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Abstract

Robotic Exoskeletons to Assist Volitional Motor Control of the Paretic Hand

Ava Emily Chen

Recovering hand function after loss of voluntary movement, or paresis, from neurological
injuries such as a stroke or spinal cord injury (SCI) requires the person to actively engage the
impaired limb when practicing movement. However, reinforcing neuromotor coordination is
difficult when the paretic hand does not respond to intent due to muscle weakness. In this
dissertation, we build robotic exoskeletons that assist movement by acting on attempts to
volitionally use the hand. We develop cable-driven mechanisms, control approaches, and
evaluation methods to both study and leverage residual motor capacity after hand impairment.

The physical coupling of human and robot in wearable systems offers the potential to
leverage body-powered movements for actuation and control. We use involuntary flexor synergies
that are typical for stroke hemiparesis as the basis of stabilizing motion through antagonistic
tension within active and passive cables in underactuated tendon-network transmission designs.
We propose examples of such mechanisms for assisting thumb opposition and forearm supination.
We use residual motor capacity for voluntary movements as the basis for interpreting intent and
control over robotic exoskeletons. Individuals with C6-C7 SCI retain fine motor dexterity at the
wrist, which we adapt for assisting grasp force modulation via a throttle-based control approach.
Individuals with stroke hemiparesis experience difficulties in generating consistent muscle
activation patterns when they do not have access to sensory feedback from movement. We
propose a bidirectional training paradigm that mediates human-robot adaptation with augmented
visual feedback of the model’s intent predictions. These approaches for actuation and control
enable intuitive, ipsilateral operation of robotic exoskeletons.

We seek insights from the experiences of clinicians and impaired users to better inform
robotic design practice. Devices can achieve both rehabilitative and assistive aims when they

enable the assessment, as well as execution, of intensive movement practice. We demonstrate the



capabilities of a robotic hand exoskeleton as a sensing platform for making clinically relevant
observations of the impaired body in motion. By continuously monitoring the change in finger
resistance over multiple hand-opening cycles, we introduce the first observations of stiffness
fluctuations of stroke-impaired fingers as a function of volitional movement. In a preliminary
study, we propose cutaneous vibratory stimulation as a method for robotic devices to perform a
dual role in assisting muscle tone and assisting volitional movement.

These projects advance multiple aspects of exoskeleton design and interaction that are
needed to make devices adaptable to individual users, contexts of functional use, and degree of
hand impairment. The process of developing devices to accommodate the specific needs of stroke

and SCI populations takes an important step towards realizing user-driven, beneficial robots.
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10.1 Hand orthosis with integrated vibration capabilities. Four palmar vibration motors
are embedded in the elastic straps that fasten the orthosis to the hand. Each dorsal
vibration motor is attached to the ngers (digits 2-5) with a separate velcro band.
The vibration microcontroller and battery pack are worn as a bicep cuff. The wiring
and electronic connections for powering the vibration motors are designed be low-
pro le to avoid interference with the tendon transmission. . . . . . .. ... .. .. 107

10.2 Diagram of task. A right-impaired participant would move the object from home
(location A) to each target location and back in a counter-clockwise sequence (AB-
AC-AD), and a left-impaired participant would move clockwise. The task consists
of completing the full sequence. Subjects were allowed to complete the task at their
own pace, and were given unlimited chances to regrasp objects that were dropped
during transport. . . . . . . L 108

10.3 Task demonstration. In this photo, the user positions the impaired hand above
the object (at location A) in preparation for grasping. The contralateral hand is
holding down the control button that commands the robotic orthosis to open. As
the orthosis extends the digits, we collect cable displacement and tension applied
to the index nger's pull-tendon. When the button is released, the orthosis will
allow the user to close their hand and grip the object. . . . . . . ... ... .... 109

10.4 Experimental protocol. Over the course of a single 2-hour session, we collect
stiffness data when subjects perform multiple hand-opening motions while per-
forming multiple sets of the manipulation task. The rst phase of the experiment
is performed without vibration. Then, we activate the vibration motors and apply
stimulation for at least 15 minutes before repeating the manipulation tasks with
vibration still ongoing. We also collect MAS characterization data before and after
the experiment. Since device donning and calibration times are dif cult to predict
before the session, we record the elapsed idle time in the pre-vibration phase in
order to match that amount of time when applying vibration stimulation with the
hand relaxed inthe secondphase. . . . . . . . . ... .. .. ... ... .... 110

10.5 Example of nonlinear force-displacement curves. Left: tension (blue, N) and motor
position (black, mm) each plotted against time (s) for two hand open/close cycles.
Forces rise sharply as the motor brings the nger into near-full extension (rising
edge). Resistive force drops as the ngers relax while held in extension, then drops
as the motor releases tension to allow the hand to close. Creep is not an expected
source of nonlinearity, as forces return to zero after each cycle (within sensor res-
olution). Right: force plotted against relative displacement for these two cycles
(orange and blue). We calculate stiffness as the average slope of the curve (secant
guasi-linear approximation) and plot the resulting linear regression line (black). . . 113
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10.6 Example of varying levels of EMG activity when performing the task. We plot
EMG amplitudes (red-purple spikes) over many hand-opening cycles (black). We
use blue rectangles to highlight four hand-opening events: the two instances on
the left show high levels of relative EMG activity as the motor opens the hand,
whereas the two instances on the right show low levels of relative EMG activity

corresponding to the hand-opening. . . . . . . . . . .. ... .. 0o 115
10.7 Force-displacement curves that are separately plotted based on high/low EMG ac-

tivity labels. We also show the linear regression line (black) for the group-average
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Preface

