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ASSISTIVE FLEXIBLE SUITS, FLEXIBLE SUIT SYSTEMS, AND METHODS FOR
MAKING AND CONTROL THEREOF TO ASSIST HUMAN MOBILITY

CROSS-REFERENCE AND CLAIM OF PRIORITY TO RELATED APPLICATIONS

[0001] The present application claims priority to U.S. Provisional Patent Application No.
61/913863, titled “Soft, Wearable Assistive flexible suits, Assistive Devices and Related
Systems,” filed December 9, 2013; U.S. Provisional Patent Application No. 61/928281, titled
“Soft, Wearable Assistive flexible suits, Assistive Devices and Related Systems,” filed
January 16, 2014; U.S. Provisional Patent Application No. 62/048076, titled “Assistive
flexible suit For Assisting People With Limited Mobility,” filed September 9, 2014; U.S.
Provisional Patent Application No. 62/052,562, titled “Assistive flexible suit for Gait
Assistance and Control Thereof,” filed September 19, 2014; U.S. Provisional Patent
Application Serial No. 61/936162, titled “Multi-robot Cyberphysical System for Assisting
Walking in Developmentally-Delayed Toddlers,” filed February 5, 2014; U.S. Provisional
Patent Application Serial No. 61/977,880, titled “Knee Exoskeleton and Downhill Walking
Device,” filed April 10, 2014; U.S. Provisional Patent Application No. 61/980,961, titled
“Assistive flexible suit for Assisting the Lower Body,” filed on April 17, 2014; and
International Patent Application Serial No. PCT/US2014/040340, titled “Soft Exosuit for
Assistance with Human Motion,” filed May 30, 2014, each of the preceding applications

being incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0002] Some aspects of the present disclosure were made with government support, under
Grant No. W911NF-14-C-0051-P00003 awarded by the U.S. Army, and the government

shares rights to such aspects of the present disclosure.

TECHNICAL FIELD

[0003] The present concepts are generally directed to systems, methods and devices for
assisted motion in humans. More particularly, aspects of the present disclosure are directed
to systems, methods and devices for providing assistance with motion (e.g., restoring more
natural motion) and reducing the energy expending during motion (e.g., walking) by
passively and/or actively adding assistive energy or resistive energy, as appropriate, to one or

more movements.
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BACKGROUND

[0004] According to the 2010 Americans with Disability report from the U.S. Census Bureau,
roughly 30.6 million individuals aged 15 years and older (12.6% of the U.S. population) had
limitations associated with ambulatory activities of the lower body including difficulty
walking. About 23.9 million people (9.9% of the U.S. population) had difficulty walking a
quarter of a mile, including 13.1 million who could not perform this activity. This represents
a significant healthcare, societal and economic problem as these people are at significant risk
of developing co-morbidities, rapidly declining health, and face significant challenges
associated with integrating into the community and re-joining the workforce. Neurological
disorders such as Parkinson Disease (“PD”) and stroke are significant contributors to this
large and growing segment of the population. An estimated 5 million people throughout the
world have PD with about one million living in the United States and the number of
individuals with PD is expected to double from 2005 to 2030. Every year, more than 795,000
people in the United States have a stroke, with approximately 87% of these strokes being
ischemic (thrombotic and embolic). The 30 day mortality following an ischemic stroke is
approximately 10%, meaning that the remaining 90% live with disabilities, resulting in
upwards of 7 million stroke survivors living in the United States today. The costs of these
two diseases to the United States are significant, with estimated annual costs of $38.6 billion
for stroke and $23 billion for Parkinson Disease. Disorders, such as muscular dystrophy,
polio, multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS), spinal cord injury,
cerebral palsy, or age-related deterioration also present varied degrees of mobility
impairment. Some disorders, such as ALS, present issues of progressive mobility impairment
that change and worsen over time.

[0005] As to stroke patients, many patients are capable of ambulation, but struggle with slow,
fatigue-inducing gait patterns resulting from weakened ankle dorsiflexion and plantar flexion,
as well as reduced movement during hip flexion and extension. Persons recovering from
ischemic stroke in the middle cerebral artery (MCA) often suffer from diminished lower-
extremity abilities, exhibiting hemiparesis and limited endurance.

