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ABSTRACT

Perceptual-motor experience is critical in early childhood for learning and
cognition. By exploring object properties and relations among objects, infants develop
visual-motor coordination, spatial skills, memory, language, cognition, and problem
solving abilities. Such development and performance of activities of daily life (ADLs)
rely heavily upon upper extremity function; and those with impaired reaching ability
are at great risk for delays in these areas. While increasing user ADL independence,
automated assistive devices may potentially increase the dose of interaction, which may
enhance cognitive, social and motor development.

Many actuator materials and devices are used to power automated assistive
devices, however, in orthotics and prosthetics, the requirement for a “natural” look and
feel, to make the artificial or assisted limb feel integrated with the body, is limited by
current technology. Bulky, heavy, noisy electrical motors are typically used, which
substantially reduce user compliance of powered orthoses. For greater acceptance of
such devices, the desired requirements include: low weight, quiet operation, soft feel,
and size and shape approximating that of a natural limb, with cost being an important
factor. Dielectric elastomer actuators (DEAs) feature great promise in fulfilling these
requirements. Nonetheless, so far only a few studies have attempted to explore
rehabilitation applications, and at a very preliminary level.

The overall goal of this dissertation is to develop a powered unilateral

exoskeleton using a commercially available DEA that works as “artificial skeletal

Xvii



muscle”, and thereby, assess DEAs' capabilities and limitations to actuate rehabilitation
robots.

In Aim 1, by assessment of the state of soft actuators technology, Stacked
Dielectric Elastomer was chosen to form an artificial skeletal muscle for actuating an
upper extremity rehabilitation exoskeleton. This was accomplished through comparison
of five novel groups of soft actuators: Coiled Nylon Fiber, Ethanol-Based Phase-
Change, Poly Vinyl Chloride Gel, Stacked Dielectric Elastomer and Hydraulically
Amplified Self-Healing Electrostatic.

In Aim 2, the electro-mechanical properties of a commercially available
CTsystems’ stacked DEA (CT-SDEA) were benchmarked. CT-SDEA observed
properties were then compared with the reported values for mammalian skeletal muscle
and performance metrics, such as its length-tension properties and force generation
hysteresis were assessed. Thereby, an artificial skeletal muscle using multiple CT-
SDEAs in series and parallel was configured.

In Aim 3, the capability of adding proprioception to the configured artificial
muscle was evaluated. This was done by measuring the length-dependent variation in
capacitance of the CT-DEA, via a previously established length self-sensing technique.
This length self-sensing technique then was added to an artificial muscle consisting of
three CT-SDEAs in series. To mimic the muscle spindle’s function in mammalian
skeletal muscle, the length modulation of the middle CT-SDEA was then sensed, while
the artificial muscle was contracting.

In Aim 4, the capability of the configured artificial muscle in actuation of a
phantom upper extremity model’s elbow joint was assessed. Multiple artificial muscle

configuration were tested to actuate the joint. The artificial muscle consisting a bundle

xviii



of 3 myofibrils, each which containing five actuators in series, generated 22° of elbow
flexion in the sagittal plane with 224 °/s angular velocity, under 1 N of tensile load.
These results demonstrated CT-SDEAs’ potentials and limitations in
rehabilitation applications. Using the benchmark testing results, appropriate assistive
devices can be designed, which fit the capabilities of these versatile soft actuators.
Further investigation is needed to assess CT-SDEAs capabilities in actuating joints with

range of motion smaller than that of elbow, such as ankle.
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Chapter 1

INTRODUCTION

1.1 Background and Significance

For young children, exploration using their arms significantly impacts cognitive,
language, social, and perceptual-motor development!~. Children demonstrating
impaired or delayed use of their upper extremities often display developmental delays
in the above areas. For example, infants with delayed reaching onset and less object
exploration are not as successful at exploring and problem solving*>. The ability to
move one’s arms against gravity is important for independent performance of countless
activities of daily living (ADLs)*%. Additionally, surveys of major impairments and
disabilities in individuals with tetraplegia indicate that improving arm function rated
high or very high in improving quality of life and would have high impact and priority’*.
Thus, the development of a powered, pediatric exoskeleton that can improve upper
extremity function and may have profound immediate and long-term implications for
populations with severe impairments.

Interventions exist to enhance upper extremity function in pediatric populations
with severe impairment®'3, however, there are a limited number of robotic devices
available to enhance movement, exploration, and learning ADLs for these
populations!'+1°,

Positive outcomes of physical rehabilitation of neurologically based disorders
17,18

depend heavily on the, duration, intensity, and task orientation of the training

Additionally motor learning strategies that incorporate high-intensity practice, cognitive



engagement, and functional relevance are considered essential to successful therapy for
pediatric movement disorders'®2°. Such interventions, however, require a high level of
hands-on assistance and supervision by a trained caregiver, which may be limited by
clinical and insurance constraints, or caregiver accessibility. The durations of
rehabilitation are getting shorter’! and one approach to combat this problem is to
develop devices that one can use in the home on a daily basis. By increasing the
independence of the user in performance of ADLs, automation will potentially increase
the dosage of interaction that consequently results in greater cognitive, social and
development improved motor performance. Robot-assisted therapy is considered to be
as effective or better than conventional therapy®>%3, because, 1) it is less labor intensive
for therapists; 2) it is more challenging for patients; 3) robots can produce repetitive
movements, allowing increased intensity of rehabilitation?*; 4) they can provide a large
variety of exercises for the therapist to choose from; 5) the man-machine-interaction
allows an objective measure of progress, which itself can condition changes in the
interaction by altering control parameters; 6) they can be combined with virtual reality
interfaces to motivate patients and increase active participation; and 7) sophisticated
control strategies can provide assist-as-needed'®. In adult rehabilitation, specifically
post-stroke, arm training is increasingly provided by rehabilitation robots'#. There are
two main applications of rehabilitation robotics, 1) support to perform ADLs, which we
call assistive robots, and 2) providing physical training, the most common application,
which we call training robots.

Although a handful of active and passive pediatric exoskeletons exist, major
improvements are needed to develop a wearable assistive exoskeleton for ADLs.

Based on the definition by Dollar et al., an exoskeleton is defined as “an active

mechanical device that is essentially anthropomorphic in nature, is “worn” by an



operator and fits closely to his or her body, and works in concert with the operator's

movements”?>,

They enable the users to increase their range of motion (RoM) and
provide a safe environment in which each joint is mechanically constrained to stay in
the anatomical range to induce physiological rather than compensatory movements ',
The possibility to train 3-D reaching movements in space is among their potential
benefits!#. Exoskeletons have been studied as rehabilitation robots since 1983%° and
showed promising results in upper extremity rehabilitation of adults. Robots such as
ARMin?’ for post-stroke rehabilitation and WOTAS?® for tremor suppression are two

examples of such exoskeletons. Nonetheless, there are only a handful of exoskeletons

specifically

designed for pediatric populations. The ChARMin, the pediatric version of the widely
studied ARMin rehabilitation robot, is one of the only actuated upper extremity

exoskeletons for children. Its adaptable and patient-cooperative controller, which



supports arm movements during game-like scenarios, have shown great potential in
preliminary evaluations on five children with variety of upper extremity movement
disorders. Due to using DC motors to actuate four degrees of freedom of movement, its
bulky and heavy structure, however, prohibits its use as wearable assistive exoskeleton
(Figure 1.1). Conversely, using a less complex approach, Rahman et al. proposed a
wearable pediatric version of WREX exoskeleton, called the P-WREX?. The P-WREX
is based upon the WREX mechanical structure, but is comprised of 3D-printed plastic
parts mounted to a wearable molded back plate and harness. This passive assistive
exoskeleton provides support of the arms against gravity by using elastic bands to
produce counter torques to unweight the arms (Figure 1.2, left panel). Use of the WREX
showed improved upper extremity function, within one session, for older children with
muscular dystrophy, and spinal muscular atrophy>®>2. Similarly, use of the P-WREX
showed both immediate effects while using the device and additionally, therapeutic
effects post-training on a subject with arthrogryposis. Positioning the arms against
gravity was effective in enhancing the reachable workspace and allowed for enhanced
play, exploration and mid-line manipulation of objects (Figure 1.2, right panel.),
however, the level of support that P-WREX creates, is static and does not dynamically
change based on the needs of the users'®. Additionally the device showed poorly assisted
elbow flexion'® and the child cannot lift a substantial weight, mainly because of its
passive structure®. Passive devices, i.e., devices without active actuators, are cheaper,
lighter, aesthetic and less complex for at home usage, however, they cannot actively
create motion, therefore their applicability is limited in children with severe movement
disorders. Passive exoskeletons are mostly useful for stabilizing or supporting tasks and

cannot provide any fluid motion®*, thus, development is driven toward powered



exoskeltons?*. Accordingly, attempts to actuate the WREX have included series elastic*?

and pneumatic actuators>>.
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Figure 1.2 An infant with arthrogyposis using the P-WREX 3D printed
exoskeleton (black plastic components, - left). Greater toy contacts
while donning the P-WREX at hip, chest and eye level (right)'>.

Despite the shortcomings of conventional actuators in proposed wearable active
exoskeletons for assistive ADLs in pediatric population, none have used alternative
soft actuators to enhance their impediments of weight, volume and natural feel to
increase their acceptability.

Although there is a significant need for at home rehabilitation robots, only a few
rigid upper extremity exoskeletons have been tested to support ADLs, perhaps due to
complexity and economic restrictions>**®, Moreover, these robots can be physically
uncomfortable due to their rigid structure dictated by their actuation technique®’.
Additionally, their conspicuous designs are potentially stigmatizing for users and their
families by drawing unwanted attention to users’ impairments>8. Portability is also often
expected from devices assisting individuals to perform basic ADLs, thus limiting the
volume and weight of such devices should be included in their design®*. If an

exoskeleton is to support movements of multiple joints, the number of needed actuators



increases as well as does the weight of the device thus complicating potential designs?*.
Collectively, it is the properties of the actuation system, which define and limit
fundamental characteristics of the prosthesis such as weight, response time, noise level,
and power*. Notably, if an assistive robot does not significantly improve, or if it hinders
the lives of its users, they become dissatisfied and discontinue its use shortly after, which
is the case for most of the proposed assistive robots>*. Thus, an alternative soft and light
actuator, which can align inconspicuously with skeletal structure to develop an
acceptable exoskeleton by pediatric population, is highly important.

Skeletal muscle is an evolutionary masterpiece in its mechanical properties and
is superior to conventional actuators in a variety of mechanical properties including;
power to mass ratio, power density, i.e., power to volume ratio, strain, stress, , strain-
rate, and electro-mechanical delay i.e., response time. Engineered alternatives often fall
short in mimicking skeletal muscle®**’. Thus, the need to closely mimic the mechanical
characteristics of skeletal muscle is of a high importance in developing an actuator for
exoskeletons where the main focus is the augmentation of musculoskeletal system.
Table 1.1 shows some of these properties for mammalian skeletal muscle*,

The widely studied DC motor is the most common actuator in upper-limb
exoskeletons. This is due to their fast operation, precision, and controllability*!. More
than 70% proposed active upper extremity exoskeletons, used DC motors as their
actuators*'. The low power to mass ratio of DC motors, however, makes these type of
exoskeletons bulky and heavy*’. Additionally, unlike skeletal muscle, conventional DC
motors usually cannot align in parallel with bones due to their rotary actuations and
require transmission mechanisms, which further increases the size of the robot.

Moreover, the need for gears to meet the low speed, high torque needs in robotic



applications further exacerbate the weight and volume issues*?. Pneumatic actuators are
the second most common actuators in rehabilitation robotics and power about 20% of
the proposed exoskeletons*!. These contractile linear actuators- that is an actuator that
creates motion in straight line in contrast to rotary DC motors- are soft and their work
density and power to mass ratio are closer to biological muscle, however, they generally
require a heavy and noisy energy resource equipment (air compressors) needed to drive
them*’.

Soft actuators, i.e., actuators having Young’s modulus in the range of soft
biological material (104-109 Pa) such as muscle and tendon, are highly desirable in
assistive robotics because, they increase the safety of the device and adapt more readily
to various objects’’”. When natural feel combines with acoustically noiselessness
operation, the resultant actuator may substantially increase the acceptability of the
assistive robots, which use them. These features may even more significant in pediatric
population. Additionally, a soft contractile linear actuator can closely follow any
complex origin and insertion point of a target muscle, e.g., a supinator muscle, to
augment its complex motion while occupying more minimal space. These continuously
deformable muscle like actuators can be configured to virtually obtain unlimited degrees
of freedom in contrast to their hard-bodied counterparts 37**. Among all proposed soft
linear actuators only a few of them have shown to be capable of generating comparable
force to human skeletal muscle. In this proposal, we call this group of soft actuators
artificial skeletal muscle.

Despite numerous proposed novel actuators, their capability to be deployed as
artificial skeletal muscle in rehabilitation robotics has not been compared.

A variety of electronic, ionic, and photo activated soft actuators with interesting

muscle-like characteristics have been proposed. Nonetheless, due to their scalability,



manufacturing and structural complexity a few of them have shown promise as artificial
skeletal muscle. Recently, polymer based actuators have attracted great attention due to
their unique mechanical characteristics, which can be tailor made for the targeted
applications*’. Many electro-active polymer (EAP) and thermally driven polymer
actuators have shown promising capability to act as artificial skeletal muscle.
Thermally activated actuators usually have large strain and high force generation
capability, which surpass human skeletal muscle**#%. The most studied and
commercially available actuators of this kind are Shape memory alloys (SMAs), which
due to their mechanically rigid nature (Young’s modulus 2x10'°) are not soft actuators.
Among thermally driven polymer actuators, shape memory polymers (SMPs) have
limited force generation capability*’. Conversely, thermally driven polymer fibers and
phase change actuators are soft linear actuators, with large strain and power to weight
ratios, which make them potentially versatile artificial skeletal muscles. Haines et al.**
proposed an inexpensive, (~$5/kg), thermally activated polymer fiber actuator, that
could generate up to 20% longitudinal strain under 40 MPa load with little or no
hysteresis. Despite its versatility, this actuator was not easy to manufacture. In the
remerging phase change actuators category, Miriyev et al.*® proposed another
uncomplicated group of thermally driven soft actuators that combined the elastic
properties of a silicone elastomer and the extreme volume change in liquid—vapor phase
transition of ethanol. When heated these light-weight actuators expanded up to 900%.
These actuators can be 3D printed in various shapes. In a more complex approach Lima

et al.®

presented a group of liquid-solid phase change actuators, which used volume
change of a guest material trapped in carbon nanotube (CNT) yarn. These hybrid CNT

actuators delivered up to 3% longitudinal strain, while lifting a tensile load of 14.3-MPa



with acceptable cycle life. Unlike most previous CNT actuators these group phase
change actuators did not need electrolyte and special packaging, however, it was
expensive to manufacture**. Similar to most thermally driven actuators, despite high
power to mass generation capability, these three aforementioned actuators have limited

response times, actuation frequency, and efficiency.

Table 1.1  Properties of mammalian skeletal muscle3*°.
Property Typical Max
Strain (%) 20 >40
Stress (MPa) 0.1 0.35
Strain-rate (%/s) 500
Power to mass (W/kg) 50 200
Efficiency (%) 40
Cycle life (M Cycle) 1000
Axial Young Modulus (MPa) 10-60
Electro-mechanical delay (ms) 544

Activation mechanism is prominent criteria in choosing a suitable actuator for
any applications. For active exoskeletons, light and magnetically activated actuators are
less interesting because their source of activation decreases their power to mass ratio
and complicates their structural design. Electrical stimulation, however, is consider the
most promising activation mechanism, because of its speed, availability, advances, and
control systems®’. Thus, even thermally driven actuators use electro-thermal
activation***®. Furthermore, since natural muscle is a electro-active actuator, for
biomimetic applications and artificial muscles electrical activation may be more

preferable.



Electro-active polymer (EAP) actuators is an emerging class of electro-
mechanical transducers that show unique combination of functional and structural
properties that have no equals among alternative actuation technologies, such as large
active strains, high power density, high mechanical compliance, scalability, no acoustic
noise, and, in most cases, low cost>!. EAPs are commonly classified into two major
families: ionic EAPs, and electronic EAPs. lonic EAP actuation mechanisms are mostly
based on ion commute between two electrodes thus they usually need to operate either
in a gel or a wet state electrolyte®®. The performance of the latter, e.g. conductive
polymers, CNT and Ionic Polymeric Metallic/Composites (IPMC), is adversely affected
by their low efficiency, short lifespan, and high response time**2. Additionally, their
need for a wet state electrolyte, limits their operating temperature, increases their
structural and packaging complexity. Conversely, Plasticized Poly Vinyl Chloride
(PVC) gel actuators are inexpensive ionic EAP actuators, with strain, efficiency, and
power to mass ratio surpassing many artificial skeletal muscles alternatives>*>*. A 50 x
10 x 6 mm PVC Gel artificial muscle showed up to 9 Hz full actuation frequency, 12%
of no-load tensile strain and 39 N of maximum isometric force generation capablity>>.
Although PVC Gel is a soft EAP, most proposed packaging for high force generation
PVC actuators are rigid as well. Furthermore, life cycle testing of these actuators

showed decrease in performance after short period of actuation®?.
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Figure 1.3 DEA actuation mechanism. When DC voltage is applied, Maxwell
pressure squeez the elsatic dielectric between the electrodes.

Figure 1.4 Rolled DEA acting as a bicep on a full-size human skeletal muscle>’.

Electronic EAPs (AKA, ‘dry’ EAPs or field-activated EAPs) are polymers that
respond to an applied electric field by either reorientation of their internal structure,
AKA, electrostrictive polymers, or electrostatic interaction of opposite charges, i.e.,
Maxwell pressure, as opposed to charge or mass transport of ionic EAPs. Maxwell
pressure is the electrostatic pressure between the charged electrodes of a capacitor.
Although they need high activation electrical field (~150 MV/m), large strains and
stresses, fast response times, high actuation rate and long lifetime are some of their
prominent properties®®>2. Despite these outstanding features, currently there are not
many electronic EAPs suitable to act as artificial skeletal muscle. Ferroelectric polymers
are mechanically rigid °*. Liquid crystal elastomers, which are capable of producing

large strain (up to the order of %100) have limited response time and are more suitable

11



for micro applications®'. The existing CNT aero gels have low force generation
capability®!. Alternatively, dielectric elastomer actuators (DEAs) are a promising
solution for artificial skeletal muscles.

DEAs are soft, acoustically noiseless, and lightweight actuators with
outstanding muscle like features. High power to mass ratios that can surpass human
skeletal muscles, length self-sensing and energy recuperation capability are among their
unique features*>. The inverse relationship between force and displacement, however,
is one of the major drawbacks of these actuators. DEAs consist of a thin elastomer film,
which is coated on both sides with compliant electrodes forming a capacitor. When a
high DC voltage is applied to this compliant capacitor, the electrodes squeeze the
elastomeric dielectric in the thickness direction (Figure 1.3). DEAs have already shown
some promise as artificial skeletal muscles for orthotic and prosthetic devices***’. These
actuators have been formed into cylindrical rolls that have strain, shape, and
performance similar to natural skeletal muscles®. One such actuator was configured to
be a similar shape to a biceps muscle and to act on a life-size skeletal arm (Figure 1.4).
Although showing great potential, there are a few proposed DEA configurations that
can generate enough force to deploy in an assistive upper extremity exoskeleton. The
Hydraulically Amplified Self-Healing Electrostatic (HASEL) actuators proposed by
Acome’s group® combined the power of hydraulic actuators and muscle-like behavior
of DEAs. The HASEL actuators showed interesting capabilities such as, high force and
tensile actuation generation, e.g., 16% strain under 1.5 kg load, in addition to high
efficiency at 21%. However, high activation voltage (~40 kV vs <5 kV in other proposed

DEAs), their complex controllability, packaging, and risk of leakage are discouraging
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properties. Furthermore, among all proposed soft actuators hydraulic ones show the
least similarity to biological muscle in terms of actuation mechanism.