Upon experiencing a sudden loss of bodily autonomy due to injury—such as a tendon
rupture requiring knee reconstruction, or a permanent injury such as spinal cord transection—
the immediate emotions are shock, disbelief, and then mourning. We mourn the lost ability to
bend the body to our will, a skill that we had spent a lifetime honing. But afterwards? | spent a lot
of time after my knee surgeries learning the new capabilities of my body and testing which tools
and therapies made sense for me and my goals—none of which involved sophisticated
rehabilitation interventions. Now that | am an engineer making high-tech devices for people with
impairments after stroke and spinal cord injury, | am more attuned than ever to the need to seek
out our disabled participants, the experts on their own bodies and needs, and ask the question:
“What are these robots for?”

A duality exists in the personal goals after injury. The ever-growing ecosystem of assistive
technologies, including the innovations described in the following chapters, offers many methods
for bridging the gaps between body and world—compensatory tools to accomplish the tasks that
the body cannot. But performing tasks is not why people yearn for robotic devices. After all, most
daily activities are more easily solved by asking a caretaker or by adjusting lifestyle habits than
by rst learning to operate a complex machine before even getting to the task. It is rarely
necessary to perform activities in the exact same way as before injury.

Several times throughout my PhD, | have asked participants during a lull in an experiment
what they want, like, or value about our robots. Many of these participants have seen these
prototypes evolve over years; some have had a longer tenure with the orthosis project than | have.
Their most common answer is very simple: “It lets me use my own hand." Volition is the central

theme of this thesis, since action from volition is what makes all the robot complexity worth it.



Chapter 1: Introduction

1.1 Motivation

From enabling superhuman capabilities in science ction, to mitigating musculoskeletal in-
juries in the workplace, to offering personalized training for optimizing athleticism and rehabilita-
tion, the dream for wearable robotic technologies has been to expand human physical capabilities
while preserving the full bodily autonomy of the user. Robotic orthoses and exoskeletons are
particularly alluring for individuals with motor dysfunction or paresis preventing control over the
limbs, such as hemiparesis after stroke or paralysis after spinal cord injury (SCI), as robotic assis-
tance offers the potential to bridge the gap between will and movement. Critically, rehabilitation
after these neurological injuries requires the individual tatively engaged in retraining move-
ment[1-6]. Robots offer a way to preserve and rebuild these neuromotor connections, especially
when muscle recruitment at the paretic limb is not yet strong enough to generate motion.

Rehabilitation constitutes a large-scale, critical societal problem. Globally, one in four people
over age 25 will have a stroke in their lifetime [7]. Upper-limb motor impairments are a common
consequence [8], and fewer than half of stroke patients with upper limb impairment ever regain
functional use [9]. In the United States alone, two new people experience paralysis from SCI ev-
ery hour [10]. Active involvement of the impaired limbs and consistent, repetitive training has
been shown to strengthen and improve motor learning and cognitive-motor skills, which are key
for motor recovery and improving functional outcomes [11, 12]. However, formal therapy access
typically ends within 6 months following injury despite documented evidence of exercise bene t
for the hand occurring over a longer period of time [13—15]. Because of limited access to conven-
tional upper-limb therapy, recovering hand function is consistently regarded as a high priority for

self-managed rehabilitation [16, 17]. Robotic technologies that could enable therapeutic practice



to take place in the process of performing daily tasks with meaningful, “real-world” uses, are of
particular interest to the rehabilitation community [18]. Despite this interest, adoption of devices
for either rehabilitation or assistance remains limited [19, 20].

To understand why few robotic devices are adopted by people with upper-limb impairments,
consider the challenges for motivating practice of the arm when the hand does not respond to intent.
This dissertation works with stroke survivors who commonly retain the ability to ex the ngers,
but are chronically unable to extend the ngers due to commonly encountered effects such as spas-
ticity and dysfunctional motor synergies [21-24]. For these individuals, not only do the ngers fail
to move when attempting to open the hand, attempting to perform broader arm movements such
as lifting, reaching, and bending triggers additional exor synergies and stiffness [25, 26]. Put
simply, their hands are stuck in a closed st and unintentionally squeeze closed even more with
every arm movement. Robots that fail to accommodate stroke-imposed resistance to movement, or
are designed to act on clear, consistent “open/close” signaling will not work with this population.
This dissertation also works with individuals with hand paralysis caused by SCI at the C6-C7 level,
for whom rehabilitation focuses on retraining grasping by use of preserved wrist mobility [27, 28].
Assisting grasping for SCI requires development of control schemes that are speci cally designed
for these individuals and that accommodate their adaptive dexterity.

This work takes these challenges as an opportunity to tailor exoskeleton design for stroke and
SCI users in order to achieve the purpose of assistargd movement from volitional effortVe

nd that the process of developing devices to accommodate the speci ¢ needs of these populations

requires building new mechanisms, control methods, instrumentation, and evaluation metrics.