[0006] Patients who have suffered severe lower extremity trauma (including polytrauma) will
often undergo major reconstructive surgery to repair damaged skeletal and soft tissue

(including peripheral nerves) in an effort to enable them to ambulate independently. Other
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mechanisms of injury that affect patient mobility are mild TBI (loss of coordination
movement), severe TBI (loss of muscle force generation capacity), stroke and other
neuromuscular disorders.

[0007] A pressing need exists for effective interventions for persons with mobility
impairments, including impairments resulting from, but not limited to, Parkinson’s discase,
stroke, muscular dystrophy, polio, multiple sclerosis (MS), amyotrophic lateral sclerosis
(ALS), spinal cord injury, cerebral palsy, and/or age-related deterioration. Taking
impairments resulting from PD and stroke as illustrative examples, these diseases have
different underlying causes and presentations, yet present similar co-morbidities and
consequences on quality of life. Despite medical and surgical interventions for PD patients,
they face deterioration in mobility over time resulting in a loss of independence and a decline
in health related quality of life (HRQoL). Deterioration of walking is perhaps the most
important single factor contributing to decline in HRQoL. In one study, a significant
decrease (12%) in the number of steps (effect size = 0.28) walked per day over the course of
one year highlights the rapid decline in walking ability that occurs with disease progression.
In stroke, an infarction in the middle cerebral artery (MCA) is the most common site of
cerebral ischemia. Most persons regain some ability to ambulate following physical therapy;
however, they often require rigid braces (ankle-foot orthoses) and various forms of assistive
devices (i.e., walkers and canes), which limit walking efficiency. Walking is slow, labor
intensive and inefficient, with most persons post-stroke ambulating slower than about 0.8
meters/second.

[0008] Such limited walking speeds after stroke can restrict individuals to the household and
limit reintegration into the community. It is therefore not surprising that the restoration of
walking function is the ultimate goal of rehabilitation for the majority of stroke survivors and
the focus of much rehabilitation research. However, current therapies are often unable to
improve subjects’ community ambulation status, regardless of the mode or sophistication of
the training as walking deficits persist for most patients. Community-based rehabilitation
programs have been proposed to address the limitations of the clinic-based model; however,
an ecvaluation of community-based outcomes demonstrates mixed results with subjects
remaining largely sedentary. A simple explanation for this is that many of these programs
rely heavily on patient education and motivational feedback (e.g. daily step counts) to
improve physical activity and do not address the specific motor impairments limiting
mobility. Consequently, these programs tend to neglect the real impact that an impaired

motor system has on an individual’s walking ability and community engagement.
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[0009] Beyond slowed walking speeds, post-stroke gait can also be characterized by altered
kinematics and kinetics in both magnitude (e.g., joint angle range, peak moment, peak power)
and pattern (e.g., shape and direction of curves). These deficits are more marked on the
paretic side; however both limbs are often impaired. There are indications that impaired
improvements in gait mechanics contribute to a higher reduced energy cost of walking and
improved reduced long-distance walking ability after stroke, major factors limiting
determinants of community engagement. Indeed, a hallmark of post-stroke walking is the use
of inefficient compensatory strategies, such as stiff-legged and circumduction gait, to
advance the body through space. Because a rapid achievement of walking independence —
not necessarily the reduction of impairment — is the goal of current neuro-rehabilitation
practice, the prevalence of such compensatory strategies following rehabilitation is not
surprising as gains in walking function are achievable via compensatory mechanisms.
Furthermore, current assistive devices such as canes and walkers, which are often provided
during the early phases of stroke recovery to promote safe, independent ambulation, may also
contribute to this reliance on compensation. Considering that compensatory strategies are
known to increase the energy cost of walking, increase the risk of falls, reduce endurance,
and reduce speed, gains in walking independence through such mechanisms may impose
bounds on the degree of community reintegration possible after stroke. The impact on post-
stroke physical activity of such walking deficits is evidenced in a markedly reduced total
number of steps walked per day compared to even the most sedentary healthy adults. Given
that reduced physical activity increases the risk of second stroke, heart disecase, diabetes,
hypertension and depression, and is further associated with a reduced health-related quality of
life, a need exists for the development of interventions that directly modify walking ability in
a manner that facilitates long term improved physical activity, ultimately building healthier
lives for persons after stroke.