Stacked DEAs proposed by Kovacs et al.®? is a powerful versatile DEA
configuration that shows the most similarity to human skeletal muscle compared with
other soft actuators. Kovacs group stacked multiple layers of thin enhanced DEAs to
create this novel actuator. In this configuration, each layer can be considered as
sarcomere within a myofibril. This group of inexpensive tensile actuators were capable
of producing 32N of isometric force and 15% strain while lifting a 11 N tensile load.
These capabilities led these actuators to become the first and only commercially
available DEA that can be deployed as artificial skeletal muscle®'.

The main goal of this project is to develop an artificial skeletal muscle composed
of soft actuators and assess its capabilities in rehabilitation robotics applications. To do
so we connect multiple Stacked DEAs in series, to magnify the displacement by
increasing the number of DEA layers (representing sarcomeres in skeletal muscle), to
create artificial myofibrils. Then, multiple artificial myofibrils will be connected in
parallel to magnify the force generation, analogous to the skeletal muscle fibers in
parallel. To add proprioception, the length self-sensing capability of DEAs will be added
to this artificial skeletal muscle. This will finalize the development of our artificial
skeletal muscle. In the second phase, length modulation controllability of this muscle
will be assessed. Finally, this muscle will actuate the elbow joint of a phantom model

to provide proof of concept as a wearable robotic device.

1.2 Specific Aims
This proposal will develop an artificial skeletal muscle using soft actuators that

can replace commonly used DC motor and fluidic actuators in rehabilitation robotics.
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Developing such actuators is of high importance, especially for infants and children,
because commonly used actuators in rehabilitation robotics are noisy, bulky and rigid
in structure. These factors often lessen the acceptability and practicality of rehabilitation
robotic device use despite the positive impact such devices have in rehabilitation
outcomes.

Robot-assisted therapy has increased the dose of mass practice beyond that
which can be provided during supervised therapy sessions and has been found to be as
good as or better than conventional therapy in promoting motor leaning in impaired
upper extremities. We believe that the development of a soft, low-noise artificial skeletal
muscle be the first step in realizing devices better suited for pediatric populations. This
proposal represents a novel first step in developing bioinspired mechatronic devices for
pediatric populations with severe upper extremity impairments. To achieve our goal,
we plan to use an advanced soft actuator to develop “artificial skeletal muscles” to
automate control of an exoskeleton elbow joint to assist and expand the types of tasks
that the user can actively engage. Unlike bulky, heavy and noisy electric motor and fluid
actuators currently used in rehabilitation robotics, our artificial skeletal muscle design
will be muscle-like in their operation, light weight, compact in size, mechanically
compliant, and have low power consumption and noiseless operation. Such features are
attractive characteristics that may help with translation to real world devices. First, this
proposal will compare potential soft actuator candidates that can form an artificial
skeletal muscle and select the one whose characteristics most resemble function of
biological muscle. Second, we will benchmark test a soft, muscle-like transducer
composed of the chosen actuator to use as an “artificial skeletal muscle”. Third, length-

sensing capability, mimicking length proprioception of biological muscle spindles, will
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be added to the artificial skeletal muscle. Finally, we will design and manufacture a
unilateral pediatric upper extremity exoskeleton, and use the proprioceptive artificial
skeletal muscle to actuate its elbow joint. Proof of concept will be demonstrated by
controlled elbow flexion of the designed exoskeleton on an anatomic-like form that
simulates the weight of the extremity and its center of mass (COM).

Aim 1: To assess the state of soft actuator technology for use as artificial muscles
in pediatric exoskeletal rehabilitation devices; and thereby, choose a soft actuator
to test in the powering of such a device.

Purpose: Due to variety in soft actuator technology, choosing the suitable
actuator for a specific application is nontrivial. To our knowledge, there are no studies
that compare existing soft actuator capabilities for potential use to power exoskeletons.
Therefore, this aim will compare soft actuator candidates that can be used in
rehabilitation exoskeletons.

Hypothesis 1.1: Soft actuator technology development has sufficiently
progressed to allow muscle-like actuation of rehabilitation robots. Such technology has
acoustically noiseless operation and its reported mechanical properties including stress,
longitudinal strain, power to mass ratio, strain-rate, and efficiency, are comparable to
those of human skeletal muscle.

Aim 2: To configure an artificial muscle, which is capable of lifting a tensile load
equivalent to that of a 2-year-old boy’s forearm and hand, through benchmark
testing of the chosen actuator.

Purpose: This aim will measure the mechanical properties of the chosen CT-
SDEA to assess its capabilities and limitations for rehabilitation robots. An artificial
muscle will be configured to have sufficient force and longitudinal displacement
capabilities to actuate an exoskeleton for flexing a 2-year-old boy’s elbow. This aim is

the most prominent aim of this proposal because, 1) it will help us to evaluate the
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reported mechanical properties of the CT-SDEA; 2) it will give us the flexibility to
measure the specific mechanical properties that are needed for our application; 3) it will
result in an artificial muscle for the other aims of this proposal; and 4) it will provide
the necessary data relationships for developing the control feedback systems for aims

that follow.

Hypothesis 2.1: The tested soft actuator has reliable stress responses and its
mechanical properties including stress, electro-mechanical delay, length-tension curve,
stress response hysteresis, axial Young’s modulus, longitudinal strain, strain-rate, and
power to mass ratio, and efficiency are comparable to those of human skeletal muscle.

Hypothesis 2.2: The configured artificial muscle, consisting of series and
parallel arrangement of the chosen soft actuator, will produce stress and strain sufficient
to provide support and movement of a tensile load equivalent to that of a 2-year-old boy,
during both unloaded and loaded conditions.

Aim 3: To develop a feedback controlled length modulation mechanism for the
configured artificial muscle.

Purpose: This aim will create a proprioceptive artificial muscle with length
modulation controllability. This feedback control mechanism will be the basis for
controlling elbow flexion of a phantom model in Aim 4.

Hypothesis 3.1: Similar to the function of muscle spindles of biologic muscle,
the electrical characteristics of the artificial muscle may be used to provide
“proprioceptive” information of actuator length without using sophisticated external

SENSOrs.
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Hypothesis 3.2: The proprioceptive artificial muscle will autonomously change
length and rate of length change, within its nominal range of operation, following a
sigmoidal trajectory characterized by the operator.

Aim 4: To demonstrate the capability of the proprioceptive artificial muscle in
muscle-like actuation of a prototype pediatric exoskeleton’s elbow joint.

Purpose: This aim will assess the capability of the CT-SDEA in forming
artificial muscles for actuating exoskeletons. A prototype of an upper extremity
pediatric exoskeleton will be developed that is actuated by the configured
proprioceptive artificial muscle to control its elbow flexion.

Hypothesis 4.1: The artificial muscles actuating the exoskeleton will produce
maximum elbow flexion velocity and acceleration comparable to commercial upper
extremity rehabilitation exoskeletons (e.g. ARMin — angular velocity 91 9/s;
acceleration 116 °/s2) over the designed 36° range of elbow flexion in the sagittal plane
while bearing a load in excess of the weight of the 2-year-old boy’s forearm and hand.

Hypothesis 4.2: The powered exoskeleton will reach any desired degree of
elbow flexion, within its active range of motion, 36°, following a sigmoidal joint angle
trajectory characterized by the operator, with maximum velocity and acceleration
comparable to commercial upper extremity rehabilitation exoskeletons (e.g. ARMin —

angular velocity 91 °/s; acceleration 116 °/s2).
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Chapter 2

ASSESSING THE STATE OF SOFT ACTUATOR TECHNOLOGY FOR USE
AS ARTIFICIAL MUSCLES IN PEDIATRIC EXOSKELETAL
REHABILITATION DEVICES

2.1 Abstract

Due to variety in soft actuator technology, choosing the suitable actuator for a
specific application is nontrivial. To the best of our knowledge, there are no recent
studies that compared the capabilities of existing soft actuators in powering
exoskeletons. Therefore, we compared five soft actuator candidates that can be deployed
in exoskeleton applications. The inclusion criteria were softness, acoustically noiseless
operation, and demonstrated ability to lift a tensile load equal or greater than the weight
of a two-year old boy forearm+hand, 3.38 N, in the literature. Accordingly, two
thermally driven actuators, Coiled Nylon Fiber (CNF) and Ethanol-Based Phase-
Change (EPC); and three electro-active polymer actuators, Plasticized Poly Vinyl
Chloride (PVC) gel, Stacked Dielectric Elastomer (DE) and Hydraulically Amplified
Self-Healing Electrostatic (HASEL), were chosen for the comparison. These actuators
were compared in their stress, unidirectional strain, strain-rate, power-to-mass ratio, and
efficiency. The Stacked DE actuator with reported force of 32 N, unidirectional strain
of 18%, strain-rate of 500%/s, and efficiency of ~28%, showed the closest resemblance
to mammalian skeletal muscle. Thus, a commercially available stacked DE actuator was
chosen as the most applicable soft actuators technology for pediatric rehabilitation

robots.
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2.2 Introduction

Soft actuators, i.e., actuators having Young’s modulus in the range of soft
biological material (10*-10° Pa) such as muscle and tendon (Figure 2.1), are highly
desirable in assistive robots because, they increase the safety of the device and adapt
more readily to various objects.>’” When natural feel combines with acoustically
noiselessness operation, the resultant actuator may substantially increase the
acceptability of the assistive robots that include them. These features may even more
significant in pediatric population. Additionally, a soft contractile linear actuator can
closely follow any complex origin and insertion point of a target muscle, e.g., a
supinator muscle, to augment its complex motion while occupying more minimal space.
Such continuously deformable muscle like actuators can be configured to actuate
virtually unlimited types of degrees of freedom in contrast to their hard-bodied
counterparts®’*2, Among all proposed soft linear actuators, only a few of them have
shown to be capable of generating comparable force to human skeletal muscle. In this

proposal, we call this group of soft actuators artificial skeletal muscle.
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Figure 2.1  Softness in comparison to biologuical tissue*’. The Young’s modulus
of biological tissues and non-bilogical materials are depected in green
and blue, respectively.

A variety of electronic, ionic, thermally, and photo activated soft actuators with

interesting muscle-like characteristics have been developed®*>'"2. Due to their
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scalability, manufacturing and structural complexity, however, a few of them have
shown promise as artificial skeletal muscle. Recently, polymer based actuators have
attracted great attention due to their unique mechanical characteristics, which can be
tailor made for the targeted applications*’. Many electro-active polymer (EAP) and
thermally driven polymer actuators have shown promising capability to act as artificial
skeletal muscle.

Thermally activated actuators usually have large strain and high force generation
capability, which surpass human skeletal muscle.***-3 The most studied and
commercially available actuators of this kind are Shape memory alloys (SMAs)®,
which due to their Young’s modulus 2x10!°Pa, are not considered soft based on
aforementioned definition. Although usually in the soft range, shape memory polymers
(SMPs) have limited force generation capability*’. Conversely, thermally driven
polymer fibers, e.g., Coiled Nylon Fiber (CNF) actuators**, and phase-change actuators,
e.g., the Ethanol-Based Phase—Change (EPC)*, are soft and have linear operation. Their
large strain and power to weight ratios make them potentially versatile artificial skeletal
muscles. Similar to most thermally driven actuators, despite high power-to-mass
generation capability, CNF and EPC have limited response times, actuation frequency,
and efficiency.

Activation mechanism is a prominent criterion in choosing a suitable actuator

t% and magnetically®® activated

for any applications. For active exoskeletons, ligh
actuators are less interesting because their source of activation decreases their power to
mass ratio and complicates their structural design. Electrical stimulation, however, is

considered the most promising activation mechanism, because of its speed, availability,

advances, and control systems®’. Thus even thermally driven actuators use electro-
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thermal activation***$, Furthermore, since natural muscle use electro-chemical signal to
activate the muscle, for biomimetic applications and artificial muscles, electrical
activation may be more preferable.

Electro-active polymer (EAP) actuators is an emerging class of electro-
mechanical transducers that show unique combination of functional and structural
properties that have no equals among alternative actuation technologies, such as large
active strains, high power density, high mechanical compliance, scalability, no acoustic
noise, and, in most cases, low cost>'. EAPs are commonly classified into two major
families: ionic EAPs, and electronic EAPs. lonic EAP actuation mechanisms are mostly
based on ion commute between two electrodes thus they usually need to operate either
in a gel or a wet state electrolyte®®. The performance of the latter, e.g. conductive
polymers, CNT and Ionic Polymeric Metallic/Composites (IPMC), is adversely affected
by their low efficiency, short lifespan, and high response time *-2. Additionally, their
need for a wet state electrolyte, limits their operating temperature, increases their
structural and packaging complexity. Plasticized Poly Vinyl Chloride (PVC) gel
actuators are inexpensive ionic EAP actuators, with strain, efficiency, and power to
mass ratio surpassing many artificial skeletal muscles alternatives3>-4,

As opposed to charge or mass transport of ionic, electronic EAPs (AKA, ‘dry’
EAPs or field-activated EAPs) are polymers that respond to an applied electric field by
either reorientation of their internal structure (AKA, electrostrictive polymers) or
electrostatic interaction of opposite charges, i.e., Maxwell pressure. Maxwell pressure
is the electrostatic pressure between the charged electrodes of a capacitor. Although
electronic EAPs need high activation electrical field (~150 MV/m), some of their

prominent properties include large strains and stresses, fast response times, high strain-
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rate, and long lifetime °*%2, Despite these outstanding features, currently there are not
many electronic EAPs suitable to act as artificial skeletal muscle. Ferroelectric polymers
are mechanically rigid>>. Liquid crystal elastomers, which are capable of producing
large strain (up to the order of %100), have limited response time and stress generation
capablity’' The existing CNT aero gels have low force generation capability>'.
Alternatively, DE actuators are soft, acoustically noiseless, and lightweight
actuators with outstanding muscle like features, which make them one of the most
anticipated and studied soft actuators***>3%3%5  High power to mass ratios that can
surpass human skeletal muscles, length self-sensing, and energy recuperation capability
are among their unique features*>. Their high driving voltage, however, limits the
availability of compatible electrical components that can be used with them in a design.
DE actuators consist of a thin elastomer film, which is coated on both sides with
mechanically compliant electrodes forming a capacitor. When a high DC voltage is
applied to this compliant capacitor, the electrodes squeeze the elastomeric dielectric in
the thickness direction. DE actuators have already shown some promise as artificial
skeletal muscles for orthotic and prosthetic devices®*. These actuators have been formed
into cylindrical rolls that have strain, shape, and performance similar to natural skeletal
muscles®®. One such actuator was configured to be a similar shape to a biceps muscle
and to act on a life-size skeletal arm>®. Although showing great potential, a few proposed
DE actuator configurations can generate enough force to be deployed in an assistive
upper extremity exoskeleton. For example Hydraulically Amplified Self-Healing
Electrostatic (HASEL) actuators proposed by Acome’s group® combined the power of
hydraulic actuators and muscle-like behavior of DE actuators. The HASEL actuators

showed interesting capabilities such as, high force and tensile actuation generation.
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Stacked DE actuators proposed by Kovacs et al.*® is a powerful versatile DE
actuator configuration that shows the most similarity to human skeletal muscle
compared with other soft actuators. Kovacs group stacked multiple layers of thin
enhanced DE actuators to create this novel actuator. In this configuration, each layer
can be considered as sarcomere within a myofibril. These capabilities led these actuators
to become the first and only commercially available DE actuator that can be deployed
as artificial skeletal muscle®’.

Despite many efforts to compare alternative actuators®>#%>1:32_ to the best of our
knowledge, this chapter is the first one that specifically focused on comparing the
soft, noiseless, actuators with demonstrated comparable force and linear
displacement to human skeletal muscle. In this chapter, the aforementioned thermally
driven actuators (i.e., CNF and EPC actuators) and electro-active polymer actuators (i.e,
PVC gel, HASEL and Stacked DE) were compared in their capabilities to deploy as
artificial skeletal muscles. Thereby, the most suitable one for further investigation was

chosen.
2.3 Method

2.3.1 Inclusion Criteria

Three major criteria will be used to include an actuator for comparison in this
aim; 1) Softness, which defines as having a Young’s modulus in the range of soft
biological materials (10*-10° Pa); 2) Demonstrated ability to lift a tensile load equal or
greater than the weight of a two-year old boy forearm+hand, i.e., 3.38 N. The weight of
the forearm and hand was estimated by using WHO child growth standard®® and

Winter’s anthropometric data®’; 3) acoustically noiseless operation.
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2.3.2 Comparison Measures

For each of the following measures the terms High, Moderate, and Low will be
used in comparison to that of human skeletal muscle (Table 1.1). The measures will be
considered High when they are equal or higher than those of human skeletal muscle;
will be considered Moderate when they are within one order of magnitude smaller than
those of human skeletal muscle; and will be considered Low when they are more than
one order of magnitude smaller than that of human skeletal muscle (Table 2.1). In this
study, an actuator is called comparable to skeletal muscle in a specific measure when
the measure is in High or Moderate range. Note that, if the typical value of a measure is
reported in Table 1.1 for human skeletal muscle, it will be used in the comparison;
otherwise, the maximum value from the table will be used.

Stress is the amount of maximum generated force by an actuator divided by the
its cross section area. For this measure, High, Moderate and Low were defined >=100
kPa, >=10 kPa, and < 10 kPa, respectively.

Unidirectional strain is defined as the ratio of unidirectional displacement to
the initial length of the actuator. For this major, High, Moderate, and Low were defined
>=20%, >=2%, and < 2%, respectively.

Power to mass ratio is used to compare the maximum power of different
actuators by normalizing the maximum generated power to the actuator’s mass. For this
major, High, Moderate, and Low were defined >=50 W/kg, >=5 W/kg, and <5 W/kg,
respectively.

Strain-rate is a measure of actuation speed, and is defined as the maximum
changes in strain per unit of time. For this major, High, Moderate, and Low were defined
>=500 %/s, >=50 %l/s, and < 50 %/s, respectively. Unlike skeletal muscle, actuation

frequency is reported as a measure of contrition speed for most of the compared
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actuators in this study. Therefore, by assuming the actuation and recovery phase in a
complete cycle have equal speed, we can drive a rough estimation of the strain—rate, for
the sake of comparison. This assumption may not be correct for many cases especially
thermally driven actuators, where heating speed, i.e., actuation phase, can be higher than
cooling speed, i.e. recovery phase.

Efficiency or electro-mechanical efficiency is ratio of the mechanical (output)
energy to the electrical (input) energy expended during a complete cycle of actuation.

For this major, High, Moderate, and Low were defined >=40%, >=4%, < 4%.

Table 2.1:  High, Moderate and Low range for the comparison measures.

