system with
sufficient degrees of freedom. Typically, each degree of freedom may require at least two
ordinary solenoid on/off valves to control pressure in the actuators 200. However, having
too many active valves in the system may be problematic due to consequences in cost, size,

mass, and energy efficiency.
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[0060] Referring to FIG. 5A, in order to minimize the number of valves and amount
associated hardware, some embodiments of the present disclosure provide a multivalve
system based on motorized rotary selector in series with fast active valve, which would
significantly reduce the number of the required valves and hardware. In some
embodiments, only two selectors and two active valves may be needed for the entire

actuator array.

[0061] Still referring to FIG. 5A, a system 400 may include multiple actuators 200a-¢
connected in parallel. The system 400 may further include a selector having a rotary disc
with a single outlet and a static disc with multiple openings, which correspond to degrees of
freedom in one to one correspondence, as shown in FIG. 5B. Only when the openings of the
rotary and static disks are aligned and the fast valve is open fluid is allowed to flow through

into the selected actuator 200.

[0062] For example, if fluid needs to be pumped into the n-th actuator, the selector on the
inlet side of the system 400 may select the n-th opening and the selector’s servo motor can
align the rotary disk opening with the n-th tube. Then, the active valve can open and the
pump can push the fluid into the n-th actuator. Fluid will pass through the active valve, the
selector’s opening and the passive valve before entering the actuator. Further, the passive
valve may be a one way valve to prevent the fluid from flowing out of the actuator due to

one-directional passive valve on the right.

[0063] When pressurized, the actuator can act to store energy in the form of elastic
potential energy. This energy can be stored for an indefinite period of time. No effort is
needed to maintain actuation state, but rather only to change it. When the n-th actuator is
supplemented with the right amount of fluid, the active valve will close, and the selector

will close too (disk opening will not be aligned with any of the tubes).

[0064] To release a desired amount of the fluid from the n-th actuator, the selector at the
outlet of side of the system 400 on the right of FIG. 5A can align its disk opening with the
n-th tube and the active valve will open. The fluid will move into the reservoir. Further,
fluid won’t be allowed to return to any of the actuators due to a one way passive valve on

outlet of the actuator 200. In this manner, the same actuator is not engaged by the active
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elements on the input and output simultancously. At least one advantage of the system 400
of the present disclosure is that it can only require two fast active solenoid valves for the
entire actuator network. A conventional design would require two active valves per actuator;
which would be costly, heavy, and bulky. A large number of passive valves as utilized in the
disclosed design can be acceptable since they are typically inexpensive, very light and can

be embedded within the tube with an inline arrangement.

[0065] Another potential advantage of the system 400 may be that actuators 200 can be
actuated sequentially or simultancously in parallel. For a task that does not require much
force, a single actuator or a small number of actuators can be used, while others may be kept
pressurized. Moreover, the system of the present disclosure allows use of multiple actuators
sequentially to provide sufficient degree of freedom. The system also enables constant force
to be maintained because while some actuators are being depressurized, others can be
pressurized for the next operation. For a task requiring more force, additional actuators may
be employed simultancously. If further parallel actuations are desired, a more advanced
approach could assume single pump and reservoir and a parallel configuration with multiple

subsystems consisting of two or more active valves, selectors and actuator sub-networks.

[0066] FIG. 6A and FIG 6B show a conceptual view of an off-axial one-to-many valve
selector. It is contemplated that some applications may have an actuator network that can
require only very small flow rates, for example, only up to several cubic-centimeter-per-
second. Further, such an implication can be that the hydraulic pump could be extremely
compact and fast. Moreover, due to the inherent mechanical advantage properties of
hydraulic systems, i.c. the input area being smaller than the output area, the mechanical
loading on the pump can be engineered to be arbitrarily smaller than the loading on the
actuator network. The servo-mechanism on the valve selector can be also compact and very
fast. In other words, the drive motor may have a very high RPM that can be geared down to
a range of speeds required by proposed application, as illustrated by the conceptual design

depicted in FIG. 6A and FIG 6B.

[0067] FIG. 7A, FIG 7B and FIG. 7C show modular hydraulically actuated units may

have rectangular cross section and they can be fully biased to expansion along single side
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when pressurized. For example, these actuators disclosed in FIGs. 7A-7C can be provided
with a more complex 3D distribution of stiffness. It is possible that a skeletal structure can
form a virtual joint as shown in FIG. 7C, wherein a string can be utilized to wrap units and

constrain (only partially) radial expansion.
[0068] EXAMPLES:

Prototypes

A. Prototype 1

[0069] The first prototype was built with inexpensive, easily-accessible materials, such as
common latex surgical tubing. One end of tube was sealed off by melting a small bit of latex
on that end. On the other end, a barbed plastic connector was used to connect the actuator to
a polyethylene tube. A small piece of polyester cloth was used as the inelastic outer wrap. A
piece of the polyester fabric which measured approximately 15 in x 3 in was sewn around
the latex tube. The ends of the fabric were secured to the ends of the latex tube by using

small pipe clamps on each end.

[0070] This first prototype could exert a maximum tensile force of about 25 N. However,

Prototype I had some leaks, and that motivated need for the more robust Prototype I1.

B. Prototype II

[0071] The second prototype was designed as a continuation of the first prototype. The
clastic actuator used for the second prototype was the final design of the actuator. The
design features a latex surgical tube on the inside and a polyester fabric on the outside. The
actuator has a brass plug on the proximal end and a plastic adapter on the other end. The
plug and the adapter are concentric and tightly installed. The fabric is attached to the tube

with common metal hose clamps.

[0072] Latex was chosen for its exceptional resistance to wear and tear, high tensile
strength, resilience, and elongation. The outer sleeve is 