1.2 Approach

This dissertation seeks to demonstrate that the impaired human's residual motor capacity after
neuromotor impairment is capable of providing structural support, actuation, and control inputs
for the creation ofvearable devices that rely on human efforts for functibiereby encouraging

volitional use of the impaired hand through practicing movements enabled by robotic assistance.



The human motor system retains plasticity after injury [29, 30], and promoting reorganizion of
neuromotor coordination by use of high quality, highly repetitive, and task-speci ¢ physical activ-
ity is the main objective of rehabilitation for many neurological conditions [31-34]. It has become
increasingly clear that in order to activate plasticttyge user must engage the impaired limb to
execute the movemdit 35-38]. It is more than user attention and participation that is important
during exercise: exerting effort at the impaired limb is needed to experience therapeutic bene t.

Although user-driven control methods are important, they are also very dif cult to achieve. In
particular, such control methods must be effective and intuitive, robust to long term operation, and
cannot impose signi cant cognitive load [39]. Algorithms must also cope with a wide range of
impairment levels and abilities in the target population. Furthermmosjgnals that can be used
for intent inferral are inevitably alteredby the very neuromotor impairments that rehabilitation
aims to address [23, 40—42]. Basically, the requirement is for a device to be capable of adapting to
not only each individual user, but each context of hand activity within a session of use.

Our approach utilizes the complexities of the paretic body to achieve adaptable exoskeleton
designs. For a mechanical system, underactuation refers to having a lower number of actuators
than degrees of freedom. But a wearable system couples actuation and structure of human and
robot, which offers the potential to use body-powered movements for actuation. This dissertation
builds off of the work of Park and Meeker et al., in developing MyHand, a robotic orthosis for
stroke that assists nger extension by transmitting force to the ngers through a cable-based tendon
network while relying on residual human motor abilities for nger exion [43—46] (described in
Ch. 3). We take this concept further, and use the involuntary paretic motor synergies as the basis of
stabilizing motion through antagonistic tension with passive tendons in the network. We establish
how involuntary motor synergies can be used as a feature of the user's residual motor capacity in
service of assisting thumb opposition (Ch. 4) and reorienting the hand in supination (Ch. 5). To
control a exion-assisting robotic orthosis for SCI, we leverage the same wrist-based compensatory
grasp patterns that the user is already accustomed to in order to build an intuitive control scheme

for achieving force modulation (Ch. 6).



We can use robots' embedded sensing and intelligence to create adaptive control methods
based directly on muscle engagement within the impaired hand, observed via forearm surface
electromyography (EMG). This dissertation builds off of the machine learning efforts of Meeker
et al. [43] and Xu et al. [47] to correlate the user's muscle contractions with intended actions, and
demonstrates that algorithmic performance is improved when the user is given intuition into device
behavior and is an active participant in training the robot (Ch. 7).

Our choice to design robots that must be worn by an impaired user, and act in concert with
the paretic hand in order to work at all, opens many opportunities to evaluate device usability
and application with every hand movement. How impaired users interact with the device can be
observed over video, enabling us to survey a national population of clinicians and collect actionable
insights about even an early-stage prototype (Ch. 8). We can also uniquely learn about how both
impairment and robotic assistance affect the body during motion. Existing clinical scales of hand
function and spasticity are limited to solely the relaxed or passively moved hand because of lack
of instrumentation [48]; we can perform the rst quanti able and continuous estimations of nger
resistance during active motion (Ch. 9). Finally, we explore the possibility of assisting muscle tone

as well as movement by use of a single robotic platform (Ch. 10).

1.3 Contributions

This dissertation makes the following contributions:

1. Exoskeleton Designs that Use Stroke Involuntary Re ex for Actuation.Develop a dual-
cable mechanism that leverages stroke synergistic exion to stabilize thumb opposition,
which demonstrates a quantitative link between assisting thumb motion and observing func-

tional improvement in grasp stability within an impaired population.
Introduce a novel spiral cable mechanism to allow the user to self-adjust wrist orienta-
tion from over-pronation to neutral hand poses, while leaving the elbow unencumbered.
2. Device Control that Complements SCI Users' Learned Dexterity for Grasping. Intro-

duce a novel ipsilateral user-controlled grip force modulation method with a robotic orthosis
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for SCI, which allows the user to modulate or hold grasping force using only moderate wrist

extension, and without the need to maintain wrist extension for the duration of the grasp.

3. Use of Human Exploration and Adaptation for Co-Training Intent Inferral. Introduce a
novel paradigm for training EMG intent inferral that alternates between updating ML models
based on human biosignal generation and encouraging human exploration and adaptation to

models with the use of augmented feedback.

4. Design for Disability that is Organized Around Stakeholder Input. Initiate projects from
observing device behavior on impaired participants, involving disabled user participation
from start to end of project development. Conduct national survey of clinicians' perceptions
of potential applications and challenges for clinical implementation of wearable robots early

in the design cycle. Discuss implications for designers based on stakeholder feedback.