Skeletal Muscle Soft Actuator (SA)

Property Typical Max High Moderate Low

Strain (%) 20 >40 >=20 | 20>SA>2 2=<

Stress (kPa) 100 350 >=100 | 100>SA>10 | 10=<

Strain-rate (%/s) 500 >=500 | 500>SA>50 | 50=<

Power to mass (W/kg) | 50 200 >=50 | 50>SA>5 5=<

Efficiency (%) 40 >=40 | 40>SA>4 4=<
2.4 Results

Five groups of actuators were chosen for the comparison in this aim; 1) CNF
actuators; 2) EPC actuators; 3) PVC Gel actuators; 4) Stacked DE actuators; and 5)
HASEL actuators. Although manufacturing cost and complexity were not part of the
inclusion criteria, all of the compared actuators were moderately simple and
inexpensive to make. Note that, power to mass ratio, strain-rate, and efficiency were

not reported for all of the actuators.
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2.4.1 Coiled Nylon Fiber (CNF) actuators

Table 2.2: The contraction of the coiled nylon 6.6 fiber caused by increase in
temperature. By coiling nylon thread, the longitudinal strain can be
magnified substantially**. The column on the right shows the pros and cons
of these actuators, in summary.

High stress
High strain
Thin diameter

Low strain-rate
Low efficiency
High driving temperature

These thermally driven actuators are made by coiling inexpensive high-strength,
nylon threads. Heating the straight, i.e., uncoiled, nylon threads result in reversible
thermal longitudinal contraction. For example, a straight nylon 6.6 thread with 127 um
diameter, will contract 4% longitudinally when heated from 20° to 240° C, which is
similar to contractions achieved by commercially available NiTi shape memory wires**.
Because the longitudinal contraction is accompanied by radial expansion, these threads
also function as torsional actuators. Thereby, the contraction can be amplified by
twisting the thread to create coils (Table 2.2). The coiled actuator is made by twisting
the thread while it is under tensile load and then thermally annealed to strengthen it. The
amount of tensile load used in coiling process is important, because it dictates the spring
index of the coil -that is the ratio between the wire diameter and outer diameter of a coil
or spring. The larger the spring index the smaller the strain and the larger the stress
generation capabilities. After coiling, Haines et al**. showed that the thermal

longitudinal contraction of nylon 6.6 increased from 4% (straight thread) to 34% (coiled
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thread) when heated from 20° to 240° C. Additionally, by changing the direction of
coiling, the resultant actuator fiber can either expand or contract by heating. When
heated from 20° to 120° C, the CNF, with spring index of 1.7 (340 um outer diameter)
showed 21% unidirectional contraction and 22 MPa optimal load (for each fiber
maximum stress was realized under a specific load called optimal load), while the one
with 1.1 indices (265 pm) showed 9.3% contraction and 50 MPa optimal load*.
Interestingly, the coiled nylon thread with 1.1 spring index had 2.1 kW/kg averaged
power to mass ratio, which is 42 times the typical power to mass ratio of human skeletal
muscle (Table 2.1). Since this actuator has a very small diameter, it can be used in
textiles; twelve CNF actuators were woven in parallel into a textile and could lift a 3 kg
tensile load*. The cycle life of a CNF was tested under 22 MPa of tensile load and 1
Hz of actuation for 1.2 M cycles and no significant change in unidirectional strain was
observed*. This actuation required 30V/cm voltage, which decreases the efficiency
dramatically. When operating in air, the reported efficiency of these fibers was 1.08%*,
even less than the NiTi shape memory wire. Although 5 and 7.5 Hz actuation frequency
were reported for in water and in helium actuation respectively, the actuation frequency
in open air was only 1 Hz (roughly 2%/s strain-rate) for the CNF*. Table 2.2

summarizes the pros and cons of these actuators.

2.4.2 Ethanol-Based Phase-Change (EPC) actuators

These phase-change actuators use the extreme volume change in liquid to vapor
transition of ethanol and elastic properties of a silicone elastomer. By entrapping ethanol
in the elastomeric matrix, silicone, and heating the material to ethanol boiling
temperature, 78.4° C, the elastomer expands substantially due to the extreme volume

change of ethanol’s liquid to gas transition (Table 2.3). Miriyev et al.*® reported High
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force and strain generation capabilities for these actuators, i.e., 120N (1.3 MPa stress)
to 0 N force for 0% to %140 unidirectional expansion respectively, for a 2 g actuator.
The reported strain-rate and efficiency, however, was dramatically Low 2.5 %/s and
0.2% respectively*®. A muscle-like configuration of these actuators was tested as a
biceps muscle on a skeleton (without any control for the weight of the forearm) and
could flex the arm to 90 degrees (the initial elbow angle was not reported), however, the
power used for this motion was substantial, 45 W.* Finally, the entrapped ethanol
gradually escaped the elastomeric matrix through vaporization and the elastomer dried
out, which decreases the cycle life of these actuators substantially. This ethanol escape
issue can be resolved by special packaging to prevent evaporation. The pros and cons

of this group of actuators can be seen in Table 2.3.

Table 2.3:  Structure and principle of operation of the EPC actuators. By increasing
the temperature the entrapped ethanol evaporates inside the elastomeric
matrix and creates expansion®®. Pros and cons of these actuators are

summarized in the right column.

A o > Elastomer matrix

o F [ ‘e S Ethanol vapor+Air High Stress
\ / \® %] Ethanol liquid . .
~ S ? High Strain
Elastomer matrix

Ethanol vapor +A|r 3D printable

O — Low strain-rate

Low efficiency

_ Temperature

High Power consumption
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2.4.3 PVC Gel Actuators

Table 2.4:  Pros, cons, and the actuation mechanism of a stacked PVC Gel actuator.

When an electrical field is applied, PVC Gel creeps into the air gap around

the anode under Maxwell stress>-.

Moderate stress
Moderate strain
Moderate strain-rate
Power consumption

PVC Gel

im'i ii ii -
N

Low power to mass ratio

) |} Pushing force
V off Von Bulky and rigid packaging

These are gel-based ionic EAP actuators. When placed between anode and
cathode and electric field is applied, they contract due to Maxwell pressure, and return
to its initial length (i.e., recovery phase) when electric field is off, due to its elasticity
(Table 2.4). It was shown that the recovery stress, pushing force, is significantly higher
than the Maxwell pressure, pulling force®. Therefore, the recovery stress was used as
the main source of actuation. An actuator of 50x10x6 mm generated 39 N (78 kPa) and
%12 unidirectional contraction under 400 V driving voltage>*. The same size actuator
showed peak power to mass ratio of 3 W/kg and 9Hz bandwidth (roughly 240%/s) >.
The 14.4 mW, power consumption, under constant DC voltage of 400 V, makes this
group of actuators a potential candidate for wearable rehabilitation devices. PVC Gel
was tested as a lower extremity exoskeleton to assist quadriceps muscle contraction.
Cycle life testing, however, showed 64% reduction in contraction after about 170 K
cycles, the performance stayed the same afterward to the end of the testing, 5.4 M

cycles™. Additionally, most of the proposed packaging for these actuators were rigid



and bulky. The summery of the pros and cons of these actuators are presented in the

Table 2.4.

2.4.4 Stacked DE Actuators

Table 2.5: Longitudinal contraction of Stacked DE actuator under Maxwell stress.
Stacked DE actuators consist of multiple layers of compliant capacitors.
Pros and cons of these actuators are summarized in the right column.

Contraction / Expansion _

High stress

Moderate strain

High strain-rate
Moderate efficiency
Commercially available
Length self-sensing
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High Driving voltage

This group of actuators are electronic EAPs, which use Maxwell pressure and
capacitor structure to create unidirectional contractions. Stacked DE actuators consist
of multiple layers of thin elastomers (~40 pm) coated with mechanically compliant
electrodes, i.e., multiple layers of compliant capacitors. When DC voltage is applied,
the resultant Maxwell pressure between the electrodes squeeze the thin dielectric
elastomer in between, and the actuator contracts longitudinally (Table 2.5). The reported
maximum force and unidirectional strain value for an actuator of 25 mm length and 20
mm of diameter were 32 N (i.e., 102 kPa) and 18% respectively under 4.2 kV driving
voltage®®. Among the investigated actuators in this aim, the Stacked DEAs were the
only ones commercially available. Kovacs et al. tested these actuators for one year under

500 repetitive actuation per day. The result was a life of 182 k cycles, with no observed
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fatigue. The reported strain-rate for this actuator was about 500%/s; and the typical
reported efficiency for different DE actuators, without incorporating their energy
recuperation capability, was 25%-30%>%4. Additionally, as a unique feature of DE
actuator technology, this group of actuators has length-sensing capability, which may
be exploited to implement position control without requiring additional components for
sensing, thus reducing the mechanical complexity of the actuator. The driving voltage
of these actuators, which is usually above, 1 kV, limit the available electronic
components that can be used for driving and controlling these actuators. Pros and cons

of these actuators are summarized in Table 2.5.

2.4.5 HASEL Actuators

This group of actuators combines the versatility of soft fluid actuators and muscle like
properties of DE actuators. HASEL actuators are capacitors with a liquid dielectric.
Under an electrical field, the resultant Maxwell pressure between electrodes, cause the
liquid dielectric under the electrodes to displace to the adjacent surrounding volume. As
voltage increases Maxwell pressure increases; after reaching a specific threshold
voltage the electrodes abruptly approximate (AKA snap-through transition), which
results in substantial hydraulic force (Table 2.6). Note that, by using the liquid elastomer
the maximum driving voltage was increased to 40 kV without creating any permanent
electrical breakdown -that is when current flowing through an electrical insulator after
reaching a specific voltage®®. This driving voltage is more than ten times the driving
voltage of aforementioned stacked DE actuators, which substantially limits the electrical
components available to be used with these actuators, especially in wearable
applications. The higher the voltage, however, the higher the Maxwell pressure, which

substantially increases the stress and strain generation capabilities show the relationship
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between voltage and Maxwell pressure, where €9 ana €- are the permittivity of free space
and relative permittivity of the dielectric material respectively, V' is the applied voltage,
and d is the distance between to the two electrodes. Under 14.5 kV driving voltage and
actuation frequency of 2.4 Hz a two-unit uniplanar configuration of HASEL actuator
was capable of lifting 7 N of tensile load (114 kPa stress) with 124% (roughly 600 %/s)
unidirectional expansion; the peak power to mass ratio of this actuator was
Moderate, 164 W/kg>. Efficiency of the actuator was 21% for the donut configuration
with maximum actuation frequency of 20 Hz*°. Under 1 kg of tensile load and 3.8 Hz

of actuation, the cycle life of a uniplanar single-unit HASEL actuator was 158 k cycles™.

Table 2.6: Pros, cons, and actuation mechanism of the HASEL actuator. When
voltage pass the snap-through threshold, the liquid abruptly move in to the
surrounding area and create substantial hydraulic force®”.

TG | High stress

Electrode o
: m | High strain-rate
= - Moderate power to mass ratio
Moderate efficiency

Lenﬁh self—sensini

| %IIIII!% Very high Driving voltage
= Risk of leakage
v
P = &5 (3)* (1)
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2.5 Discussion

Mechanical properties of five groups of soft actuators (CNF, EPC, PVC Gel,
Stacked DE, and HASEL) were compared (Table 2.7). Stacked DEAs showed High
stress-rate, Moderate maximum strain and stress, which made this group of actuators a
potential alternative for rehabilitation robotics. Their high driving voltage, however,

limits the available electrical components for wearable applications.

Table 2.7: Summary of comparison between Coiled Nylon Fiber (CNF), Ethanol-
Based Phase-Change (EPC), Poly Vinyl Chloride (PVC) Gel, Stacked
Dielectric Elastomer (DE) and Hydraulically Amplified Self-Healing
Electrostatic (HASEL) actuators.
CNF EPC PVC Gel Stacked DE | HASEL
Stress High High Moderate High High
Strain High High Moderate Moderate High
Strain-rate Low Low Moderate High High
Efficiency Low Low Moderate Moderate

Although the compared thermally driven actuators, i.e., CNF and EPC, are
powerful with High stress and unidirectional strain, however, the Low stain-rate are
their major drawbacks for rehabilitation application. The contraction time-the time from
neural signal to force- a human skeletal muscle is relatively short, e.g., the contraction
time of soleus and digitorum longus muscles is as low as 36 ms and 12.5 ms
respectively®®. Because the time delay between generating a command and applying the
activation signal to the actuator is usually very small in electrical systems, the
contraction time is highly affected by the strain-rate. Therefore, an actuator deployed
for use in an assistive device requires fast strain-rates. Furthermore, the higher the
actuation frequency the higher the controllability. Additionally, the Low efficiency of

these actuators further limit their capabilities in wearable applications, where low
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energy consumption is vital. Although comparable to biological muscle (in the Moderate
or High range) in most of the comparison measures, the aforementioned electro-active
polymer actuators generated less unidirectional strain and stress in comparison to
thermally driven actuators. Their strain-rate and efficiency, however, were usually much
higher than thermally driven actuators. For example, the efficiency for CNF, and EPC
are 1.08%* and 0.2%% respectively, where Stacked DEAs and HASEL actuators
showed 30%° and 21%° efficiency respectively.

Long cycle life is another major concern in active assistive devices, where many
actuations are needed per day to assist a motion in activities of daily living. For example
most major muscles that contributes during gait activate at least once during a gait cycle
% i.e., two consecutive steps. Thus, to assist a certain muscle during 5000 steps a day
for a year, as an example, about 1 M cycle life is required for the actuation mechanism.
In our study, the only group of actuators that showed such a cycle life was CNF, 1.2 M
cycles*. The reported cycle life of the electro-active polymer actuators in this study
where in the range of 158 k, 170 k, 182 k cycles for HASEL, PVC and Stacked DE
actuators, respectively>>--0,

Note that the reported cycle life for the Stacked DE actuator was ambiguous in
the literature. We assumed that the actuators underwent 182 k cycles based upon our
interpretation of the sentence “After 1 year in operation and approximately 500

260 We assumed

repetitive activations no failure due to fatigue has been reported to date
the writer meant 500 repetitive cycles per day for one year.
Among the compared electro-active polymers, PVC Gel showed Moderate stress

and unidirectional strain. The Low power to mass ratio, 3 w/kg>*, short cycle life ,170

k cycles, are their major draw backs in rehabilitation robotics. Additionally, generating
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pushing force complicated the packaging design of these actuators (Figure 2.2) and

increased their bulk.

a b

Figure 2.2: Pushing actuator (a) vs. pulling actuator (b). The proposed packagings
for the pushing PVC actuators is substantially bulkier than that of
pulling PVC Gel actuators.

HASEL and Stacked DE actuators on the other hand showed the most promising
properties for rehabilitation applications in the literatures, including High stress, High
strain-rate, and Moderate efficiency, despite their short cycle life of 158 k and 182 k
cycles respectively>®®°. Furthermore, both of these groups of actuators have a unique
self-sensing feature, which is comparable to proprioception in biological muscle. This
feature can decrease hardware complexity and manufacturing cost of the rehabilitation
robots, through eliminating the need for additional displacement sensors. By having
High stress, unidirectional strain, and power to mass ratio; and Moderate efficiency,
HASEL actuators surpassed all the other four groups of actuators in the comparison
measures. When compared with Stacked DE actuators, they showed substantially higher

unidirectional strain, up to 124%°°(in the High range) vs 18%° (in the Moderate range).
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The higher driving voltage (up to 10 times), shorter cycle life, risk of leakage, and snap
through transition of HASEL actuators, however, made the Stacked DE actuators the
strongest candidate, overall. The snap-through transition of the HASEL actuators is an
all or none type of actuation, which complicates control mechanism if continuous length

modulation is needed.

2.5.1 Chosen Actuator

Table 2.8:  Reported properties of the commercially available Stacked DE

actuator, CT-SDEA®'.
Reported properties in the manual

Max Force/Stress 10 N/34.6 kN/m?

Max strain 5%

Cycle life 70 M cycles

5
(o]
=3
£
B
(=]

Actuation frequency | <100 Hz

wuw g¢g :y3bua

Long term stability | >5 years

Max driving voltage | 1200 kV

The Stacked DE actuators was the chosen group of actuators mainly due to
Moderate unidirectional strain, 18%; and reported High stress and strain-rate value, 102
kPa and >500%/s respectively®®. Also, the reported efficiency for DE actuators are
typically Moderate, 25%-30%>"*¢, which is higher than all of the investigated actuators.
Being commercially available, CTsystems’ Stacked DE actuator (CT-SDEA)®!, was an

additional advantage over the other investigated actuators in this study. These
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outstanding properties in addition to its soft, noiseless, and unidirectional contraction
make the Stacked DE actuators a versatile group of actuators for rehabilitation
applications.

Note that although CT-SDEA is produced based on the aforementioned Stacked
DE actuators®, the reported maximum force and unidirectional strain values are lower
(Table 2.8). This difference is mainly because of the required long cycle life for
commercial applications. CTsystems decreased the recommended activation voltage
from 4.2 kV to 1.2 kV, which reduce the chance of electrical breakdown and increased
the cycle life to more than 70 M cycles. This cycle life is much longer than those of

reported for the compared actuators in this study, 1.2 M*, 170 k> and 158 k cycles™.

2.6 Conclusion

Stress, unidirectional strain, power to mass ratio, strain-rate, and efficiency of
five groups of soft actuators (CNF, EPC, PVC gel, Stacked DE actuator, and HASEL)
were compared. Stacked DE actuators showed High stress-rate, Moderate maximum
strain and stress, which made them ideal for rehabilitation robotic applications. Their
long cycle life is one of their most outstanding features, which makes them an ideal
group of soft actuators where thousands of actuations is needed per day. They were the
only commercially available actuators within the compared actuators. The reliability of
the reported electro-mechanical properties and additional measure, such as hysteresis
and length tension curve, must be assessed for this commercially available group of
actuators. These assessments are valuable for comprehending limitations and

capabilities of Stacked DEAs in wearable robotics.

37



Chapter 3

ASSESSING THE CAPABILITY OF A STACKED DIELECTRIC
ELASTOMER ACTUATOR TO LIFT THE FOREARM OF A 2-YEAR-OLD
BOY

3.1 Abstract

Recent commercial availability of a stacked dielectric elastomer actuator
(SDEA) has opened up possibilities of their use as “artificial muscles” for rehabilitation
robots and powered exoskeleton devices. Made by CTsystems, this actuator
(CT_SDEA) is made from soft materials, and offers a lightweight and acoustically
noiseless alternative to DC motor actuators used in conventional rehabilitation robotic
systems. The purpose of the present work was to benchmark the electromechanical
properties of CT-SDEAs to assess its capabilities and limitations for powering
rehabilitation robots.

The electro-mechanical properties of the CT-SDEA that were benchmarked
included the: stress response, electro-mechanical delay, Young’s modulus, longitudinal
strain, strain-rate, power-to-mass ratio, and current consumption. The observed
properties were then compared with the reported values for mammalian skeletal muscle.
Finally, CT-SDEA performance metrics, such as its length-tension properties and force
generation hysteresis were assessed.

The CT-SDEAs tested in this study showed 21 ms electromechanical delay, and

their calculated strain-rate was 660 %/s. They were able to generate 21.74 N of force
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and have a 426 W/kg power-to-mass ratio. Their longitudinal strain was measured at
3.3%. Additionally, their steady state current consumption was 39 pA.

CT-SDEAs’ fast response, short electromechanical delay and high strain-rate,
make them highly suitable for closed-loop control. Additionally, their force generation
capability, fast response, high power-to-mass ratio, and low steady state power
consumption make them strong candidates for exoskeleton applications. Its longitudinal
strain (3.3%) however, was less than that of skeletal muscle (20%). Depending on the
application, their use may require the addition of mechanical linkages, for force to
displacement conversion.