[0010] A chief limitation of the current rehabilitation model is that training and evaluation
often occur in the confines of the clinic and are often divorced from the constraints and
demands of a patient’s home and daily environment. For example, recent intervention studies
have demonstrated marked improvements in clinic-measured walking speed without
concurrent translation of these improvements in community ambulation. Beyond poor
ecological validity, current efforts are also limited by logistical and economic constraints.
For example, current reimbursement models are such that after a stroke, patients only receive
physical therapy in outpatient centers for 10-12 weeks, after which individuals typically do

not participate in a rchabilitation program. During these 10-12 weeks, the frequency of
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therapy is often limited to only 3-5 sessions per week. Thus, subjects may amass between 30
to 60 total sessions during the course of their rehabilitation — with much, if not all, taking
place in environmental contexts substantially different than what they encounter on a daily
basis. Despite rehabilitation efforts, marked physical inactivity is emblematic of persons
post-stroke and continues to worsen across the first year after occurrence. Thus, effective
interventions focused on improving mobility (e.g., restoring more natural motion) for an
affected patient having a gait impairment or disorder is a significant factor in reducing their
disability, improving integration with the community and improving HRQoL.

[0011] Difficulty with walking is frequently followed by problems with gait-dependent
activities such as housework, dressing, transferring in and out of bed. For patients with
neurological disorders, limited gait velocity commonly results in walking that is
predominantly restricted to the household with limited reintegration into the community.
[0012] The clinical hallmarks of Parkinson disease include resting tremor, rigidity (i.e.,
stiffness), bradykinesia (i.c., slowness of movement) and gait disturbance. Pathologically,
PD is characterized by degeneration of dopaminergic neurons in the substantia nigra of the
midbrain. As a result of this deficiency, there is a loss of the normal internal cueing
mechanism resulting in lack of automaticity and synchronization of movement. This
contributes to the characteristic gait of persons with PD - impaired regulation of stride length,
reduced gait speed, altered cadence and stride time variability. This is in part due to a
decreased rate of torque generation in the plantar flexors during terminal stance. Dopamine
replacement therapy, the gold standard pharmacological treatment in PD, is ineffective in
remediating step frequency and gait variability.

[0013] A stroke patient’s gait is characterized by a decrease in self-selected speed and
previous studies have reported altered kinematics and kinetics in both magnitude (e.g., joint
angle range, peak moment, peak power) and pattern (i.e., shape and direction of curves). In
addition, while there are reported reductions in both legs, there is typically a greater reduction
on the paretic side. Compared to healthy adults, walking patterns post-stroke are also
commonly associated with greater physiological effort during walking. One of the primary
factors contributing to these abnormal walking patterns in persons post stroke in the MCA
distribution is the impaired functions of the distal limb musculature (e.g., ankle joint
plantarflexors or calf muscles) of the involved paretic leg.

[0014] For all these conditions, a challenge for care givers is to restore a patient’s physical
function in order to minimize the delay they face for returning to normal activities while they

complete a rehabilitation program, which can typically be expected to take 3-6 months. The
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medical consequences of restricted mobility are staggering. Complications associated with
immobility affect the musculoskeletal system (e.g., atrophy, osteoporosis, etc.), respiratory
system (e.g., pulmonary embolism, decreased ventilation, etc.), vasculature (e.g., deep vein
thrombosis, etc.), skin (e.g., pressure sores, tissue breakdown, infection, etc.) and the
patient’s mental state.

[0015] Conventional exoskeletons have been developed that amplify human strength by
applying assistive torques to the joints and/or by supporting a payload. Prior art systems for
assisted motion utilize exoskeletons, comprising rigid components (¢.g., linkages) and joints
(e.g., pin joint), attached to the wearer’s body with the exoskeleton joint(s) being disposed to
have an axis of rotation ideally collinear with a natural axis of rotation for adjacent joint(s).
Exemplary prior art exoskeletons are shown in U.S. Published Patent Application Nos.
2007/0123997 and 2011/0040216, both to Herr et al. Such rigid exoskeletons provide the
ability to replace human movements that have been lost or severely compromised and are
accordingly designed to enhance the wearer’s stability, balance and safety. However, these
rigid exoskeletons rely on rigid frameworks of linkages, coupled to the body at select
locations via pads, straps, or other interface techniques. As the wearer flexes or extends their
limbs, these rigid links move in parallel with the limb, adding considerable inertia to
movement which must be overcome by motors or by the wearer. Though great effort has been
made to reduce the weight and profile of these devices, they still cause considerable
restriction to the wearer’s motion and, in particular, add considerable impedance to the
natural dynamics and kinematics of gait. This change to the normal kinematics of walking is
one reason why these exoskeleton systems do not reduce the metabolic power required for
locomotion. Yet further, due to the high inertia of these rigid systems, they are not suitable
for applying small levels of assistance to the large number of patients who have limited
mobility. Thus, there is a need for fundamentally new approaches to wearable robotics that
assist with mobility.