5. Study Effects of Volitional Control and Robot-Assisted Movement. Introduce the rst
continuous measurements of stroke-impaired nger stiffnesses during volitionally-controlled
movement. Observe evidence of elevated muscle tone during active motor recruitment of the

upper limb during functional movement compared to current scienti ¢ understanding.

Introduce a novel robotic orthosis that is capable of delivering cutaneous vibration ther-
apy alongside hand-opening assistance, which enables us to uniquely investigate questions

involving muscle tone and stroke-impaired movement in task-oriented settings.

These contributions and associated chapters include reproductions of the following academic pa-

pers for which the dissertation author has or shares primary authorship:

Thumb Stabilization and Assistance in a Robotic Hand Orthosis for Post-Stroke Hemiparesis [49]
Design of Spiral-Cable Forearm Exoskeleton to Provide Supination Adjustment for Hemiparetic Stroke Subjects [50]

Grasp Force Assistance via Throttle-based Wrist Angle Control on a Robotic Hand Orthosis for C6-C7 Spinal Cord
Injury [51]

Reciprocal Learning of Intent Inferral with Augmented Visual Feedback for Stroke [52]
Clinician perceptions of a novel wearable robotic hand orthosis for post-stroke hemiparesis [53]

\olitional Control of the Paretic Hand Post-Stroke Increases Finger Stiffness and Resistance to Robot-Assisted
Movement [54]



Chapter 2: Background and Related Work

This literature review is organized under three broad categories. First, we provide an overview
of related devices that have been designed to assist, rehabilitate, and measure hand motions. Type
and severity of impairment vary widely both across and within populations (eg. spasticity is a major
factor for devices designed for stroke survivors but less so for devices designed for SCI survivors;
leveraging neural plasticity to regain nger movement is a long-term goal for stroke rehabilitation,
but is considered less feasible for SCI rehabilitation that instead focuses on learning new compen-
satory movements), so we include brief comments on general advantages and disadvantages of the
different actuation and sensing approaches as they relate to the intended user. Second, we discuss
relevant user-driven approaches for operating, and learning to operate, these devices. Finally, we
discuss how although early-stage prototypes have potential to be used for either assistance or reha-
bilitation (or both), translation to settings outside the lab and utilization by the intended end users

will require solving problems that are understudied or even unrecognized in the research stage.

2.1 Robotic Devices for Rehabilitating and Assisting Hand Function

Robotic devices have long been of interest for rehabilitating and assisting impaired hands. A
number of non-wearable, workstation-type devices have been developed [55-58], including some
commercially (for example Rehab Robotics, Tyromotion, and Interactive Motion Technologies),
which mimic therapists' mobilization of the limb. As opposed to workstation devices, the portabil-
ity of wearable devices offers them the potential to be used in an assistive capacity for Activities
of Daily Living (ADLSs) [59], as well as offering rehabilitative potential through engaging the im-
paired limb in functional activities [60]. Passive spring-loaded devices are widely available for

assisting nger extension [61-63], such as the commercial SaeboGlove and SaeboFlex, but these



devices can exacerbate nger stiffness due to having to counteract constant externally-applied ex-
tension. For SCI, Wrist-Driven Flexor Hinge Orthotics (WDFHOSs) describes a broad class of
passive devices that have been developed to amplify forces generated from the wrist tenodesis ef-
fect, the passive shortening of nger exors produced when the wrist is extended against gravity,
and also enable three-point prehension patterns as they allow the thumb to be splinted into op-
position [64—66]. These devices remain popular as the wrist-motion activation is familiar to use,
even though the wrist's limited range of motion restricts force output [20, 66]. Active robotic
devices for both stroke and SCI can provide actuation assistance either through linkages or ca-
ble mechanisms mounted to rigid exoskeletons [67—70], such as the commercial MyoPro [71], or
through soft structures and actuators [72]. Hand devices can use pneumatic actuators [73, 74] in
conjunction with sensors [74, 75], but require an air compressor for use. Many pneumatic gloves
with battery-powered compressors are available on the market for home use, but are typically only
compatible for users with low levels of spasticity. In addition, few soft devices actuate exten-
sion [76]. Compact and lightweight devices can use arti cial exotendons to mimic human nger
movement [77—-79]. Such cable-based systems can mount actuators proximally from the ngers,
enabling use of larger motors for greater force output. Some recent devices combine cable-driven
transmissions with soft silicone or fabric structures, which are geometrically anchored by the sur-
rounding bone shape or with frictional force from compressing the soft tissue [80-82]. Although
comfortable and highly adjustable, compliant structures are sensitive to device misalignment and

migration relative to the body when transmitting force [83, 84].

2.1.1 Devices to Assist Thumb Opposition

Thumb placement, and its effects on hand con guration, plays a vital role in how humans
interact with the environment around them [85]. After stroke, the impaired thumb often maintains a
curled pose within the palm, impeding grasping [86]. Most hand orthoses for stroke simply rigidly
splint the thumb out of the way and into a position where it can support oppositional grasping [46,

62, 87, 88]. However, rigidly splinting the thumb limits the grasping workspace of the hand.