Finally, eight artificial muscles with various in-series and parallel CT-SDAEs
were configured; and their longitudinal contraction and maximum force were measured.
Thereby, we concluded that an artificial skeletal muscle consisting a bundle of three
artificial myofibrils, each of which contains five CT-SDEAs in-series, has sufficient

force, 60 N, to lift a 3.30 N tensile load 6.6 mm off the ground.

3.2 Introduction

To improve the acceptability and performance of rehabilitation robots,
development of actuator technology with natural feel is highly desirable. Softness, i.e.,
having Young’s modulus in the range of biological tissues, may improve degrees of
freedom, safety and natural feel of the device *’. If softness combines with noiseless and
linear operation, the resultant muscle-like actuator will be a versatile alternative for
rehabilitation purposes, especially exoskeletons, where the actuator is functioning in
close proximity to human-limbs. Linear actuation of alternative actuators allows them
to be placed along the skeletal system, like skeletal muscle, and reduce the overall bulk

of the exoskeletal system. A reduction in bulk is achieved because rotational actuators
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require gears to convert rotation to linear motion, lower actuation speeds and increase
torque. Furthermore, linear actuation, when combined with softness, can follow
complex geometries and result in multiple degrees of freedom using a single actuator
43 For exoskeleton applications, it is desirable for the actuator to have force and
displacement generation comparable to that of mammalian skeletal muscle. We call an
actuator that is soft, noiseless, has linear actuation, and produces comparable force and
displacement to skeletal muscle, an artificial skeletal muscle.

The prospective artificial skeletal muscle candidates mostly fall into two
categories, thermally driven or electro-active polymers. Thermally driven polymer
actuators are usually more powerful than electro-active actuators, especially in their
strain capacity. For example, a 2 g ethanol-based phase-change actuator, proposed by
Miriyev’s group, could produce up to 120 N force and 140% strain®¢. Unlike electro-
active polymers, however, these actuators have low actuation velocities (2.5 %/s strain-
rate) and more importantly, low efficiencies (0.2%)*. These are major limitations in
exoskeleton applications where fast and repetitive longitudinal displacement
(contractions) are needed.

Soft electro-active polymer actuators, such as dielectric elastomer actuators
(DEAs), are fast, efficient and offer a lightweight and acoustically noiseless alternative
to DC motor actuators used in conventional rehabilitation robotic systems. DEAs have
outstanding muscle-like behavior, which make them one of the most anticipated and
studied soft actuators. Comparatively, central nervous system also use electrical
commands to activate the skeletal muscles, which also consist of contractile polymers.

Dielectric elastomer actuators consist of a compliant capacitor, an elastic dielectric

sandwiched between two mechanically compliant electrodes (Figure 3.1). When a DC
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voltage is applied to the electrodes, the resultant Maxwell pressure, the pressure between
to oppositely charged plates due to electrostatic force, squeeze the dielectric in thickness
direction. Equation 3.1, shows the parabolic relation of the Maxwell pressure and
voltage, where &-and &) are polymer and void permittivity respectively, V is the applied

voltage between electrodes, and d is the thickness.

Elastic |Dielectric p

I

Maxwell Pressure
L 2
P

Figure 3.1 Maxwell pressure and the resultant compression or contraction of the
elastic dielectric in a DEA compliant capacitor.
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P = £.£(5)? (3.1)

High power to mass ratios that can surpass human skeletal muscles, fast
response, length self-sensing, and energy recuperation capability are among DEAs
unique features *>°°. These actuators are also highly efficient. When a capacitor is fully
charged, i.e., DEA is fully contracted, very small dielectric leakage currents (in the
range of pA) are the only causes of current consumption "°. The high driving voltage
(>1 kV), however, can be disadvantageous in some applications, because, it limits the
available electrical components that can be used within the system, and more
importantly, create safety concerns. Their low power (usually in the range of few watts),

which is due to their low current needed for operation, however, keeps them in the non-
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hazardous range, and if appropriate insulating precautions are used. Additionally, under
constant DC voltage, the applied electrical current dictates how fast a capacitance
charges, and consequently, the speed of DEA’s contraction. Depending on the desirable
actuation velocity, the current can be limited non-hazardous values, e.g., by connecting
a resistors in series with a DEA. Equation 3.2 shows the relationship between charge O
and instantaneous current i. The discharge rate of the DEA also needs to be taken into
account in safety analysis. Zhang et al. simulated the electrical circuitry of their system
and showed the safety of their DEA as a glove-like force feedback device’!, in

accordance to IEC TS 60479-2 specifications’.

Q=/" idt (3.2)

DEAs have already shown some promise as artificial skeletal muscles for
orthotic and prosthetic devices. In a novel approach, Carpi et al. showed the feasibility
of using the multilayer DEA to actuate a hand orthosis®’. Furthermore, DEAs have been
formed into cylindrical rolls that have strain, shape, and performance similar to natural
skeletal muscles®. One such actuator was configured to be a similar shape to a biceps
muscle and to act on a life-size skeletal arm>>.

There are two main DEA configurations: 1) freestanding DEAs; and 2) DEAs
with rigid frames. The rigid frames may not be ideal where soft actuators are preferable.
Additionally, they are often heavier and bulkier than the freestanding designs due to
their rigid frame. One of the most promising DEAs having a rigid frame configuration
is the DE membrane actuator by Hodgin et al.”’>. Hau et al. stacked multiple such
actuators and showed 72 N of force production, which is substantially higher than that
of most proposed free-standing DEAs’*. The cross-section of this actuator (85x85x35

mm), however, was bulkier than most other proposed linear DEAs. Pei et al. proposed
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the more compact spring-rolled DEA which could generate 15 N force and 23% strain
with a 60 mm cylindrical actuator’>. Table 3.1 shows the mechanical properties of these
designs. Despite these versatility, the cycle life of the rigid-frames DEAs may be limited

due to unpredictable mechanical failure’®.

Table 3.1  The properties of DEA configurations. The strain column are the values
reported under no load conditions. The reported weight in the stroke
column is the load that was used measurement. The forces column reports
the isometric (blocked) force. In the dimension column, the value in
parenthesis represents the active length, i.e., the portion of the total length
that was sandwiched between electrodes.

Configuration Stroke mm = Strain Force Dimension (mm)  Voltage Weight‘

. 8 mm (60 active)
58 0

Spring roll 0.5 ke 23% I5N 20 layers 6000 V 8g
Membrane™ 2722 fgm 72N 85x85x35 2400 V

Tubular” 11\'12051:;? 3% 100 (60 active) | 2700V | 105 g

Helical® 8% | ~0.65 N 80x13 ~1200 V

Folded” 5% | ~3N 85x25 ~1000 V

Stacked | %’ig 18% | 32N 25%20 200V | 4g

In artificial skeletal muscle applications, the free-standing configurations offer
more natural feel to the design. Various free-standing configurations are proposed such
as, core-free rolled 7®, helical 8, folded 7, and stacked DEAs ° (Table 3.1). Figure 3.2
shows the aforementioned DEA configurations. Stacked DEAs proposed by Kovacs et
al.®® are powerful versatile DEA configurations that shows the most similarity to human
skeletal muscle compared with other linear DEA configurations. Kovacs et al. stacked
multiple layers of thin enhanced DEAs to create this novel actuator®. In this

configuration, each layer can be considered as sarcomere within a myofibril of skeletal
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muscle. This group of inexpensive tensile actuators were capable of producing 32N of
isometric force and 15% strain while lifting a 1.1 kg tensile load . These capabilities
led these actuators to become the first and only commercially available Stacked DEA,

which is manufactured by a company called CTsystems °!.

Electrode Elastomer\ . Elastomer

Electrode

End plate

/ :-gﬁﬁn_g\\ %

+
Elastomer  Electrode

Electrode

@mmmnsni
\\\\\\\\\\\\\\\W:-
A
Rigid Frame

Stacked Folded Helical Membrane Spring Rolled
Figure 3.2 Various configuration of DEA. Stacked®, Folded®®, Helical’,

Membrane’®, and Spring roll>®. The black area in each configuration is
the compliant electrode and the lighter area shows the elastomer.

To evaluate the reported properties and measure additional mechanical
properties needed for our application, a stacked DEA by CTsystems (CT25.0-15-15-71,
Compliant Transducer Systems, Dubendorf, Switzerland), which we call CT-SDEA,
was benchmarked. The CTsystems’ reported properties for this actuator is presented in
Table 3.2. In the second phase, these actuators were configured in series and parallel in
multiple configurations to form DEA-based artificial skeletal muscles and the force and
shortening of these configurations were measured. This phase was accomplished to test
the additive behavior of these actuators in series and parallel. Finally, by combining

phases 1 and 2, we could choose the best available option for our application, which
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was to develop an exoskeleton capable of actively assisting the elbow joint of a 2-year-

old boy.

Table 3.2

we call CT-SDAE in this study®’.

The reported mechanical property of CTsystems’ CT25.0-15-15-71, which

Max Force 10N
End plates Max strain 5%

_ Shortening 1.17 mm
—.—jf 2 Elastic Modulus 1.4 MPa
——r
= E'g ; g0 Cycle life 50 M cycles
E Eg % F§ Long term stability >5 years
— — %
= E.g 2/5 Actuation frequency | <100 Hz
E E i E % Dimension 39x17x17 mm
I — T ;
= Eé ;ﬁ 8 i Weight 113 g
= == L I :
= =7 =5 Layer thickness 25 um

'];Eiﬁétes Max driving voltage | 1200 kV
Charge time <S5ms at 100 mA

3.3 Method

3.3.1 Testing Procedure

Thirteen CT-SDEAs were tested under isometric and isotonic contraction
conditions. Under each condition, the CT-SDEAs were activated by three main
waveforms; 1) triangular: an isosceles triangle shape waveform with period of 10 s and
amplitude of 1230 V; 2) linear: a right triangle waveform with amplitude of 1230 V and

period of 5 s; 3) square: a square waveform with amplitude of 1230 V and period of 5
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s. The square waveform was proceeded and followed by a period of 5 s at 0 V. Note that
the maximum recommended driving voltage of the CT-SDEA is 1200 V and its
maximum tolerable driving voltage is 1400 V. While CT-SDEAs were receiving the
activation waveforms, the generated force and/or longitudinal displacement

(contraction) was recorded.

3.3.1.1 Isometric Condition

The length of the CT-SDEAs was held constant at its rest length, i.e., 39 mm,
under no compression or extension, throughout the trials. The generated force under
each activation waveform was recorded. To this end, the CT-SDEAs was screwed to a
rigid frame from one end and to the load-cell from the other end in a vertical position.
Using the data collected during the isometric condition, the following measures were

calculated;

1.  Force generation response was analyzed by superimposing the
generated force of thirteen CT-SDEAs to the square waveform. Then,
the similarity in response profile and maximum force generation, were
compared between samples.

2. Maximum stress was calculated, using the aforementioned force
generation dataset, by dividing the averaged maximum force, reported as
mean and one standard deviation (mean £SD), of the thirteen CT-
SDEAs, divided by the area of the CT-SDEA’s end-plate, 289 mm?.

3. Electromechanical delay was calculated using the square activation
waveform. This measure was defined as the time difference between the
onset of the square waveform, and the onset of force generated by the
CT-SDEAs. The onset of both force and voltage was calculated as
follow: 1) the mean and standard deviation (SD) of the baseline, i.e., the
first 4 s of each signal without activation, was calculated; 2) the onset
threshold was set at mean of the baseline + 4SD; 3) the first value equal
or higher than the threshold value was considered the onset of the signal.

4.  Current consumption was reported as the peak transient current, its time
constant and its steady state value using the square activation waveform.
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Length-tension curve: to determine this curve the maximum force of a
representative CT-SDEA generated by the square activation waveform
was measured while it was at its rest length, nine compressed lengths
(nine different lengths from 99.5% to 95.5% of its rest length), and ten
extended lengths (ten different lengths from 100.5% to 105% of its rest
length). The passive force at each length is defined as the pulling,
(negative) or pushing (positive) elastic force exerted by the CT-SDEA at
the baseline, i.e., under 0 V activation voltage. Active force at each
length was defined as the total force generated by the CT-SDEA minus
the baseline. This graph provides crucial information in applications
where agonist/antagonist pairs of artificial skeletal muscles are needed
at a joint.

Force generation hysteresis was determined by activating a
representative CT-SDEA, using the triangular waveform, and plotting
the force generated by the CT-SDEA against the HV amplifier’s output
voltage, i.e., 0 to 1230 V. To report the hysteresis quantitatively, the
force generated in the ramp-up phase was subtracted from the force
generated in the ramp-down phase at a certain activation voltage; then,
the maximum of these differences was reported as the hysteresis, both as
the absolute value, and the percentage of the maximum generated force.
Additionally, another triangular waveform was used with shorter period,
1 s, to show the effect of speed of contraction on the hysteresis.

Axial Young’s modulus was calculated using Equation 3.3, where F is
force, Lo is the initial length, AL is the length change and A is the CT-
SDEA’s end-plate area. The data collected for length-tension curve was
used to calculate this measure.

Stress

_ FxLg
Y= AXAL

), (3.3)

1.€.
(e, Strain

3.3.1.2 Isotonic condition

For the isotonic condition, the CT-SDAEs were hung from the load-cell and a

set of tensile loads were attached to them using 3D printed couplers. Then, the

contraction for each loaded conditions were measured under the activation waveforms.

The following measures were calculated using the isotonic contraction data.

Displacement generation hysteresis was measured similar to force
generation hysteresis. The displacement of the actuator was measured,
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instead of force, during the ramp-up and ramp-down of the triangular
waveforms with 10s and 1s periods.

Maximum longitudinal strain was calculated by dividing the averaged
maximum longitudinal contraction, reported as mean (SD), of thirteen
CT-SDEAs to their normal length, 39 mm, using the linear activation
waveform and 0.80 N of tensile load (g=10 m/s?).

Strain-rate, as measure of contraction speed, was calculated using the
reported charge time and measured maximum longitudinal strain.
Because the CT-SDEA is essentially a capacitance, its charge time is
the same as its actuation time. This is also observable in the reported
actuation frequency (100 Hz). To assess the possibility of evaluating
the calculated strain-rate, the maximum rate of voltage increase in the
square activation waveform was measured to calculate the maximum
generated current, as a measure of charge time, using Equation 3.4.
Where C is the CT-SDEA’s capacitance.

. dv
i=C= (3.4)

Power to mass ratio was calculated using a 0.40 N tensile load (g=10
m/s?) under the square activation waveform, during sharpest rise of the
contraction, onset to %88.5 of maximum contraction, i.e., two time
constant (t). The onset detection methodology was the same as the
aforementioned electro-mechanical delay measure. The maximum
power was calculated using Equation 3.5, where m is the mass of the
tensile load v(?) is the speed of the contraction and «a(?) is its acceleration.
Then the calculated maximum power was normalized to the weight of
the actuator, 11.3 g.

dGmv(t)?) 4 dimay(®))

P(t) - dt dt

= mv(t)[a(t) + g], (3.5)

3.3.2 Artificial Skeletal Muscle Configurations

Eight different artificial skeletal muscles were configured and tested by

connecting different number of CT-SDEAS in series and parallel. Series configurations

included 1x2 (i.e., an artificial myofibril of two CT-SDEAs in series), 1x3,1x4, and 1x5

combinations. Parallel configurations included 2x1, 2x2 (i.e., two parallel artificial

myofibrils of two CT-SDEAs in series), 3x1, and 3x4 combinations. Then, to assess the
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configured artificial skeletal muscles lifting capabilities, the maximum force and
shortening of each configuration were tested under 0.4 N (no-load condition), 3.3 g, and
6.8 N tensile loads (g=10 m/s?). Based on Winter’s anthropometric data®” and WHO
child growth standard®, the weight of 2-year-old boy’s forearm+hand was calculated
at 338 g, i.e., 3.38 N. Thus, the 6.8 N load was picked to emulate a loaded limb
condition, more than twice the weight of a 2-year-old boy’s forearm+hand . The
presented 1x1 configuration was the averaged value of thirteen CT-SDEAs for each
measures. To connect the CT-SDEASs series and in parallel and to the test-rig, a set of

specialized couplers were designed and 3D printed for each of these configurations.

3.3.3 Testing Setup

To benchmark the CT-SDEASs under isometric and isotonic contractions, a test-
rig was designed and implemented (Figure 3.3). The main components of this test-rig
were: 1) a laser displacement sensor (ILD 1420-25, Micro-Epsilon, Ortenburg,
Germany) to measure longitudinal contraction displacement, with 1 pm precision; 2) a
load-cell (LSB302, 25 Ib, FUTEK Advanced Sensor Technology, Inc., Imine, CA,
USA) to measure active and passive force; 3) a precision translational stage (Newport
Corporation, Irvine, CA, USA), with 10 um graduation and 102 N axial load capacity,
to fine tune the load-cell position; 4) a high voltage (HV) amplifier (RC250-1.5P,
Matsusada Precision Inc., Shiga, Japan) with 1500 V and 165 mA maximum output
voltage and current respectively, to provide the necessary driving voltage, 0-1230 V, for
the CT-SDEAs; 5) a CompactDAQ data acquisition system (CDAQ) (CDAQ-9174,
National Instrument, Austin, TX, USA) containing an analog input module (NI 9215),
an analog output module (NI 9263), a digital input and output module (NI 9375), and a
H-bridge input module (NI 9237) for recording the load cell data; 6) two laser levels
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(GLL2,Robert Bosch GmbH, Stuttgart, Germany) to align the CT-SDEAs vertically for
isometric contraction conditions; 7) a software developed in LabVIEW
(National Instrument, Austin, TX, USA), to record the data from the sensors, and

monitor and control the HV amplifier.

Laser beams |

nel) and isotonic contraction (right

Figure3. lThé test-ﬁg inviscl)rﬁetri'c (lef;[ pa
panel) conditions.

Figure 3.4 shows the electrical circuitry of the HV amplifier, Vpc, discharge
resistance, Rais, and CT-DEA. The CT-SDEA is modeled as a parallel variable capacitor,
C, and resistor, Ry, in series with two electrode resistors, Rg. R model the non-ideal
leakage current through the dielectric. The variability in the C, R;, and Rk is due to the
length modulation of the CT-SDEA, and consequently, changes in the electrical
characteristics of the compliant capacitor. Electrode resistance of each CT-SDEA’s
layers was reported at 50 kQ. Considering 1600 parallel layers of the CT-SDEA, the

total electrode resistance, Rg, was as small as, 31.25 Q. A 1 MQ discharge resistor was
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connected in parallel to increase the rate of discharging the CT-SDEA, and thereby,

increase the pace of recovery, i.e., returning to initial state.

p

V,.= 1200 V
)
S
)
]
he]

R.&"

Figure 3.4 The electrical circuitry of HV amplifier, Vpc, a discharge resistance,
Ruais, and CT-SDEA, in parallel with each other. CT-SDEA is modeled
as a variable capacitance, C, and leakage resistor, R;.

Preliminary results of our triangular waveform showed lack of symmetry
between the ramp-up and ramp-down portion of the waveform using the Matsusada HV
amplifier, due to its low slew-rate- that is the maximum rate at which an amplifier can
respond to an abrupt change of input level. Therefore, for both force and displacement
hysteresis, a faster HV amplifier was used (HA51U-1.6P10-3, hivolt.de, Hamburg,
Germany), with 80 V/us slew-rate. A 10 MQ (recommended by CTsystems) discharge

resistor was used for the hysteresis tests.

3.34 LabVIEW Code

To generate and monitor the activation waveforms and record the data from the
sensors, a LabVIEW code was developed. The LabVIEW code generated a set of
command signals, similar to activation waveforms in period and profile, to be amplified
by the HV amplifier. The sampling rate of the command signal was 1 kS/s via analog

output of the CDAQ. While applying the command waveform, the LabVIEW code
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simultaneously recorded the input signals via the analog input modules of the CDAQ.
The LabVIEW code collected data from load-cell and displacement sensors while
monitoring the output current and voltage of the HV amplifier (Figure 3.5). Force (load-
cell signal) and the monitoring signals (i.e., output current and voltage of the HV
amplifier) were collected via CDAQ, synchronously, having negligible time differences
between them. The laser displacement signal, however, was collected via a USB port

and was synchronized as close as possible with other input signals via our designed

Load Cell
Computer Force Sensor
POWERED BY
/ Laser %
Data

e Displacement
b &% Acg‘;'as::;o“ Sensor CT-SDEA
LabVIEW

High Voltage
\ Amplifier

software.

Figure 3.5 The block diagram of the testing setup.

3.4 Results

3.4.1 Benchmark Testing of CT-SDEAs

On average, the 13 CT-SDEAs generated 10.01 £0.2 N, i.e., 35 kPa stress, and
1.30 £0.8 mm of shortening. The amount of shortening was slightly higher than that of
reported by CT-SDEAs (Table 3.2).
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Figure 3.6 The force generation response of thirteen CT-SDEAs in generating

force under the square activation waveform superimposed on top of
each other. AO1 to A13 are each of thirteen actuators tested for this
measure.

The force generation profile of the thirteen actuators were identical, however,
the maximum force variation between CT-SDEAs ranged 9.74 N to 10.34 N (Figure
3.6). Additionally, the CT-SDEAs had fast response times, with electromechanical
delay shorter than that of mammalian skeletal muscle, 21 ms (Table 3.3). Similar to
most mechanical properties of the CT-SDEA, its axial Young’s modulus, 0.87 MPa had
lower value in comparison with mammalian skeletal muscle (Table 3.3). Power-to-mass
ratio and electromechanical delay of the CT-SDEA were higher than that of skeletal
muscle (Table 3.3). Using 3.3% measured longitudinal strain (Table 3.3) and charge
time, 5 ms (Table 3.2), the strain-rate was measured at 660 %/s. Using Equation 3.2, the
measured maximum transient current, and CT-SDEA’s capacitance the %, i.e., slew-

rate, was measured 9 X 107 V/s, which was substantially lower than the needed slew-

rate, 4.2 X 108V/s, to produce 100 mA needed for 5 ms of charge time.
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Table 3.3  CT-SDEA electromechanical properties in comparison to properties of
mammalian skeletal muscle.

Property Typical Max CT-SDEA
Strain (%) 2048 >40% 33

Stress (MPa) 0.1% 0.35% 0.037
Strain-rate (%/s) 500°° 660
Power to mass (W/kg) 50 200%° 429.1
Cycle life (M Cycle) 1000°° >5001#:%
Axial Young Modulus (MPa)  10-60°° 0.87
Electromechanical delay (ms) @ 54% 21

** This is reported by the CTsystems®!.
* The reported value for biceps*.

The CT-SDEA showed 22.77 mA maximum transient current with 35.8 ms
time constant, and a steady state current of 39 pA. Consequently, R; was calculated at
35.1 MQ. The CT-SDEA capacitance, C, was measured 237 nF.

The Length-Tension curve (Figure 3.7) shows active and passive force
generation capability of the CT-SDEA under different levels of extension/compression.
Although small, the more extended the CT-SDEA, the less force it could generate. The
active force ranged from 11.01 N to 8.98 N for 4.5% compression and 5.0% extension,
respectively. The CT-SDEA showed a substantial passive force under compression and
extension due to the elasticity of the dielectric layer, i.e., silicone elastomer (Figure. 3.7,
grey trace). The passive force ranged from -12.54 N to 12.76 N for 4.5% compression

and 5.0% extension respectively. Thus, the maximum total force was 21.74 N.
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Figure 3.7

Figure 3.8

Figure 3.8 shows the low force generation hysteresis of the CT-SDEAs for both
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The active and passive force generation of a representative CT-SDEA
under different levels of compression and extension. The 0.0% is the
normal length of the actuator. Positive and negative percentages are
extension and compression respectively
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The force and displacement hysteresis of a representative CT-SDEA.

10 s and 1 s triangular waveforms (upper panels), at 0.41 N (4.14%) and 0.33 N (3.44%)),

respectively. The shape of this graph shows the parabolic relationship between Maxwell

pressure and applied voltage (Equation 3.1). In comparison with force, the displacement

hysteresis is much higher, 0.15 mm (11.77%) and 0.19 mm (14.16%) for the 10s and 1s
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triangular waveforms respectively. The hysteresis graph is important for assessing the
complexity of the needed control mechanism.

The maximum longitudinal contractions of the thirteen CT-SDEAs under eleven
different tensile loads, from 0.8 N to 1.08 N (g=10 m/s?), were averaged and depicted

in Figure 3.9. As tensile load increased, the maximum reachable contraction decreased.

Max Isotonic contraction (mm)
1.30+0.08

1.26+0.08

1.21+0.09
1.23+0.08
1.18+0.08 1,18+0.09
1.19+0.0

1.17 +0.09

1.1540.1

1.14:0.1
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Tensile Load (g)

Figure 3.9  Averaged maximum (Max) longitudinal contraction of 13 CT-SDAEs,
under 11 tensile load.

3.4.2 Artificial Muscle Configurations

The different configurations of the artificial skeletal muscle showed linear
additive behavior of force and displacement when the CT-SDEAs were configured in
parallel and in series. When CT-SDEAs are added in parallel, the maximum force
generated is multiplied by the number of actuators used (contraction displacement
remains the same), while when added in series, contraction displacement multiplied by

the number of actuators used (force generation remains the same). For example, as
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expected, by adding the CT-SDEAs in series, 1x1 to 1x5, the force generation stayed
the same at ~10 N of maximum force (Figure 3.10). The configurations with two CT-
SDEA’s myofibrils in parallel (2x1 and 2x2) and three CT-SDEAs myofibrils in parallel
(3x1 and 3x4) showed ~20 N and ~30 N of maximum force respectively (Figure 3.10),
with 6.8% linearity error. By increasing the number of CT-SDEAs in the myofibril, the
artificial skeletal muscles’ maximum shortening increased almost linearly, with 6.9%
linearity error. For example, under 0.4N of tensile load a single CT-SDEAs showed 1.3
mm of maximum shortening and a myofibril of 5 CT-SDEAs in series showed 6.53, i.e.,
5 x 1.3 (Figure 3.11). This linearity, however, decreased by increasing the tensile load,
and thereby, extending the CT-SDEAs when they were at their rest state. Because each
1x5 myofibril approximately produced a maximum of 20 N of total force based on the
length-tension curve (~10 N of active and ~10 N of passive, Figure 3.7) and 6.5 mm of
longitudinal contraction (Figure 3.11), we assumed that the 3x5 artificial muscle could

produce up to ~60 N of total force and 6.5 mm of shortening.
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Figure 3.10 Maximum (Max) force generation of eight configured artificial skeletal
muscles and 1x1 configuration, which is the averaged max force
generation of thirteen CT-SDEAs. By increasing the number of CT-
SDEA myofibrils in parallel the max force generation of the artificial
muscles increased almost linearly.
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Figure 3.11 Maximum (Max) shortening, of the eight configured artificial skeletal
muscles and 1x1 configuration, which is the averaged max contraction
of thirteen CT-SDEAs. By increasing the number CT-SDEAs in a
bundle the maximum contraction increased almost linearly.

3.5 Discussion

The mechanical properties of the CT _SDEA, a commercially available stacked

DEA, were measured. Aside from substantial force generation, noiseless operation, and
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high power to mass ratio, in comparison to other alternative actuators, the CT-SDEAs’
high cycle life, reported by CTsystems, and low energy consumption are outstanding.
The results were compared with CTsystems reported values, and that of the mammalian
skeletal muscle. When compared with the CTsystems reported values, CT-SDEAs
showed similar force generation capability, however, the measured shortening was
slightly higher. The calculated Young’s modulus was smaller than the reported value.
Almost all measured properties were comparable to those of skeletal muscle, except
strain and cycle life.

CT-DEAs showed substantially higher power-to-mass ratio and electro-
mechanical delay, 429 W/kg and 21 ms respectively, in comparison with skeletal
muscle, 200 W/kg and 54 ms respectively. The former is mostly the result of their light
weight, 11.3 g, high strain-rate and substantial force generation. The low electro-
mechanical delay, i.e., fast response-time, in combination with short actuation time, i.e.,
strain-rate, will help the design of a fast and effective closed-loop control mechanism.
This is highly desirable in rehabilitation robotics.

One of the outstanding feature of CT-SDEAs in comparison to other alternative
soft actuators, such as Hydraulically Amplified Self-Healing Electrostatic (HASEL)*’,
polymer fiber and Plasticized Poly Vinyl Chloride (PVC) gel®?, are their high cycle life,
>50 M cycles. Recently, >70 M cycle is reported for the new models. In comparison,
PVC gel performance decreased by 60% after only 170 k cycles>® and the reported cycle
life for HASEL is 158 k cycles®®. Although smaller than skeletal muscle, this feature
makes CT-SDEAs a desirable alternative for active exoskeletons, where many
contractions are needed per day to assist an individual with an impaired musculoskeletal

system.
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As expected from a capacitor, steady state current consumption, i.e., the
dielectric leakage current of the CT-SDAE, was very low, less than 39 pA. Ideally, once
a capacitor is charged the current consumption must be zero, however, in reality there
is always a small leakage through the dielectric material. This is due to the very high,
but not infinite, resistance of the dielectric, 31.5 MQ in CT-SDEA. This low power
consumption, 0.047 W (39 pA x 1230 V), for holding the contraction is remarkable,
whereas, the versatile soft ethanol-based phase-change actuators consume 45 W to flex
the forearm of a skeleton*®. To charge the CT-SDEA for full contraction, the transient
current consumption of one actuator, however, reaches as high as 22.77 mA for a couple
of milliseconds. For safety concerns, one can trade off the contraction velocity by
limiting the current, (Equation 3.2). This can be done simply by connecting a resistor
in-series with the actuator.

In active exoskeletons, where assisting motion is usually the main goal, the
shortening, i.e., longitudinal displacement, of the artificial skeletal muscle must be large
enough to allow for its contraction alongside the impaired muscle. The maximum strain
of the CT-SDEAs (3.3%), however, was substantially lower than skeletal muscle (20%).
In a study on 13 adults Pappas et al.*® showed about 4 cm of shortening in maximum
voluntary contraction of biceps muscle. The averaged upper-arm length of these
participants were about 32 cm (~20 cm biceps length). Thus, if an artificial skeletal
muscle contains eight CT-SDEAs in-series, total length of about 32 cm, its maximum
shortening would be about 1.4 cm (each CT_SDEA producing 1.3 mm of shortening).
This is equivalent to about one third of the shortening of an adults biceps muscle*®).
Therefore, assisting the biceps in its full range of motion (ROM) is quiet challenging.

However, one can either leverage the substantial force ofthe SDEAs, 21.74 N total force
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(Figure 3.7), to magnify the displacement using mechanical linkages; or assist the
skeletal muscle’s contraction in its partial ROM.

The difference in Young’s modulus between our measurement and the reported
value by CTsystems, may be due the limitations of our testing set up compared to that
of the manufacturer. Similarly, the incapability in recreating the reported charge time,
to reach the reported actuation frequency, and thereby, measuring the maximum strain-
rate, was due to the slow slew-rate of the Matsusada HV amplifier and the maximum
reachable transient current of the hivolt amplifier, 20 mA. The necessary transient
current to replicate the reported charge time, i.e., actuation time, was 100 mA (Table
3.2), which was not reachable in activation of one CT-SDEA using the square
waveform. The small range of extension/compression, 4.5% - 5%, that we used for
calculating Young’s modulus, may also be a contributing factor in the resultant smaller

value.

3.6 Conclusion

To assess the capability of stacked DEAs for rehabilitation robotic applications,
CT-SDEAs were benchmarked; and their mechanical properties were compared to the
reported values for skeletal muscle. The CT-SDEA showed comparable properties to
skeletal muscle in most features of interest, including response time, stress and power
to mass ratio. Its cycle life, although shorter than skeletal muscle, appear sufficient for
rehabilitation purposes and was substantially higher than other alternative soft actuators.
Its strain, however, was substantially lower than those of human skeletal muscles, which
may impose challenges in design.

Using these results, we concluded that a 3x5 artificial muscle can lift the weight

equal to a 2-year-old boy forearm-+hand, by 6.5 mm, and generates ~60 N of maximum

61



total (active + passive) force. Therefore, it may be a prospective actuator for use in
pediatric exoskeletons, considering its fast response, high strain-rate, and cycle life in

comparison to other soft alternatives.
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Chapter 4

PROPRIOCEPTIVE ARTIFICIAL SKELETAL MUSCLE

4.1 Abstract

For a sensor-free closed-loop control of a commercially available stacked
dielectric elastomer (SDEA), a self-sensing length modulation system was developed.
This length modulation feedback will mimic the proprioception in human motor control.
During actuation, the changes in the DEA capacitance, was used to sense the
longitudinal contraction of the actuator.
First, a previously established length self-sensing technique was implemented on a
CTsystems’ stacked DEA (CT-SDEA). A low-pass filter was designed by connecting a
resistor in series with a CT-SDEA. Then a high frequency signal was superimposed to
the driving, low frequency, activation waveform. By measuring the amplitude of the
output of this low-pass filter, the displacement of the CT-SDEA was inferred. Then, this
length self-sensing technique was implemented to an artificial muscle consisting of
three CT-SDEAs in series. To mimic the muscle spindle’s function in mammalian
skeletal muscle, the middle CT-SDEA was then sensed, while the artificial muscle was
contracting. By fitting this self-sensing information to the displacement information of
the muscle, measured by a laser displacement sensor, the capability of length self-
sensation was validated. The self-sensing output signal was plotted against the measured
displacement and polynomial curve was then fitted to this graph. The results showed

that 2" order polynomial fit better, 6% error, than a 1% order polynomial, 16% error.
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4.2 Introduction

In active wearable technology e.g., active exoskeletons, where the device
operates in close vicinity of human body, actuators that are soft, lightweight, compact,
efficient, and acoustically noiseless are highly desirable. Dielectric elastomer actuators
(DEAs) are one the most promising alternate that shows all of the aforementioned
muscle—like characteristics**>>®. DEA is an elastic dielectric sandwiched between two
compliant electrodes. When high voltage is applied (usually in the range of 1-5 kV) the
electrostatic force, i.e., Maxwell pressure, contracts the non-compressible, elastic,
dielectric. The controllability of these actuators is demonstrated by Carpi et al®!. They
showed the feasibility of open-loop control of DEAs using biosignals, i.e., EMG, EEG,
and ECG, for wearable technology®'. In rehabilitation robotics, however, closed-loop
controls are more preferable due to their reliability. In such applications, precise
displacement feedback is often required for a robust closed-loop motion control.
Interestingly, unlike conventional actuators, DEAs do not require an independent
sensing device such as encoder or tachometer. Changes in DEAs electrical characteristic
can be used to infer their length modulation®*®*. When multiple degree of freedom is
needed, in applications such as rehabilitation robotics, this feature may substantially
reduce the cost and complexity, and improve the efficiency of the system.

Skeletal muscle use proprioception as a prominent feedback for controlling
motion and balance. Proprioception is the awareness of the body in space. It is the use
of joint position sense and joint motion sense to respond to stresses placed upon the
body by alteration of posture and movement®*%>. To do so, skeletal muscle use two types
of sensors; 1) muscle spindles, i.e., displacement sensor, which are located in the muscle
and their firing rate is proportional to muscle length; and 2) Golgi tendon organs, force

sensors, which are located between muscle and tendon and sense the force generated by
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skeletal muscle. Proprioceptive information are sent through fast-conducting Aa fibers
to the central nervous system for proper balance and motor control. Therefore, in
biomimetic rehabilitation robots a proprioceptive artificial skeletal muscle, which is
capable of simultaneous actuation and sensation, is desirable. Such artificial muscle can
be deployed in a closed-loop control of joint motion more readily. Similar to skeletal
muscle, length modulation of DEAs can be inferred during actuation, via the changes in
electrical characteristics of these compliant capacitors, with no need for sophisticated
external sensors®®. In this chapter, we will focus on the implementation of the length
modulation sensation on a DEA-based artificial muscle. This capability is usually

denoted “self-sensing”70-8287-89,

4.2.1 DEA Length Self-Sensing Theory

Due to its promising prospective, various length self-sensing techniques have
been proposed in past decade. Jung et al.¥?, Chuc et al.®® and Hoffstadt et al.”
superimposed a high frequency (usually in 50 -100 Hz range) sensing signal on top of
the DEA’s actuating DC voltage, and thereby, measured the changes in the sensing
signal’s amplitude for length self-sensation.

To develop the proprioceptive artificial skeletal muscle, we will re-evaluate Jung
et al. self-sensing algorithm”3 on a commercially available Stacked DEA. The DEA self-
sensing mechanism works by inferring longitudinal contraction information from
changes in the electrical characteristics of the DEA (Figure 4.1). The impedance of the
DEA, X., changes by its longitudinal contraction, which can measure by recording
Voutpue, using Equation 4.1.DAE’s impedance, X, is inversely proportional to the

DEA’s capacitance, C. By using Equation 4.2, and the known frequency of Vipys, f, C
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can be measured. Finally, by using Equation 4.3, the thickness of the DEA (d) can be

calculated.

S

DEA is a compliant capacitor

Rs

Voutput

T

zz
Electrode Dielectric =

Figure 4.1 DEAs length self-sensing algorithm based on the changes in their
electrical characteristics.

Xc

Voutput = mvinput 4.1)
X, =— 42

c — Zn.fc ( . )
C=goe, = (4.3)

As DEA in Figure 4.1 contracts longitudinally, i.e., d decreases, its capacitance
increases (Equation 4.3), consequently, in frequency domain, the cut-off frequency, F.

decrease (Equation 4.4).

F=— (4.4)

€™ 2rmRC

Where R is the total resistor in the electrical circuitry including R;.
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In other words, when a DEA longitudinally contracts its capacitance increases,
thus F. decreases, consequently, the attenuation of input signal increases, which

results in Voupu decrease (Figure 4.2).

1 @==Fuyll Contraction
2 @ Resting Length

N
o

N
3

N
o

Voutput 2> Voutput 1

Magnitude (dB)

W
)

-35
102 10° 100 finpue 10°

Frequency (Hz)

Figure 4.2 The magnitude of Bode digram of the self-sensing low pass filter. With
a constant frequency (finpur), as the DEA’s capacitance increases, due to
longitudenal contraction, the cut-off frequency (frequency at -3dB)
decreases, and therefore, the attenuation of input signal decreases,
Voutpu12> Voutputl-

There were several attempts to improve the length self-sensing in the DEAs. Ye
et al. added artificial neural network to improve the error and nonlinearity of this
technique’. For further improvement, adaptive modeling techniques such as least
square’! and recursive extended least square®® and extended Kalman filter®” were also
used, in addition to this frequency domain self-sensing technique, for online

identification of DEAs capacitance and resistance, whilst actuation. Outside of the

laboratory, superimposition of a high frequency signal on a high actuation DC voltage
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is nontrivial if not impossible for a portable application. To eliminate the need for a high
frequency signal, Gisby et al. proposed two time domain techniques, 1) using the
actuator’s discharge rate to measure its capacitance in a PWM driven DEA®?; 2) using
arbitrary oscillation in voltage instead of superimposing high frequency signal®®.