Devices that actively assist thumb motion have typically actuated a subset of degrees of free-
dom contributing to overall opposition/reposition [89]. Sandison et al. built HandMATE with a
parallel linkage system to ex/extend the proximal thumb joints and a coupled elastic member to
move the distal joint, all with a single motor [90]; the RELab tenoexo device uses a similar con-
cept with sliding at springs as an elastic member that can also apply small amounts of bending
torque [91]. Ge et al. used fabric-based pneumatic actuators to assist low-force thumb abduction,
exion, and extension [92]. Rose and O'Malley developed the SPAR Glove, which has a two-
tendon actuation method for thumb exion/extension that follows a curved routing to also provide
lateral positioning [82]. However, it is dif cult to nd any examples in the literature (neither of
the two previous examples) of effective thumb actuation methods when worn by individuals who
have muscle tone or spasticity [89]. It remains an open question whether these actuated approaches
would contribute to a greater functional workspace beyond a passive splinted thumb.

One notable example of a device that was tested with stroke participants having signi cant
muscle tone is the HERO Grip Glove [93]. Similar to the SPAR Glove described above, the HERO
Grip Glove uses a two-tendon method for thumb opposition: one tendon routed along the dor-
sal side of the thumb and another routed from the thumb pad to the palm (although the HERO
Grip Glove's palmar tendon anchors at the center of the palm whereas the SPAR Glove routes the
palmar tendon to the hypothenar eminence, and neither extends past the palm). However, device
performance was mixed for differently-sized objects, and more research is needed to determine if
extension-aperture or thumb stabilization issues could be solved with different tendon routings or

actuator placement.

2.1.2 Devices to Assist Forearm Supination

Most devices focus on assisting exion and extension movements at the hand, not rotation of
the wrist or forearm. Although many instrumented benchtop devices and workstation-mounted ex-
oskeletons have been developed to provide rehabilitative therapy in supination [94-97], there are

few devices that provide rotational assistance in a fully-wearable form. SpringWear, developed by



Chen and Lum [98], uses a shoulder-anchored forearm brace with an elbow linkage mechanism.
Gasser et al. [87] implemented forearm rotation adjustment with a lockable ball-detent mechanism
as part of a rigid elbow-joint module within a hand-arm orthosis. Myomo's MyoPro Motion G is a
commercial device that combines these concepts by using a ball-detent system within a C-shaped
cuff at the wrist [99]. But these all require precise positioning about several joints; in particu-
lar, obstruction of shoulder and elbow movement for many stroke survivors encourages maladap-
tive compensation from the trunk to perform reaching movements and manage hand pose [100].
Commercial spiral-supinator elastic bands anchor around the bicep and thumb to provide constant
passive resistance against pronation, with minimal constraint to elbow exion. However, elastic
bands couple supination with arm extension and cannot be easily adjusted when worn underneath
a hand orthosis. Soft-actuator versions of the spiral concept [101], including one contained within
a below-elbow sleeve [102], use in atable bladders enveloping the entire forearm that similarly

make integration dif cult.

2.1.3 Devices to Measure and Assist Abnormal Muscle Tone

Increased effort during arm use can provoke involuntary abnormal synergy patterns, leading to
increases in muscle tone and motor dysfunction [41, 103]. Increases in muscle tone are likely to
arise from a combination of both “passive” involuntary re ex and “active” weakness in voluntary
motor control. Increases in passive muscle tone are typically described as spasticity, an observed
hyperexcitability of the tonic stretch re exes that is characterized by a velocity-dependent rise in
muscle tone during passive movement [94]. Voluntary movements add in additional interactions
between muscle strength, ease of performing individuated muscle recruitment and “unlearning”
compensatory behaviors to recruit all available muscles (observed as unwanted coactivation), and
the combination of simultaneously generating forces while performing dexterous movement [24].

Regardless of mechanism, muscle tone complications with hand use increase nger resistance
to external movement, which directly interferes with the ability for robotic devices to assist hand

motion. Although increased muscle tone and spasticity are not as prevalent for the SCI population
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as with stroke, stiffness in the nger joints can still pose actuation dif culties for device that provide
low levels of assistance. For example, the extension force provided by the RELab Tenoexo was
found to be insuf cient for SCI individuals having elevated muscle tone [104].

Quantifying changes to muscle tone, often by modeling their effects on movement with stiff-
ness parameters [105], has long been a focus of research for stroke rehabilitation. A popular
clinical assessment for muscle tone is the Modi ed Ashworth Scale (MAS), which is a 6-point
ordinal rating scale that grades resistance to passive stretch [21]. The MAS scale is popular for its
simplicity (requires only a surface for the subject to lie supine) and speed of assessment. However,
its poor inter-rater reliability [106] and non-transferability to functional contexts have motivated
research efforts to develop alternative quantitative assessments.

Multiple groups have developed devices to continuously monitor muscle tone while the ngers
are passively stretched [94, 107, 108], including some that investigated the dependency of stiff-
ness uctuation with speed of robotic pertubation [109, 110]. Ranzani et al. were able to embed
perturbation-based resistive measurements into a robotic therapy regimen in order to monitor the
evolution of muscle tone over the course of a session [111]. Others have studied effects from at-
tempting to move the limb even when motor dysfunction prevents execution of movement [112].
McPherson and Dewald used isometric exercises to observe increased muscle tone distally during
maximal muscular contractions with the proximal upper limb [25, 41]. However, these methods
have only studied muscle tone when the hand is passively moved or does not move [113-115].