In this chapter the length self-sensing mechanism proposed by Jung et al. was
added to a commercially available Stacked DEA by CTsystems (CT25.0-15-15-71,
Compliant Transducer Systems, Dubendorf, Switzerland), which we call CT-SDEA.
The comprehension and implementation of this self-sensing will help us in developing
the robust PID controller that uses this proprioception as its feedback. Additionally,
implementation of this well-established technique will be used as the gateway to

implementation of more sophisticated aforementioned techniques.

4.3 Method

Figure 4.3 (a) shows the electrical model of a DEA, where Cp and Rp, are its
variable capacitor and resistor, respectively, which are in series with two electrode
resistors, Re. Rp models the non-ideal leakage current through the dielectric. The
variability in the Cp, Rp, and R is due to the length modulation of the CT-SDEA. In the
low frequency range (e.g., 10-100 Hz), Rz can be neglected’®* (Figure 4.3 b).

Figure 4.3 Electrical model of a DEA. C, and R, are the polymer’s
capacitance and resistance, respectively, and Rg is the electrodes’ resistance (a). In the
lower frequency range one can ignore Rg'° (b).Note that, the muscle spindle in the
skeletal muscle, unlike the 1x3 artificial muscle, is connected in parallel to the muscle

fibers.
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Figure 4.3  (a) The electrical model of a DEA. C, and R, are the polymners
capacitanc and resistance, respectively, and R is the electrods’
resistance. In the lower frequency range Rz can be ignored’® (b).

4.3.1 Theoretical Analysis
Based on the electrical circuitry in Figure 4.3 (b), by using Laplace
transformation the impedance of the CT-SDEA can be calculated through Equation 4.5.

_ R’

=P (4.5)
14RyCpS

c

By adding Equation 4.5 to Equation 4.1 the Voupu: to Vinpur (Figure 4.1) transfer function
can be derived (Equation 4.6), which is a first order lag system, the low pass filter
(Figure 4.2).

Rp

H = 4,

For a stacked DEA, C, and R, can be calculated using the slightly modified

1.86

formulas introduced by Hoffstadt et al.®®, Equations 4.7 and 4.8, respectively. Where n

is the number of stacked layers in the CT-SDEA; A, is the active area of each layer (the
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area covered by electrode); dpis the resting length of the actuator, CT-SDEA, excluding
the thickness of its end plates; &-and & are polymer’s (silicone rubber for CT-SDEA)
relative permittivity and void permittivity, respectively, V is activation voltage, and d is
the length of the activated actuator. Table 4.1 shows the reported or measured values of

these parameters.

Cp(d) = n2ege, 22 ()% or Cp(d) = Cpo(5D)? (47)
Rp(d) = 7590 5> ()% or Ryp(d) = Rpo(5)* (4.8)

Using Equations 4.7 and 4.6 the polymer’s time constant, 7,, can be calculated. Equation
4.9 shows that the actuator’s time constant only depends on polymer’s physical

characteristics 3-8,

T, = CpRy, = €9&rPo (4.9)
In Equation 4.9, p, is the resistivity of the dielectric material, i.e., silicone rubber in

CT-SDEA.

Table 4.1  Rpand Cp Parameters’ definition and their measured or reported values.

Parameter | Detention Value

do Resting length of the CT-SDEA 36.89 mm

Ae Active are of the CT-SDEA 134.56x10% m

N Number of layers 1600

Cpo CT-SDEA’s capacitance at resting length | 237x10°F

& Silicone rubber relative permittivity 2.8

&o Void permittivity 8.854187187x107!2
Ryo CT-SDEA’s resistance at resting length 191x10°Q

Po Dielectric resistivity 1.8264x10'" Q.m

Ryoand py were calculated experimentally. During an isometric contraction, the length

of the CT-SDEAs was held constant at its rest length, 39 mm, under no compression or
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extension, throughout the trials. After application of a square activation waveform, with
amplitude of 1230 V and period of 5 s, the CT-SDEAs showed 38 ms time constant,
during discharge period. Using Equation 4.8 and considering a 1 MQ discharge
resistance connected in parallel with the CT-SDEA, R,y and p, were calculated at
191x10° Q and 1.8264x10' Q.m, respectively.

The gain of a first order lag system, in time domain, K (Equation 4.10), for a
sinusoidal input with frequency of f, is presented in Equation 4.11. This gain was
calculated for different R; and input frequencies, as the length of the CT-SDEA changed.

The time constant, T and 4 in H(s) (Equation 4.6) is shown in Equation 4.12 and 4.13,

respectively.
A
4.10
s+1 ( )
A

K = 4.11
Va+@2rfr)?) “.11)
— Rs€reopods (4.12)

Rsd3+Ryd? ‘
= —Reod” (4.13)

4.3.2 Proof of Concept

To test the feasibility of this length self-sensing technique a CT-SDEA was
screwed to a rigid frame from one end and to a load-cell, connected to a precision
translational stage (Newport Corporation, Irvine, CA, USA) with 10 um graduation,
from the other end in a vertical position. The CT-SDEA then was passively compressed
and extended to 5% of its resting length, 39 mm, using the precision stage. For each

condition, i.e., compression and extension, a sensing signal, 10 Hz sinusoidal waveform
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with 50 V amplitude, was generated by a high voltage (HV) amplifier (UltraVolt
SHVA24-BP1-F, Advanced Energy, Ronkonkoma, NY, USA) and applied to the
actuator. A 10 MQ resistor was connected in series with the CT-SDEAs and Voupu
(Figure 4.1) was recorded via a CompactDAQ data acquisition system (CDAQ)
(CDAQ-9174, National Instrument, Austin, TX, USA) containing an analog input
module (NI19215), an analog output module (NI 9263), a digital input and output module

(NI19375). This CDAQ was also used to control and monitor the high voltage amplifier.
DC voltage Driving
1230V Signal
Sine wave Sensing
50 V/10 Hz Signal

Figure 4.4 The block diagram of the testing setup.

RC* Circuit
(Low pass Filter) output

4.3.3 Real-Time Length Self-Sensing

A command waveform was generated in LabVIEW (National Instrument,
Austin, TX, USA) by superimposing a sinusoidal sensing signal, with 50 Hz and
amplitude of 0.3125 V, on a linear waveform, i.e., a right triangle waveform with
amplitude of 6.25 V and period of 1 s (Figure 4.5). This sensing signal, then, was
amplified, 160 times, by a HV amplifier (HA51U-1.6P10-3, hivolt.de, Hamburg,
Germany); resulting a sinusoidal sensing waveform with amplitude of 50 V
superimposed on a driving, low frequency, linear waveform, 0 to 1000 V. The HV
amplifier was capable of generating up to 1600 V output voltage, 20 mA dynamic

current (<1 ms), 10 mA static current, with 70 kHz frequency. By connecting 220 Q
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resistor to a CT-SDEA in series, the amplitude of the sensing signal, Vi, ¢pye, Was
monitored. Then this value was mapped to the displacements measured by a laser

S€nsor.

Sensing Signal

Voltage

1 200 399 598 797 996 1195 1394

1
Time (ms)

Figure 4.5 Pre-amplified sensing + actuating signal. 50 Hz sinusoid signal was
supperimposed on top of a linear waveform.

The NI CDAQ, used in the proof of concept testing, controlled the amplifier and
recorded, Voytpye, With 1 kHz sampling frequency. A laser sensor displacement (ILD
1420-25, Micro-Epsilon, Ortenburg, Germany) recorded the longitudinal contraction of
the CT-SDEA with 250 Hz sampling frequency, simultaneously, to evaluate the length
self-sensing property of the actuator. Both laser displacement and self-sensing data were
streamed into a LabVIEW program for online signal processing. The laser displacement

was connected to a personal computer via a USB port. Vi, Was plotted against the

laser displacement sensor data to verify the accuracy of this technique. Then to be able
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to infer the displacement from the reading the Voupu, 1% and 2" order polynomial curves
were fitted to this graph.

To develop a proprioceptive artificial skeletal muscle this mechanism was added
to a configured 1x3 artificial muscle consisting of CT-SDEAs in series. The period of
the linear waveform used for activating this muscle was 8 s. The self-sensation was
added to the middle CT-SDEAs. Similar to the single CT-SDEA’s self-sensation, this
CT-SDEA was connected in series to a resistor; and the voltage of this resistor were
monitored. This voltage then was mapped to the configured artificial skeletal muscle’s
displacement, measured by the laser displacement sensor. A 1% order polynomial, then,
was added to this data set. This CT-SDEA with length self-sensing capability, within
the proprioceptive artificial muscle, resembles the role of muscle spindle of the
mammalian skeletal muscle. Note that, the muscle spindle in the skeletal muscle, unlike

the 1x3 artificial muscle, is connected in parallel to the muscle fibers.
4.4 Results

4.4.1 Theoretical Analysis

The changes in the time domain gain of the circuit in Figure 4.1, in respect to
length modulation of the CT-SDEA, is depicted in Figure 4.6 for different input
frequencies, f, when Rs; was 220 Q (a), and for different R, values, when frequency was
50 Hz (b). The low pass behavior of the H(s), Equation 4.6, is observable in this Figure.
The gain of the circuit for f and R, used in our experiment, 50 Hz and 220 Q,
respectively, is depicted in Figure 4.7 (a). As longitudinal contraction increases, the gain
decreases, which is also observable in the recorded Vouypur. As the CT-SDEA contracted,

the amplitude of the Vouypu: decreased (Figure 4.7 (b)).
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Figure 4.6 The gain, as theratio of peak-to-peak amplitude, of the self-sensing
circuit for different input frequencies at constant R= 220 Q and for
different R values at 50 Hz input frequency.
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Figure 4.7 The gain of the self-seinsing cicuitry for Rs= 220 Q and 50 Hz input
frequency, f (a). As the CT-SDEA contracted the Voupu intensity
decreased (b).

4.4.2 Proof of Concept
The changes in the amplitude of the 10 Hz sinusoid signal at resting length (0%),
5% compression, and 5% extension, can be seen in Figure 4.8. As the CT-SDEA

compressed the amplitude of the sensing signal decreased (Figure 4.8, blue trace) and

as the actuator extended the signal’s amplitude increased (Figure 4.8, red trace).
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Figure 4.8 The recorded Voupu: at resting length, 0% (black trace), 5% extension
(red trace) and 5% compression (blue trace). The insert shows the
minimum (min) of each of the three V outpue graphs connected with a line.

4.4.3 Real-Time Length Self-Sensing

The real-time length self-sensing of the CT-SDEA is depicted against
displacement sensor (Figure 4.9). The self-sensing can be inferred from the changes in
the Voupu's peak-to-peak (P-P) value (Equation 4.1 to 4.3), which is negated to follow
the trend of the laser displacement sensor’s output. Equation 4.14 is the fitted 2" order
curve, with 6 % fitting error, (Figure 4.9, red trace). Figure 4.10 shows changes in the
Vourpus's P-P value against displacement (blue trace), and 1% order fitted curve (red trace),
with 15% linearity error. Equation 4.15 is the 1% order fitted curve.

The changes in Voupue P-P value, while the 1x3 artificial muscle was contracting
is depicted in Figure 4.11 (a). The data is negated to follow the laser displacement’s

output. In Figure 4.11 (b) the muscle’s displacement, measured by the laser
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displacement sensor, shows slight unsteadiness in the contraction of the muscle. These
two graphs are plotted against each other in Figure 4.12 and a 1% order polynomial was

fitted to the resultant graph. The linearity error is 25% due to the unsteadiness.

1.2
@ Measurement
@ 2" Fitted Curve

0.8

0.6

-A Voutput (P-P)
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0 0.1 0.2 0.3 0.4 0.5 0.6

Displacement (mm)

Figure 4.9 The peak-to-peak amplitude of the V,., was plotted against the
measured displacement of a CT-SDEA (blue trace). A 2" order
polynomial was then fitted to this waveform (red trace). With 6% fitting

error.
0.2307x% + 0.229x + 0.0147 (4.14)
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Figure 4.10 The peak-to-peak amplitude of the Voupu was plotted against the
measured displacement of a CT-SDEA (blue trace). A 1% order
polynomial was then fitted to this waveform (red trace). The linearity

error was 15%.
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0.4482x — 0.0093 (4.15)
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Figure 4.11 The changes in the peak to peak (P-P) value of Voupu (a). This value
was negated to follow laser diplacment measurements. The artificial
muscle was contracting under a linear stimulation waveform with 8 s
period. The recordered diplacment, using the laser sensor, during this
contraction is depicted in (b).
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Figure 4.12 The negated changes in Voupu ‘s P-P value was plotted against the

measured displacement of thelx3 artificial msucle, by the laser sensor

(blue trace). A 1% order polynomial was then fitted to this waveform (red
trace).
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4.5 Discussion

The capability of adding length self-sensing to the CT-SDEA was investigated
in this study. To monitor the changes in the capacitance of CT-SDEA and the artificial
muscle, A CT-SDEA was connected in series with a resistor and the actuators voltage
were measured. The results linear relationship between the resistor’s voltage and the
displacement of the CT-SDEA for the large portion of the range, however, the 2" order
fitted polynomial showed lower fitting error in comparison with 1% order polynomial,
6% vs 15%, respectively, which was not in accordance with the theoretical analyses. .
Using one CT-SDEA‘s self-sensation to infer the longitudinal contraction of the
artificial muscle was similar to the role of the muscle spindle in the mammalian skeletal
muscle. The muscle spindle however is in parallel with the muscle fibers in mammalian
skeletal muscle, unlike the 1x3 artificial muscle we tested in this study. Unlike single
CT-SDEA, the relationship between the muscle’s longitudinal contraction and Vougpu
was not as smooth as a single CT-SDEA, potentially due to slightly unsteady contraction
that happened as the result of mechanical compliance of the muscle.

As can be seen in Figure 4.7 (a) the relationship between Voupu's peak and the
displacement of the CT-SDEA was expected to be linear, however, the fitted 2" order
curve in Figure 4.9 showed a lower error in comparison to the 1% order curve (Figure
4.10). This could be the result of modeling the circuit with limited precision, especially
ignoring variable electrode resistance, Rg, in Figure 4.3. A more precise transfer

1.3 which includes Rg can be used for future

function proposed by Hoffstadt et a
investigations. More precise parameter identification using modeling techniques such
as extended Kalman filter®’ least square’! or recursive extended least square®®, may also

improve the Voupu: vs. displacement relationship.
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Using Maxwell pressure formula, Equation 4.14, the measured length
modulation using the aforementioned length self-sensing technique can also be used to
infer the force generated by the artificial muscle®, where V is the applied voltage
between electrodes, and d is each layer’s thickness. The calculated Maxwell pressure
can be converted to force by assuming the electrode area stays constant throughout
contraction. Using this information, however, the external force applied to the actuator
cannot be inferred.

P= ereo(g)z (4.14)

The result of adding proprioception to the artificial muscle showed smooth
behavior at the beginning and end of the curve, however, as the low frequency
fluctuations intensified during the artificial muscle contraction the voltage of the resistor
behaved differently. This may be the result of non-uniform contraction of the artificial
muscle due to its mechanical compliance. By confining such artificial muscles in a low
friction and flexible shell, resembling muscle fascia, the motion of the artificial muscle
can be restricted to a certain direction. This is also important when large displacement
is a critical. Due to small strain of the CT-DEAs, 3.3%, any undesirable motion reduces
the total displacement in the target direction.

Although popular, a limitation of this frequency domain self-sensing technique,
i.e., superimposing a high frequency signal on the activation waveform, is its potential
for wearable applications. Although producing high driving voltage, usually more than
1000 volt, for portable application has already been proposed using compact and
portable electrical components such as EMCO DC to HV DC converters (XP Power,
Sunnyvale, CA, USA), the superimposition of a high frequency signal on this voltage

in lightweight and compact portable circuit is a nontrivial task. Therefore, to resolve
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this, other techniques has been proposed®”*°. The most promising one is measuring the
time constant of the DEA during the discharge period, whilst using pulse width
modulation (PMW) for driving the actutor®®. The PWM can be generated using photo-
diode, such as OCI00HG (VOLTAGE MULTIPLIER, INC., Visalia, CA), or HV

transistors, such as STN0214 (STMicroelectronics, Geneva, Switzerland).

4.6 Conclusion

To add proprioception to our artificial muscle a frequency domain length self-
sensing technique was implemented on the commercially available stacked DEA, CT-
SDEA. A resistor was connected in series with the CT-SDEA; the actuator’s voltage
was then monitored to measure its length modulation, which resulted in the capacitance
variation, and thereby, change ion actuator’s voltage.

The result of our study showed a 2" order polynomial as the better fit to the
relationship between the actuator length and the low pass filter output. Although linear
in majority of the contraction, this 2" order relationship was in contrary to the linear
relationship calculated theoretically. More sophisticated system identification technique
such as recursive extended least squares is needed to model the CT-SDEAs more
accurately for robust closed-loop control of the CT-SDEA’s length modulation.

To replicate the role of muscle spindle in the mammalian skeletal muscle, this
proprioception was then added to the middle CT-SDEA in a 1x3 artificial muscle
configuration, and then its length modulation was mapped to the length modulation of
the whole muscle. Although the result showed close relationship between the measured
muscle displacement and the middle CT-SDEA’s proprioception, this relationship was
not as smooth as that of a single CT-SDEA, mainly due to minor sway during the

contraction of this soft CT-SDEA-based artificial muscle.
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Chapter 5

A MECHANIZED ELBOW JOINT POWERED BY A DE-BASED
ARTIFICIAL SKELETAL MUSCLE.

5.1 Abstract

To increase the acceptability of exoskeletons, there is a growing attention toward
finding an alternative soft actuator that can safely perform at close vicinity of human
body. In this study, we investigated the capability of the dielectric elastomer actuators,
a highly anticipated soft actuator, in muscle-like actuation of rehabilitation robots. The
elbow joint of an upper extremity phantom model was actuated by an artificial skeletal
muscle consisting of commercially available stacked DEAs, in series and parallel. Three
different muscle configurations, 1x4 (an artificial myofibril consist of four CT-SDAE
in series), 3x4, and 3x5 were tested under various tensile loads, 1 N to 4.5 N, placed at
the center of mass of the forearm+hand of the phantom model. The active range of
motion, angular velocity, and angular acceleration of the phantom model’s tip of the
hand were measured using motion capture system.

The 3x5 artificial muscle produced 22° of elbow flexion with 224 °/s angular
velocity in the sagittal plane, under a 1 N tensile load. With gradual increase in the
driving voltage, using a linear activation waveform, this muscle could smoothly contract
throughout its active range of motion. This precise contraction response to gradual
changes in driving voltage, in combination with the high-speed contraction, is highly

desirable for rehabilitation robots. The active range of motion, however, was
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substantially reduced as the tensile loads increased, which limits the capability of these

muscles in upper extremity exoskeletons

5.2 Introduction

Modern concepts of rehabilitation support the use of intensive, repetitive, and
task-oriented approaches aimed at restoring upper extremity disability®. Intense
repetitions of coordinated motor activities, however, constitute a significant burden for
the therapists, assisting patients. Therefore, mass practice is difficult to achieve during
a typical therapy session. To counteract this, prevailing research studies present a wide
variety of rehabilitation devices?*. Assistive robots with the ability to perform repetitive
tasks with patients are among these technically advanced devices. The more automated
an assistive robot, the less supervision is needed. While increasing the independence of
the user in performance of activities of daily living (ADLs), an assistive robot will
potentially increase the dosage of interaction that consequently may result in more
cognitive, social and motor development. In addition, it is expected that the potential
kinematic and kinetic measurement derived from close-loop systems in such robots will
contribute to the understanding of how different treatment variables (dosage, amount,
type of assistance provided) influence motor learning and recovery in children. Another
advantage is the ability to provide more motivating training context, by means of a
computer gaming environment with quantitative feedback to motivate practice”. Thus,
these robots are getting more and more attention in rehabilitation engineering.