In the lower extremity, dynamic effects such as limb inertia and energy return during propul-
sion, often characterized as “quasi-stiffness” to distinguish from passive soft-tissue material be-
havior or muscle coactivation effects, signi cantly contribute to observed moment-angle behavior
of a given joint during motion [116, 117]. Groups that study lower-limb stiffness effects typically
compare ground reaction forces and joint angles at different phases of a walking gait [118, 119].
For healthy subjects, walking speeds can be easily varied (e.g. changing treadmill speed) to elicit
effort as measured by EMG muscle activation [120, 121], which can then discriminate between

muscle coactivation, soft-tissue biomechanics, and quasi-stiffness contributors to stiffness. Some
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groups have performed gait studies on stroke-impaired participants to analyze asymmetries be-
tween affected and less-affected sides [122—-124]; however, such approaches require participants
who are able to both extend and ex the paretic limb.

Alleviating abnormal elevation of muscle tone,fgipertonia is a fundamental goal for robot-
assisted training methods for stroke. Pharmaceutical, focal neurotoxin injection, and surgical in-
terventions are more common methods for reducing muscle tone than rehabilitative training, but
these methods often reduce motor strength and coordination [125]. Most robotic rehabilitation
regimens evaluate spasticity effects after prolonged intensive training [46, 126]; an interesting ex-
ample by Calabro et al. [127] combines focal muscle vibration and robotic rehabilitation with the
Armeo-Power system to show a 1-point MAS decrease after a month of training. Acute inter-
ventions for hypertonia are less common in the literature. Multiple groups have found dynamic
or cyclic passive stretching treatments to decrease stiffness in the lower limb, such as Bressel
and McNair's [128] and Yeh et al.'s [129] 30-minute applications of dorsi-plantar exion ankle
stretch before walking, but translation to the upper limb has not yet demonstrated acute clinical
ef cacy [130, 131]. Recent interest in vibratory stimulation [132, 133] has shown promise as a
method to reduce short-term hypertonia. However, dosage and ef cacy of short-term vibration has

not yet been studied in contexts of volitional robot-assisted movement.

2.2 Human Control and Behavior With Robotic Exoskeletons

Control mechanisms for powered orthotics may make all the difference in usability. Many
commercial exoskeletons designed for SCI such as Neofect's Neomano and Broadened Horizon's
Powergrip are controlled through a manual switch or other customized button inputs. While both
the Neomano and Powergrip provide effective assistance for some grasps, their lack of an intuitive
control system prevents users from seamlessly incorporating them into functional tasks. Other
devices are under development, including a fabric-based pneumatically actuated soft robotic glove
that a therapist controls via a switch [134, 135], the Soft Extra Muscle (SEM) Glove by Bioservo
Technologies [136], the Hero glove [93], and the RELab tenoexo [91, 137]. These devices are
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generally switch controlled, or, in some cases, with electromyography (EMG) activation.

Some active assistive devices for SCI have taken a similar approach to user control as the
passive WDFHOs by using the wrist as a control input [20, 66, 82, 138, 139]. Tenodesis effect
provides an intuitive and familiar input for user-driven control, but actuators are added to decou-
ple the wrist from force generation, generating more suitable grasping forces. Wrist-controlled
assistive devices fall into two categories: Binary Wrist Angle control and Proportional Wrist An-
gle control. Devices that use binary control [66, 82, 140] switch betweseand Openstates,
triggered by the wrist crossing a customizeable angle threshold. This simpli ed grasping binary
limits how much the user can adapt to objects of different sizes or modulate grasp force for frag-
ile objects. Other devices [20] employ proportional methods, in which the user's wrist angle is
mapped to the degree of grasping, similar to WDFHOs and conventional tenodesis. This method
offers more control over how the user grasps objects, but it is still constrained by the wrist's limited
range of motion. Moreover, both binary and proportionally controlled active devices, like the pas-
sive WDFHOSs, require the user to maintain wrist extension effort to hold a desired grasp, making
them physically tiring. Some devices provide a separate mode that “sustains” a grasp by disabling
wrist inputs [139], but changing modes requires using the other hand to toggle a switch, preventing
single-handed operation.

We focus this dissertation on ipsilateral control leveraging available movement or muscle acti-
vations in the impaired hand [141], since the vision of a wearable orthotic device used for ADLs
can only be realized if users are able to operate the device themselves. Control methods must
be effective and intuitive, robust to long term operation, and cannot impose signi cant cognitive
load [39]. Interpreting the electric signals generated during muscle activation (i.e. EMG) when the
user attempts to perform the movement offers clear advantages for intuitive control. Early EMG-
driven controls for functional orthoses [142—-145] used sensors placed by trained experimenters on
speci ¢ pairs of muscles. The MyoPro is controlled by surface EMG electrodes placed at speci c
anatomical locations as well, and is primarily designed for stroke but has been reported success-

fully used by patients with SCI[146]. The SPAR glove uses wrist extension sensors as one method
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of control [82], as well as EMG, but has not yet been extensively tested in patients with spinal
cord injury. This and similar wrist-activated devices treat grasping as a binary where the hand can
be either relaxed or grasping and use a wrist angle threshold to activate each mode [70, 140]. This
simpli ed grasping binary limits how much the user can adapt to objects of different sizes or mod-
ulate grasp force for fragile objects. Others [20] employ a proportional wrist-angle approach, more
similar to WDFHOs and biological tenodesis. A powered orthosis that is controlled by tenodesis is

an appealing approach to promote easy adoption by users with tetraplegia, but fatigue is a concern.