Exoskeleton such as ARMin?"?¢1% MIME!??, T-WREX3%3103 " and MIT-

Manus 104,105

already showed promising motor rehabilitation results, which resulted in
commercial product such as Armeo Power, and Armeo Spring (Hacoma AG,

Switzerland), the commercial replica of ARMin and T-WREX, respectively (Figure 5.1,
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(a) and (b)). These commercially available devices are not practical for at home use and
their size and cost limits their practicality for widespread utilization'®. Furthermore, due
to their complexity, a supervisor is required to operate these exoskeletons, which limits
the intensity and duration of the training. Considering the healthcare delivery shifting
away from clinical facilities and into the community, there is a growing need and
attention for technologies for at home interventions and devices to assist ADLs!%. Such
exoskeletons are called assistive exoskeletons.

T-WREX303L193 originally designed for such purposes and its pediatric version
P-WREX, although smaller and simpler to use in comparison with their powered
counterparts, cannot generate motion, thus, are limited in their capabilities'®. MyoPro
(Myomo, Cambridge, MA, USA), an electromyography-triggered active elbow brace
197" on the other hand, is one of the only commercially available powered exoskeletons;
which showed efficacy for at home rehabilitation in controlled pilot studies'®!% (Figure

5.1, ¢).

Armeo Spring Pediatric

Example of comercially availbale exoskeltons (a) Aremo Spring.(b)
Armeo Power.(c) Myomo. The Armoe devices, although versatile, are
bulky, expensive and complex.

A
Figure 5.1
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Most assistive exoskeletons that have been developed, as a group of highly
promising rehabilitation robots, also suffer from lack of natural feel, that is their heavy,

16106 This usually leads to dissatisfaction,

bulky, noisy, and rigid structure
unacceptance, and finally abandonment of the device, especially in pediatric population.
Therefore, innovations in the development of the next-generation rehabilitation robots
can lead to significant benefits!®®. The conventional actuators used in most of these
exoskeletons are designed for industrial applications, not interacting with human body,
and therefore, result in these structural drawbacks. An effective orthosis must, in
general, be silent, light weight, compliant, and portable!®'!°. Also because of their
structural rigidity, the existing exoskeletons present challenges for safe interactions with
humans. In contrast, an approach using softer materials has the potential to exhibit
greater adaptation, sensitivity and agility. Softness and body compliance are salient
features often exploited by biological systems, which tend to seek simplicity and show
reduced complexity in their interactions with their environment'!!. Additionally unlike
most conventional exoskeletons, by using soft sensors, actuators, and structures the
user’s natural degrees of freedom would be less constrained''?.

To advance the design of wearable assistive rehabilitation robots, the use of
smaller and lighter skeletal muscle-like actuators are highly desirable to enable
reductions in cost, labor, and to increase the dosage of training and motivation while
maintaining precision of movement. The ideal candidate actuators for exoskeletons
should closely mimic the prominent properties of skeletal muscle in, Young’s modulus,
linear actuation, acoustically noiseless operation, stress and strain, strain-rate,
efficiency, cycle life, and actuation frequency. To this end, a variety of novel actuators,

with different activation and actuation mechanisms and mechanical characteristics have
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4474653.:59.62.63.113 ° Among all, due to the capacity of polymer engineering

been propose
in customization of various mechanical property based on the target application, there
is a growing attention toward electro-active polymer actuators (EPA)*.

With dielectric elastomer actuators, one of the most studied group of EPAs>®, it
is possible to design mechanical systems with a soft feel and an external envelope (size
and shape) approximating that of a natural limb''#. The requirement for a “natural” look
and feel is important to the goal of making the artificial or assisted limb feel integrated
with the body. DEAs have been known for their unique properties, including large
electrically-induced area strains (120-380%), large electrically-induced stresses (up to
about 3 MPa) and low response times (Ims or even lower with low-losses
elastomers)! 13115118~ wwhich exceed the characteristics of natural muscle.
Fundamentally, both DEAs and natural muscles consist of soft viscoelastic matter that
can generate forces in response to electrical stimuli*®. The force and strain of DEAs can
be electrically modulated to control their stiffness'!®. Inherently compliant (soft) DEAs
can mimic the agonist/antagonist muscle pairs found in nature, so that concentric
contraction of one artificial skeletal muscle is taken up by eccentric contraction in the

other!?°

. This property is applicable in modulating joint stiffness over ranges wider than
those possible with a single actuator''. Finally, human motor control uses sensory
feedback from muscle spindles and Golgi tendon organs within the muscles. By
combining proprioception with actuation, natural muscle is multi-functional®®.
Likewise, in DEAs elastomer deformations are inextricably linked to changes in
electrical parameters that include capacitance and resistance, so the state of strain can

be inferred by sensing these changes, enabling closed-loop control without any

additional sensor setup. In contrast, commonly used actuators in robotics need
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independent sensing devices for closed loop control, which increase the size and
complexity of the system with higher number of actuators. All of these unique properties
make DEAs particularly suitable for developing light, soft and inconspicuous
mechanical systems with noise free actuation. DEAs are an area of immediate interest
for driving orthoses and prostheses.

DEAs are fabricated from conformable elastomers, and thereby, they can be
shaped into many actuator configurations and over a wide range of dimensions.
Folded”, helical”® and rolled’” DEAs are some of the proposed configurations for linear
actuation. From the perspective of artificial skeletal muscle designs, one of the most
interesting DEA configuration is the stacked actuator. The hierarchic structure of human
skeletal muscles is considered a useful analogous actuator model of numerous
sarcomeres in series *2. Similarly, stacked DAEs (SDEAs) are capable of effectively
coupling the deformations of individual DE layers to provide linear actuation. As with
sarcomeres, employing a large number of DEA layers amplifies linear displacement.
The novel and highly reliable SDEA invented by Dr. Kovacs et al.®®, CEO of
CTsystems, represents the most appropriate DEA design when noiseless and linear
contractions of a soft actuator are required in close proximity to humans. CTsystems,
the first and only mass production manufacturer of commercial DEAs having a stacked
muscle-like configuration.

In this study, we actuated an elbow joint of an upper extremity phantom model
using multiple CTsystems’ SDEAs (CT-SDEAs) connected in series and parallel
arrangements. Carpi et al. previously showed the possibility of using Dielectric
elastomers in orthoses design®’'?1122, This study was the first that assessed the

capability of CT-SDEAs to act as an artificial biceps muscle. These novel and reliable
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actuators, have only recently become available, thus opening the way for the
development of novel rehabilitation robotic devices that take advantage of the touted
characteristics DEAs have over conventional actuators used in robotic applications.

Thereby, CT-SDEAs may revolutionized the field of rehabilitation robotics.

5.3 Method

5.3.1 Configuring Artificial Skeletal Muscle

As one of the very first group that used CT-SDEA, a bundle of these new
generation actuators was configured to form an artificial skeletal muscle. These muscles
were the first artificial skeletal muscle that will have artificial sarcomeres (each DE
layer in the CT-SDEA), motor units (each CT-SDEA), myofibrils (the CT-SDEAs
connected in series), muscle fibers (the bundle of parallel artificial myofibrils), and
importantly, proprioception, i.e., the length self-sensing capability, in a single
mechanical structure. This unique structural and functional similarity to human skeletal
muscle gives this artificial skeletal muscle the flexibility to 1) configure different
number of artificial muscle sarcomeres (i.e., the number of layers within the CT-SDEA)
and artificial motor units (CT-SDEAs) and myofibrils (CT-SDEAs in series) to
modulate force and displacement generation capability of the resultant muscle; 2)
control the amount of force generation of the muscle using the number of activated
motor units and myofibrils by modulating their driving voltage; 3) create complex
actuation by activating specific motor units in the artificial muscle myofibrils, and
thereby, creating multiple degrees of freedom using one artificial skeletal muscle; 4)

controlling length modulation of the artificial skeletal muscle using proprioception as

88



the feedback; and 5) controlling the stiffness of the muscle when eccentric contractions

are needed.
Three artificial skeletal muscle configurations were used in this study 1x4, i.e.,
one artificial myofibril consisting of four CT-SDEAs in series, 3x4, and 3x5, i.e., three

artificial myofibrils in parallel each consisting of five CT-SDEAs in series.

Table 5.1  CT-SDEA specifications.

Electrode  Dielectric End-plate Max Force 10.1 N

Max strain 3.3%

Shortening 1.3 mm

dumuunnin

Stacking
dumuunnin

Dimension 39x17x17 mm

Weight 113¢g

\\\\\\\\\\\\\\.”.:

Max driving voltage 1200 kV

5.3.2 Testing Procedure

The steps to investigate the exoskeleton design include:

1. Implementing an upper extremity phantom model as the exoskeleton’s
testing platform.

2.  Biomechanical analysis.

3. Mounting the artificial skeletal muscles and mechanical designs
directly on the phantom model.

4.  Mapping the length modulation of the artificial skeletal muscles to the
degree of elbow flexion of the phantom model.
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5. Designing an exoskeleton powered by the artificial skeletal muscle.

5.3.2.1 Implementing an Upper Extremity Phantom Model as the Exoskeleton
Testing Platform

To simulate the motion, length, and weight of a 2-year-old upper extremity, a
phantom model was developed. This model had a weight mount at the calculated center
of mass (COM) of a 2-year-old boy’s forearm. The COM location from forearm’s center
of rotation, 16.28 cm, was calculated based on the 2-year-old boy standard height, 94
cm®, and Winter’s anthropometric data®’. Thereby, we could simulate the weight of a

2-year-old forearm+hand, and during different loading conditions.

5.3.2.2 Biomechanical Analysis.

Before testing the artificial skeletal muscle in flexing an elbow joint
experimentally, the capability of the configured 3x5 artificial skeletal muscle in creating
15 cm, 36°, range of motion (ROM) at of the tip of the hand of a 2-year-old boy was

assessed theoretically.

5.3.2.3 Mounting the Artificial Skeletal Muscle and the Mechanical Structure
Directly on the Phantom Model

For empirical measurement of the maximum achievable active range of elbow
flexion by the artificial skeletal muscles, they were mounted directly on the phantom
model. This step helped us to avoid the complication of designing the exoskeleton
before testing the artificial skeletal muscle’s capabilities in creating elbow flexion. The
3D instrumented motion capture (MoCap) was used to measure ROM, angular velocity
and acceleration, of the elbow flexion, in the sagittal plane under different loads. To test
the capability of the artificial skeletal muscles in actuating the elbow joint, different

levels of tensile load, 1 N (the weight of the phantom’s model forearm) to 4 N (g=10
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m/s?), were attached on the COM of the forearm+hand, which was calculated at the
previous step. The weight of the forarm+hand of a 2-year-old boy, calculated at 330 g
(3.3 N, g=10 m/s?) using standard weight for a 2-year-old boy, 15.4 kg®, and Winter’s
anthropometric data®’. The goal was to reach 36° of elbow flexion with 91%s velocity
and maximum acceleration of 116%s2. The chosen velocity and acceleration were used
in the design of ARMin upper extremity exoskeleton?’. To measure these parameter the
muscles were under 1 N of tensile load, i.e., the load of the forearm of the phantom
model, and a square activation waveform, with 1230 V amplitude, 5 s period, and 50%

duty cycle activated the muscles.

5.3.2.4 Mapping the Length Modulation of the Artificial Skeletal Muscle to the
Degree of Elbow Flexion of the Phantom Model

Using the MoCap data, the applied voltage to the muscle was mapped to the
degree of elbow flexion. Thereby, we will be able to reach the desire degree of elbow
flexion by controlling the artificial skeletal muscle’s activation voltage. A linear
activation waveform, i.e., a right triangle waveform with amplitude of 1230 V and
period of 5 s, was applied to the 3x5 artificial muscle and the resultant elbow flexion

was plotted against the applied voltage.

5.3.2.5 Designing an exoskeleton powered by the artificial skeletal muscle.
Using the results of the previous steps, an exoskeleton was designed in
SOLIDWORKS (Dassault Systémes, Vélizy-Villacoublay, France), which is powered

by 4x5 artificial muscle.
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5.3.3 MoCap

ROM, angular velocity, and angular acceleration was calculated using kinematic
data collected by MoCap (Motion Analysis Corp, Santa Rosa, CA, USA) with 128 Hz
sampling frequency. Reflective markers were attached to the tip of the hand, shoulder
piece, forearm, and upper arm, and center of rotation on the elbow piece, of the phantom

model. The data were analyzed offline in Visual 3D (C-motion Inc, Germantown, MD,

USA).

5.3.4 Control and Monitoring System

Computer

Command

L ——— 4 High Voltage Artificial
<:| Amplifier Muscle

Monitoring
Signals

Figure 5.2  The block digram of the control and monitoring system for driving the
artificial muscles.

The main components of the control and monitoring system were: 1) a high
voltage (HV) amplifier (RC250-1.5P, Matsusada Precision Inc., Shiga, Japan) with
1500 V and 165 mA maximum output voltage and current, respectively, to provide the
necessary driving voltage, 0-1230 V, for the CT-SDEAs; 2) a CompactDAQ data
acquisition system (CDAQ) (CDAQ-9174, National Instrument, Austin, TX, USA),
containing an analog output module (NI 9263) and analog input module (NI 9215), for
generating the command signal to control the HV amplifier and monitoring its output

voltage and current, respectively; 3) software developed in LabVIEW
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(National Instrument, Austin, TX, USA), to control the CDAQ. Figure 5.2 illustrates

the block diagram of this system.

5.4 Results

5.4.1 Upper Extremity Phantom Model
A phantom model was designed and 3D printed (Figure 5.3). The model had a

weight mount, which is located about 16 cm from the center of rotation of the forearm.

Figure 5.3  The designed and 3D printed upper tremity phantom model.

5.4.2 Biomechanics Analysis

The capability of the 3x5 artificial muscle with, 60 N force and 6.5 mm
longitudinal contraction, in creating elbow flexion was theoretically calculated.

First, the insertion point of the artificial skeletal muscle for creating 15 cm ROM,
CC (Figure 5.4), at the tip of the hand of a 2-year-old by, with 94 cm height and 15.4

kg of weight®®, was calculated. By using Winter’s anthropometric data®’, the length of
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the forearm+hand of a 2-year-old boy was measured 23.876 cm. Then, considering 6.5
mm of maximum contraction, BB, and using the Thales theory (Equation 5.1), the
insertion point of the muscle, B, was calculated at 1.034 cm from the center of rotation,

A (Figure 5.4).

AB BB’
1 .
C A= Center of Rotation

BB'= the Artificial muscle’s max contraction
CC'=Desired ROM

Figure 5.4  Artificial muscle’s insertion point calculation. Using Thales theorem
and 15 cm desire value at the tip of the hand the insertion point was
calculated at about 1 cm from the center of rotation.

To assess if the torque generated by the artificial skeletal muscle at its insertion
point is enough to create motion at the forearm, it was compared with gravity torque at
the COM (Figure 5.5). COM was calculated at 16.2834 cm from the center of rotation,
A, using Winter’s anthropometric data®’. Having the maximum force generation of the
3x5 artificial muscle (60 N) and its lever arm, AB=1.034 cm, it was theoretically shown
that the maximum torque that the muscle is capable of generating at the insertion point,

62.04 Ncm, is higher than the gravity torque at the COM, 55.168 Ncm, for unloaded
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condition (Figure 5.5). For loaded condition, however, a mechanical system should be

designed to magnify the torque of the artificial skeletal muscle.

Forearm + Hand weight=3.388 N

S | - COM from A =16.2834 cm
} }\Jf N
~ l N

:‘) ! Forearm + Hand
Y — -~ COM I

AB=Artificial muscle Lever arm

Figure 5.5 The torque generated by the artificial skeletal muscle at its insertion
point (red) and the torque generated by the gravity at the COM (blue).
The higher torque generated by the artificial skeletal muscle shows
capability to create forearm motion.

5.4.3 Testing the Artificial Skeletal Muscle Powered Elbow Joint

To investigate the capability of the CT-SDEA-based artificial muscle in flexing
the elbow, three muscle configurations were tested. The artificial skeletal muscles were
connected to the forearm of the phantom model through a coated wire rope, with 1.6
diameter. To magnify the displacement of the 1x4 muscle, a cam-shaped pulley system
was 3D printed and mounted on the elbow piece of the phantom model (Figure 5.6). To
be able to adjust the tension of this cable and detach the muscle from the forearm easily,
a connector was designed for this cable wire, using a Wago connector (WAGO
Kontakttechnik GmbH & Co. KG, Minden, Germany). Figure 5.6 shows this connector
and its 3D printed casing for the attachment to CT-SDEA’s end-plate. Using the

proposed design, the 1x4 was not capable of lifting the forearm+hand of the phantom
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model, 145 g. The phantom model powered by the 1x4 and MoCap system is
demonstrated in Figure 5.7. The CT-SDEA in the artificial skeletal muscle was
connected to the power terminal in parallel and was driven by HV amplifier using the
customized LabVIEW program. This muscle configuration was not capable of creating

elbow flexion.

Cable Connector

Figure 5.6 The cam-shaped pully system to magnify the displacement of the
artifical msucles (a). The designed wire rope connector (b).

Figure 5.8 shows the elbow joint powered by the 3x4 artificial muscle. The
muscle was directly attached to the elbow piece of the artificial skeletal muscle and no
mechanical linkages were used in this design. An end-plate was 3D printed to connect
three artificial myofibrils in parallel. This end-plate had casing for the Wago connector
to connect the wire rope to the muscle. The CT-SDEAs in the artificial skeletal muscle
were connected in parallel to the power terminal. The active ROM of the joint was 18°

(Figure 5.9), and its angular velocity were measured at 138 °/s (Table 5.3).
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Figure 5.7 The elbow joint powred by a 1x4 artificial muscle. Muscles were
connected in parallel to power terminal. Five reflective markers were
attached to the arm and hand for MoCap kinemtic analysis

As calculated in the Biomechanical Analysis section, the capability of the 3x5
artificial muscle was tested in powering the elbow (Figure 5.10). The degrees of elbow
flexion under different levels of tensile load are depicted in Figure 5.11. As the load at

COM increased the degree of elbow flexion decrease. Table 5.2 shows 5° to 8° degree

of supination of the elbow created while the artificial skeletal muscle was flexing the

elbow. Under 100 g of load, the degree of elbow flexion was slightly more than the 3x4
muscle, 22° (Figure 5.11). Table 5.3 shows the angular velocity of the elbow flexion,

224 °/s.
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Figure 5.8
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The elbow joint powered by the 3x4 artificial msucle (a). The puly
system were not used in this design and the muscle was directly
connected to the elbow piece of the phantom modle (b). (c) the 3D
printed end-plate with Wago connector casing, to attach three artificial
myofibrils in parallel.