2.2.1 EMG Intent Inferral

Muscle activation patterns are highly user dependent [147]. Alterations to motor neuron and
muscle properties, as well as changes to neuromotor pathways, are all speci c to the individual's
injury and rehabilitation process, which make pattern recognition methods dif cult to generalize
between users or even over time with the same person. Involuntary coactivations between muscle
groups, and other effects from loss of control over muscle individuation, pose particular problems
for discriminating voluntary movements [41]. Many previous works [43, 148-150] that infer the
activity intents of impaired subjects to control a wearable device use supervised learning, where
the model is trained only on an initial dataset and then used during a longer session. Often, a new
dataset needs to be collected for every training session, as donning or dof ng the device alters
the data distribution. However, such labeled data is very dif cult to collect with impaired patients
due to fatigue and muscle spasticity. Other studies [47, 151-154] have explored semi-supervised
learning paradigms to control wearable devices with EMG biosignals, leveraging unlabeled data to
make the intent inferral algorithm more robust to change from the input signals within a single ses-
sion. Recent works [155-157] have extended semi-supervised methods to rapidly learn mappings
for a new user, although only with healthy subjects. However, these methods still rely on xed
heuristics to “label” the unlabeled data, and the nal result is only as general and robust as the used
heuristics. These studies also assumed user-generated biosignals drawn from static distributions,

with little change in human motor activation over time.
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Many recent works have sought to generalize intent inferral to enable few-shot transfer from
data trained on a cohort of stroke survivors [158, 159], or have attempted to expand the data
available from a single training session with a given stroke subject by use of synthetic data gener-
ation [160]. However, these methods expect muscle activation inputs to not substantially change
as the user attempts to repeat movements. Impaired users who are unable to execute, and therefore
are unable to observe, movements due to muscle weakness after stroke generate highly variable

and inconsistent EMG patterns [150] that are prone to drift.

2.2.2 Interactive Learning with Augmented Feedback

For any wearable robot that acts in response to intent inferral, the user receives feedback on
knowledge of resultsased on how the robot acts; for example, whether the robot correctly closed
or opened the hand. Feedback can allow the user to self-correct erroneous activation patterns [161],
which enhances future performance both by improving human motor learning [162] and by pro-
viding a cleaner dataset for classi cation. However, the user begins to receive feedback only once
the orthosis correctly interprets opening intent [163]. This means that the user does not have infor-
mation on motor behaviors leading to desired outcomes until the robot starts reliably responding.

Augmented feedback is a method of providing the user with information on biosignals by
sources outside the body, which can compensate for reduced proprioception associated with sen-
sory impairments after stroke [164]. The user can also be encouraged when augmented feedback
indicates that the human and robot intents are correctly in-sync, which can help form intuitions
on how their own sensory feedback corresponds to motor efforts. Visual modalities for aug-
mented feedback, such as computer monitor displays or indication lights embedded on a device,
has extensive support for improving rates of human motor adaptation beyond performing the task
alone [165], and has long been deployed in EMG-based rehabilitation regimens for stroke [166].

Providing continuous, real-time concurrent feedback with human actions has widely shown
bene t for stroke-impaired users to interactively learn mappings between different movement be-

haviors and resulting muscle activation patterns [167, 168]. In these works, augmented feedback
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is used to benchmark human efforts against a xed healthy ideal; instead, we are interested in
using augmented feedback to update the user about personalized device adaptation. Also, previ-
ous works focused on reinforcing or modulating already-learned activation-movement mappings,
whereas we focus on the task of training a stroke-impaired user to operate a robotic orthosis that
provides movement capabilities that the user does not already possess.

Other research [169] combined augmented feedback with task-speci c training to develop new
control inputs. Seo et al. [170] altered exor synergies in healthy subjects using EMG signal-
guided conditioning on an isometric task. Silversmith et al. [171] used co-adaptation to enable a
paralyzed subject to add additional control dimensions to a brain-computer interface. However,
our reciprocal learning paradigm uniquely co-trains adaptation in the context of physical devices
and movement. Simon et al. [172] developed a video-guided protocols to teach and recalibrate
control of a myoelectric prosthesis, but relied on the user's ability to perform consistent muscle
contractions and self-regulate force modulation with residual proprioception. To our knowledge,
no previous works have tackled the challenge of mediating highly-variable intent signaling and

adaptation between devices and users.

2.2.3 Tracking Human Motor Learning and Skill Acquisition

In healthy individuals, skill acquisition involves two parallel learning processes: explicit and
implicit learning [173, 174]. After neurological trauma, motor learning itself is impaired, which
makes acquiring motor skills much more dif cult and more cognitively demanding to recreate in
new contexts [162, 175, 176]. In both stroke and SCI, the rehabilitative goal is activate neural
plasticity to retrain the nervous system, restructuring the surviving neural circuitry and promoting
formation of new neuronal connections to compensate for lost neuromotor mappings [177].