3x4 Artificial Muscle

The elbow flexion angle of the phantom model’s elbow joint, powered
by the 3x4 artificial msucle. The sampling frequency was 128 Hz. 0°
elbow flexion was the antomical neutral position of the elbow, full
elbow extension.
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Table 5.2  Forearm supination of the phantom model’s elbow joint powered by 3x5
artificial muscle, under different tensile loads. g=10 m/s2.

I N IS5N [2N 25N |3.N 35N [4N
| Supination 5.5° 6.7° 7.2° 8.3° 8.0° 8.2° 5.0°

The parabolic relationship between elbow flexion and voltage is depicted in
Figure 5.13 (a). This relationship is similar to the parabolic relationship of the CT-

SDEA’s longitudinal contraction and voltage (Figure 5.13 (b)).

“B

Figure 5.10 The 3X muscle directly attached to the forarm of the phantom model.
Different loads were mounted on the COM of the forearm+hand, 16 cm
from the center of rotation.

=

99



25 21.82

19.29
18.08
20
14.44
9.19
l 8.14
1 1.5 2 2.5 3

3.5 4

=
wn

RoM (degree)
(=Y
[S)

wu

Tensile Load (N)

Figure 5.11 The active range of motion (ROM) of the phantom model’s elbow joint,
powered by 3x5 artificial muscle, under different levels of tensile load.
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Figure 5.12 The elbow flexion angle of the phantom model’s elbow joint, powered
by the 3x5 artificial msucle. The sampling frequency was 128 Hz. 0°
elbow flexion was the antomical neutral postion of the elbow, full
elbow extension.
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Figure 5.13 Using the linear activation waveform the degree of elbow flexion was
mapped to the activation voltage (a). 0° elbow flexion was the
antomical nutral postion of the elbow, full elbow extension. The
parabolic relationship between voltage and elbow flexion is similar to
the relation between a CT-SDEA’s longitudenal contraction and its
voltage (b).

Table 5.3  The measured ROM, angular velocity and angular acceleration for the
exoskeletons powered by 1x4, 3x4 and 3x5 artificial muscles. The muscles
were under 1 N of tensile load while contracting. The square activation
waveform was applied to the muscles.

Exoskeletons design ROM Angular velocity Angular acceleration
1x4 muscle with pulley 0° 0°/s 0 °/s?

3x4 muscle without pulley | 18° 138 °/s 1280 °/s?

3x5 muscle without pulley | 22° 224 °/s 2824 °/s?

5.4.4 Exoskeleton Design

Figure 5.14 demonstrate the proposed exoskeleton designs using the results of
this study. The design is powered by 3x4 artificial muscle, which was chosen due to the
limited length of a 2-year-old boy upper arm, 17.5 cm®’. The design contains three
brackets located around the end-plate of the CT-SDAEs to confine the undesirable

motion of the artificial skeletal muscle and the bowing effect.
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Figure 5.14 The CAD model of a potential exoskleton, powered by the 3x4 artificial
msucle. Three brackets are located on the CT-SDEAs’ endplates of the
middle artificial myofibril.

5.5 Discussion

Three different muscle configurations were used to power an elbow joint of a
phantom model. The 3x4 and 3x5 artificial muscles created 18° and 22° of elbow
flexion, respectively, under 1 N tensile load, the weight of the phantom model’s
forearm. The high angular velocity of these contractions, 224° and 138°, for the 3x5 and
3x4 muscles respectively, is highly desirable in exoskeleton applications were fast and
controlled contraction is needed. The reduction in elbow flexion contraction, at the
presence of higher tensile loads, however, may be a substantial hurdle for such
applications.

The discrepancy between the theoretical biomechanical analysis, showing the
capability of artificial skeletal muscle in producing 36° of elbow flexion, and empirical
results may be due to friction in the phantom model and the softness of the actuator and
the cable pulley/cam mechanism. Due to the muscles’ softness, undesirable deformity

was observed during contraction, under tensile load. The generated supination (Table
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5.2) shows the effect of these deformities and the undesirable motions. This may
substantially affect the elbow joint’s active ROM, considering the limited contraction
of these artificial skeletal muscles, < 6.5 mm. One solution is to confine these artificial
skeletal muscles in a low friction and flexible shell, similar to muscle fascia, and attach
these muscles to a harder skeletal-like structure, to confine these soft actuators’ motion
to certain direction. In exoskeleton applications this can be done by highly flexible
materials such as silicone films.

Adding a suitable mechanical transmission, may improve the artificial skeletal
muscle powered elbow joint dynamics. A simple cam-shaped pulley system was tested
with the 1x4 artificial muscle (Figure 5.6). This mechanical linkage was not capable of
magnifying a displacement due to the mechanical loss of the cable driven system. A
more sophisticated cable-driven transmission system may substantially improve the
performance of the artificial skeletal muscles tested in this study. A magnification of
displacement is specifically critical for exoskeleton applications. As an example, the
reported value for displacement of the biceps muscle in adults is 4 cm*®, where active
ROM of'the elbow is about 160°, where the artificial skeletal muscle tested in this study
had 0.66 cm displacement.

When activated by the linear activation waveform, the 3x5 artificial muscle
showed smooth gradual increase in its degree of elbow flexion (Figure 5.10). The
parabolic relationship between voltage and longitudinal contraction of the CT-SDEAs
was also observable in the degree of elbow flexion of the elbow joint powered by the
artificial skeletal muscle. Combination of this smooth high-resolution contraction, i.e.,
response to the slight increase of the driving voltage, and speed of contraction may

simplify a proposed control mechanism.
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As the tensile load increased, at the COM of the forearm+hand, from 1 N to 4 N
(2=10 m/s?) the degree of elbow flexion was reduced substantially from 21.8° to 5.5°.
This may improve by increasing the lever arm and trading off the ROM at the lighter
loads. Due to the flexibility of the actuator, however, this may result in the bowing of
the artificial skeletal muscle during contraction. Deploying push-pull cables in the
design, instead of the wire rope, may also improve the ROM by reducing some of the
existing slack in the cable.

Another limiting factor of the 3x5 artificial muscle is its length, 20 cm, which is
longer than the upper arm of a 2-year-old, 17.5 cm. This population was proposed as a
group that may benefit using an exoskeleton powered by CT-DEA-based artificial
muscles. Due to mechanical compliance, however, these muscles could be bent over the
shoulder to resolve this issue. Further experiments are needed to test this solution.
Because the active ROM of the 3x4 artificial muscle, 18°, was close to that of generated
by the 3x5 artificial muscle, 22°, it can be used, instead to resolve the length issue.

The proposed exoskeleton (Figure 5.14) is based on the phantom model
morphology, however, a design is needed in the future that fits to a child real upper-
extremity geometry. The complex dynamic of the elbow joint, e.g. instant center of

rotation, however, will make this transition substantially challenging.

5.6 Conclusion

The capability of CT-DEA-based artificial muscle in actuating an elbow joint of
a pediatric exoskeleton was investigated. Three different artificial skeletal muscle
configurations, 1x4, 3x4 and 3x5, were tested. As expected, the 3x5 artificial muscle
created the highest degree of elbow flexion. This muscle created high angular velocity

about the elbow, which is desirable for exoskeleton applications. The ROM, however,
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was limited, especially in the presence of a tensile load equal to or more than that of a
2-year-old forearm+hand. Additionally, the 3x5 artificial muscle required an upper arm
length of about, 20 cm, which is higher than that of a 2-year-old boy, 17.5 cm.

The result of this study suggested that the degree of elbow flexion for an elbow
joint actuated by CT-SDEA without proper transmission system is limited. Therefore,
further improvement is necessary to add a suitable transmission system, to adjust the

displacement of the muscle at its insertion point.
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Chapter 6

CONCLUSION

In this dissertation, muscle-like stacked dielectric elastomer actuators
(DEAs)%-7086.123 were used to form artificial skeletal muscles. Unlike conventional
actuators (DC motors), these soft actuators create longitudinal contraction while having
acoustically noiseless operation. These features will substantially improve the natural
feel of rehabilitation robots, such as powered exoskeletons, which may improve user
compliance. In addition, DE actuator’s mechanical properties are comparable to those
of skeletal muscle. Being soft, they can closely mimic the morphology of the skeletal
muscle, thus reducing orthoses size while increasing the types of degrees of freedom.
Their compact size and light weight will improve upon the heavy and conspicuous
designs of existing powered exoskeletons.

In Aim 1 the state of soft actuator technology for use as artificial skeletal muscles
in pediatric exoskeletal rehabilitation devices was assessed, and thereby, the Stacked
DEA was chosen. The inclusion criteria for this aim were softness, linear actuation,
acoustically noiseless operation, and demonstrated ability to lift a tensile load equal or
greater than the weight of a two-year old boy’s forearm-+hand, 338 g. Accordingly, two
thermally driven actuators, Coiled Nylon Fiber (CNF)* and Ethanol-Based Phase-
Change (EPC)*; and three electro-active polymer actuators, Plasticized poly vinyl
chloride (PVC) gel®?, Stacked dielectric elastomer (DE)®® and hydraulically amplified
self-healing electrostatic (HASEL)>’, were chosen for the comparison. These actuators

were compared in their stress, unidirectional strain, strain-rate, power-to-mass ratio, and
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efficiency. The result of our comparison showed that, within the group of
aforementioned actuators, HASEL actuators and Stacked DEAs can satisfy Hypothesis
1.1-that is soft actuator technology has sufficiently progressed to allow muscle-like
actuation of rehabilitation robots. The Stacked DEA, however, was the chosen due to
its higher cycle life, gradual high-resolution contraction, unlike snap-through
contraction of HASEL actuators, and its commercial availability. In addition to having
High stress-rate, Moderate maximum strain and stress, their long cycle life is one of
their most outstanding features, which makes them an ideal group of soft actuators
where thousands of actuations are needed per day. Thus, a commercially available
stacked DE actuator was chosen as the most applicable soft actuators technology for
pediatric rehabilitation robots. CTsystems®! is the one and only manufacturer of the
commercially available Stacked DEAs, which we called CT-SDEA.

In Aim 2, a CT-SDAE-based artificial muscle, which is capable of lifting a
tensile load equivalent to that of a 2-year-old boy’s forearm and hand was configured.
To do so, the electro-mechanical properties of the CT-SDEA were benchmarked. These
properties included the: stress response, electro-mechanical delay, Young’s modulus,
longitudinal strain, strain-rate, power-to-mass ratio, and current consumption. The
observed properties were then compared with the reported values for mammalian
skeletal muscle'?*. Finally, CT-SDEA performance metrics, such as its length-tension
properties and force generation hysteresis were assessed'>*.

The CT-SDEAs tested in this study showed 21 ms electro-mechanical delay, and
their calculated strain-rate was 660 %/s. They could generate 21.74 N of force and have
a 426 W/kg power-to-mass ratio. Their longitudinal strain was measured at 3.3%.

Additionally, their steady state current consumption was measured 39 pA. These results
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contributed to confirming Hypotheses 2.1 - that is the tested soft actuator has reliable
stress responses and its mechanical properties including stress, electro-mechanical
delay, length-tension curve, stress response hysteresis, axial Young’s modulus,
longitudinal strain, strain-rate, and power to mass ratio, and efficiency are comparable
to those of human skeletal muscle. CT-SDEA showed comparable characteristics to the
human skeletal muscle, in Medium or High range: including response time, stress, and
power to mass ratio. Its cycle life, although shorter than skeletal muscle, appear
sufficient for rehabilitation purposes and was substantially higher than other alternative
soft actuators. Its strain, however, was substantially lower than those of human skeletal
muscles, which may impose challenges in design.

Finally, eight artificial muscles with various in-series and parallel CT-SDAEs
were configured; and their longitudinal contraction and maximum force were measured.
Thereby, we concluded that an artificial skeletal muscle consisting a bundle of three
artificial myofibrils of five CT-SDEAs in-series, has sufficient force, 60 N, to lift 3.3 N
and 6.8 N tensile load 6.6 mm and 5.8 mm, respectively, off the ground. These results
satisfied Hypothesis 2.2 - that is the configured artificial muscle, consisting of series
and parallel arrangement of the chosen soft actuator, will produce stress and strain
sufficient to provide support and movement of a tensile load equivalent to that of a 2-
year-old boy’s forearm+hand, during both unloaded and loaded conditions. Therefore,
CT-SDEA may be a prospective actuator for use in pediatric exoskeletons, considering
its fast response, high strain-rate, and cycle life in comparison to other soft alternatives.

In Aim 3 a possibility of adding feedback controlled length modulation
mechanism using length self-sensing property of the DEAs was evaluated. To this end,

a previously established length self-sensing technique in frequency domain®? was
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implemented on a CT-SDEA. A low-pass filter was designed by connecting a resistor,
220 Q, in series with a CT-SDEA. Then a high frequency signal, 50 Hz, was
superimposed to the driving, low frequency, activation waveform. By measuring the
amplitude of the output of this low-pass filter, the displacement of the CT-SDEA was
inferred. The result was then tested against a laser displacement sensor. The linearity
error of relationship between low pass filter output and the displacement was 15%,
however, when a 2" order polynomial was fitted the error reduced to 6%. This was not
in accordance with our theoretic calculation.

To mimic the muscle spindle’s function in mammalian skeletal muscle®, a series
of three CT-SDEAs was configured. Using the same self-sensing method, the length
modulation of the middle actuator was then sensed, while the artificial muscle was
contracting. The self-sensing information of the middle actuators was mapped to the
length modulation of the whole muscle, measured by a laser displacement sensor.
Although the result showed close relationship between the measured muscle
displacement and the middle CT-SDEA’s length self-sensing, this relationship was not
as smooth as that of a single CT-SDEA, potentially due to minor sway during the
contraction of this soft CT-SDEA-based artificial muscle. These results showed the
capability of adding length self-sensing to the CT-SDEA by monitoring its capacity,
which satisfied the Hypothesis 3.1 - that is, Similar to the function of muscle spindles
of biologic muscle, the electrical characteristics of the artificial muscle may be used to
provide “proprioceptive” information of actuator length without using sophisticated
external sensors. The linear relationship between the low-pass filter’s output and
displacement can be used for an open-loop control of the proprioceptive artificial

muscle, however, Hypothesis 3.2 needs further investigation.
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In Aim 4 the capability of the proprioceptive artificial muscle in muscle-like
actuation of the elbow joint of a pediatric upper extremity phantom model was
demonstrated. The elbow joint was actuated by an artificial skeletal muscle consisting
of CT-SDEAs, in series and parallel. Three different muscle configurations, 1x4, i.e, a
myofibril of four CT-SDEAs in series, 3x4, and 3x5 were tested under various tensile
load, 1 N to 4.50 N, at the center of mass of the forearm+hand of the phantom model.
The 3x5 artificial muscle produced 22° of elbow flexion with 224 °/s angular velocity
in the sagittal plane, under 1 N of tensile load. With gradual increase in the driving
voltage using a linear activation waveform, this muscle could smoothly contracts
throughout its active range of motion (ROM). The ROM, however, was substantially
reduced as the tensile loads increased, which limits the capability of these muscles in
upper extremity exoskeletons. Although the angular velocity and acceleration of the
elbow joint powered by the artificial muscle surpassed the design criteria of the ARMin
exoskeleton, using the proposed design, the muscle could not create a 36 ° of elbow
flexion. Thus, the results couldn’t satisfy Hypothesis 4.1 - that is, the artificial muscles
mechanizing the exoskeleton will produce maximum elbow flexion velocity and
acceleration comparable to commercial upper extremity rehabilitation exoskeletons
(e.g. ARMin — angular velocity 91 °/s; acceleration 116 °/s2) over the designed 36° range
of elbow flexion in the sagittal plane while bearing a load in excess of the weight of the
2-year-old boy’s forearm and hand.

The gradual contraction of the 3x5 artificial muscle under small incremental
increase of the driving voltage, in addition to its fast response time, showed potential
for a robust closed-loop position control of a joint. Further investigation is needed,

however, to investigate the capability of closed-loop control of the elbow flexion to
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satisfy Hypothesis 4.2. The closed-loop control of the elbow flexion can be potentially
implemented using the evaluated length self-sensing as the feedback loop.

This dissertation investigated the capability of a commercially available stacked
DEA, CT-SDEA, to form an artificial skeletal muscle. The benchmark testing results of

this actuator'%*

shed lights on its potential rehabilitation applications. Several
mechanical properties of the CT-SDEA, are similar and/or comparable to mammalian
skeletal muscle including: softness, acoustically noiseless and linear operation, high
cycle life, and fast response. In addition, the configured CT-SDEA-based artificial
skeletal muscle was the first of its kind to mimic the hierarchical structure of
skeletal muscle, including: muscle fiber, myofibril, motor units and sarcomere.
These structures may potentially help mimicking some of the control and activation
strategies of the central nervous system in human body. Additionally, the artificial
muscle’s capability to add the proprioception may reduce the complexity of the robots
deploying such technology by eliminating the need for external displacement sensors.
All of these outstanding features may improve the performance and user compliance of

exoskeletons deploying this technology, which results in enhanced mobility, and

thereby, social, physical and cognitive improvement.

6.1 Future Direction

The results of this work demonstrated the capabilities and limitations of CT-
SDEAs in rehabilitation applications, which promote further investigations. The limited
shortening range of CT-SDEAs'?* and undesirable deformity are two of the challenges
in designing powered exoskeletons using these actuators. The former challenge may be
resolved using a biomimetic approach. The artificial muscle can be confined by a thin,

flexible, and low friction shell, which resemble muscle fascia. Thereby, the muscle
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would be kept aligned with its associated segment, and its motion would be confined to
the desirable direction. To tackle the latter challenge, two strategies must be perused; 1)
the design of a compact transmission system for force-to-displacement conversion; 2)
application of the configured artificial muscles on alternate joints with lower ROM. For
example, the elbow joint requires >100° ROM for activities of daily living'?, while the
ankle requires~30° ROM %,

Accordingly, as the continuation of this project, an ankle-foot powered
exoskeleton will developed for children with cerebral palsy (CP), using a gait phase

1277129 a5 a finite state

detection algorithm developed in our lab for CP population
controller, and the configured artificial skeletal muscle in this dissertation, as the
actuator. This project is supported by National Science Foundation (NSF), the
University City Science Center and University of Delaware’s Venture Development
Center.

Additionally, further investigation is needed to fully develop a proprioceptive
artificial muscle. More sophisticated system identification techniques such as recursive
extended least squares®® is needed to model the CT-SDEAs. Using techniques such as
those proposed by Hoffstad et al.”%6%7 and Rizzello et al.’“!3%!133 to develop a
comprehensive CT-SDEA model, and thereby, simulate its electrical behavior during
contraction, will facilitate implementing proprioception in CT-SDEA-based artificial
muscles.

Furthermore, to find a proper control strategy for precisely controlling the joint
motion, various control algorithms must be investigated. Controllers such as mode-

135

based PID'** and adaptive sliding-mode'* using length self-sensing as feedback might

be suitable candidates. Additionally, to control the timing and intensity of contraction,
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EMG activity can be used as the feedback for exoskeleton applications®!. To further
assure robust and reliable joint motion in the cable-driven exoskeletons actuated by such

136-138 "such as

artificial muscles, the proposed control algorithm for cable-driven robots
the one used in Cable-Driven Arm Exoskeleton (CAREX)'*°, must be assessed for
future CT-SDEA-driven exoskeletons.

The proposed exoskeleton in this dissertation is based on a phantom model
morphology, however, a design is needed in the future that fits to a real child’s upper-

extremity geometry. One strategy is mounting of the artificial skeletal muscles on a

previously proposed passive exoskeleton, such as P-WREX"?,
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thesis, the IEEE does not endorse any of the University of Delaware's products or
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