Rehabilitating motor learning with intensive robotic practice is a promising, but still-emerging
area of study [18, 178, 179]. Meta-analyses and clinical trials show that outcomes with available
robots are comparable to standard and intensity-matched stroke rehabilitation and signi cantly

improve motor control outcomes with low to modest improvements in ADLs [46, 180-183]. How-

16



ever, heuristic-based control systems has been shown to be insuf cient for stroke-impaired indi-
viduals to learn to operate complex devices [184-189] or for SCl-impaired individuals to learn
independent exoskeleton use [190], even after intensive practice. Sanchez and Winstein [191] ad-
vocated instead for a shift in focus to quality of movement during functional activities rather than
individual success of task completion. Therapeutic research for chronic stroke has increasingly
turned to implicit learning interventions to promote generalization across multiple tasks [18, 162,
175], but not with devices that expand movement capabilities. Capitalizing on explicit learning
processes, multimodal feedback systems can improve understandability and speed of learning to
control both workstation devices and robotic orthoses [192-194], but have relied on prede ned
mappings between muscle pairs or control inputs from the non-assisted arm. Recent studies [195,
196] proposed adaptive data-driven systems that adapt to estimated skill levels after continual
use, but these have only been implemented with neurologically-healthy individuals. Others [161,
197-199] showed that stroke participants retained capability to modulate muscle coactivation in

response to visual feedback, but did not extend this to functional hand movements.

2.3 Considerations for Translation of Wearable Robotic Devices

2.3.1 Comparing and Contrasting Assistance and Rehabilitative Design Priorities

Robotic devices that are designed to improve upper limb function can be broadly classi ed into
two types based on primary function: assistive or rehabilitative. Assistive devices are intended to
be used in the home or community environment to assist the user during participation in ADLS,
but prioritize ease of task completion over engaging the impaired limb. Rehabilitative devices
are designed to improve motor function by remediating underlying de cits through practice and
repetition and may be used in either clinical settings or the home/community [60].

Assistive versus rehabilitative usage of wearable robotic devices pose different design de-
mands [200]. For example, an assistive robotic device may need to be waterproof, lightweight,
low pro le, easy to don and doff, and have an aesthetically pleasing look to be satisfactorily inte-

grated into daily activities [201]. In contrast, a rehabilitative robotic device should support motor
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learning principles to elicit mechanisms of neuroplasticity during practice, such as appropriate
challenge, feedback, repetition, intensity, and speci city [12, 100, 186, 202]. These design pri-
orities are not necessarily mutually exclusive, but managing device complexity when prioritizing
both functional exercise bene t for rehabilitation, while at the same time optimizing for portabilty
and intuitive usage for assistance, poses a dif cult if not intractable engineering challenge.
Current best practices for rehabilitation of stroke and SCI call for performing task-oriented
training in functional contexts in order to promote motor learning and adaptation [186, 203—-206].
To accomplish this goal, devices must be capable of the dual assistive and rehabilitative aims
of performing diverse functional tasks, while also encouraging active engagement of the impaired
limb. This motivates continued development of devices that pursue both assistive and rehabilitative

design priorities, despite the engineering challenges of simultaneously working towards both.

2.3.2 Community Feedback for Design of Functional Wearable Devices

Previous studies have gathered extensive end-user perspectives on wearable upper limb robotics
to determine general device usability for key populations such as stroke and spinal cord injury
[19, 104, 207-211]. Limited evidence suggests that while clinicians may choose to use wearable
upper limb devices to improve motor recovery, individuals with stroke may prefer a device that
simply assists them during their ADLs [19, 210]. Although many devices have been developed for
both rehabilitative and assistive goals, few have been tested with little user input from impaired
individuals. End-user input can provide knowledge about speci c priorities to focus device design,
such as which activities would be best supported by device assistance, which functional movements
should be supported, and which barriers including donning dif culty or cost pose the greatest
dif culty for device adoption [212].

Clinician insights, including perspectives from clinicians with no prior experience with spe-
ci c devices, can provide direct guidance for certain aspects of designs, such as facilitating key
joint movements and setting bounds for minimum grasp strength and maximum device bulk [213].

Clinicians have reported positive views of rehabilitation robotics, including their ability to pro-

18



vide increased practice opportunities and to treat more severe upper-limb impairments [214-217].
However, many clinicians may not have access to new robotic technologies, resulting in low levels
of adoption in clinical practice [218, 219]. Reported barriers for implementation include the need
for organizational support, lack of training, set-up time, and cost [214, 216, 217, 219]. Addition-
ally, clinicians are more likely to accept new technology when it matches the needs of the patient,
improves outcomes, and increases motivated engagement in therapy [216, 220, 221].

Historically, upper limb orthotic devices have most often been developed based on idealized
applications with minimal collaboration with the potential consumers [222—-225]. These devices
are subsequently abandoned at high rates [59, 226—228]. Incorporating the needs and values of
consumers during the development of such devices is crucial to improving the likelihood that these

devices are useful and acceptable [229, 230].
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