[0016] Wearable robotic devices or exoskeletons have recently demonstrated that it is
possible to enable a paralyzed spinal cord injury patient to walk upright, holding promise to
transform the lives of many patients with disabilities. Rehabilitation robots can generally be
classified into two groups: treadmill-bound robots and over ground gait assistive
exoskeletons. Treadmill robotic systems, such as the LokoMat and ReoAmbulator, are
intended to substitute or complement labor-intensive traditional gait rehabilitation therapies
in confined clinical settings. Wearable rigid exoskeletons (e.g., ReWalk, etc.), on the other

hand, have the potential to provide gait assistance outside clinical settings.
-6-
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[0017] However, while previously developed systems have demonstrated the capability of
allowing fully immobile patients to “walk™ again, the majority of attention has gone into
designing systems for fully paralyzed patients (e.g. spinal cord injury) where the robot is
designed as a powerful machine to help support a patient’s body weight and provide high
levels of assistance, if not entirely drive all lower limb movement. Such existing approaches
share the general principle of attaching heavy rigid structures to the leg and using large,
heavy and power intensive actuators with large battery packs to drive the combined weight of
the system and the person. Due to the rigid linkages, large inertia and corresponding
kinematic restrictions to natural movement (DOFs) (e.g., due to misalignment between the
exoskeleton and biological joints, etc.), patients do not walk with a dynamic and fluid gait,
but rather in a slow, unnatural and inefficient gait (c.g., a stiff robotic manner). These
characteristics limit the usage of powered exoskeletons to restoring mobility in patients with
severe impairments (e.g. spinal cord injury or severe stroke). These systems are typically not
able to address the needs of patients with only mild to moderate ambulatory limitations, such
as those in the latter stages of stroke recovery. As such, these existing approaches are not
suitable for the rapidly growing and large number of patients with partial mobility, because
they do not provide sufficient benefit over unaided walking. In addition, the long time to don
and doff these systems, high weight, and limited battery life and range (e.g., running out of
battery power could leave a patient stranded with a heavy device that they are unable to
transport) present significant practical challenges or barriers to patients using these systems
outside of a clinical environment. Thus, new approaches to providing assistance with robotic

technology are needed for the large population of patients with limited mobility.

SUMMARY

[0018] The present concepts are directed to methods, systems, and devices configured to
assist and/or resist movements of a wearer in a manner that is assistive to mobility.

[0019] In at least some aspects of the present concepts, an assistive flexible suit is worn as a
lower-body undergarment for gait rehabilitation and for assistance of people with reduced
mobility. The assistive flexible suit includes a soft undergarment, a foot attachment, an
actuation system, and at least one user interface (e.g., a remote interface for a clinician to
modify the actuation system, a patient interface, etc.). Desirably, the assistive flexible suit is
worn under regular clothes, and is worn continuously for extended periods of time (e.g., 2
hours, 4 hours, 8 hours, all-day long, etc.) to facilitate rehabilitation or assistance during

activities of daily living. The degree of assistance provided by the assistive flexible suit is
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variable over time, so that it can accommodate varied rehabilitative needs. For example, the
assistive flexible suit can provide high force rehabilitation at an early-stage of rehabilitation
where higher levels of force may be required, with a tapering level of force over time as the
patient’s muscles strengthen and muscle activation in task-based activities is retrained. As
another example, the assistive flexible suit can provide small levels of force rehabilitation at
an carly-stage of rehabilitation, with an increasing level of force over time as the patient’s
rehabilitation progresses to help the patient achieve greater mobility.

[0020] Aspects of the present disclosure are directed towards systems, methods, and devices
for assisting, automating and/or modifying movements of a wearer. More particularly,
aspects of the present concepts are directed to systems, methods, and devices utilizing an
assistive flexible suit with a variety of non-extensible, semi-extensible or semi-rigid
connection eclements (e.g., webbing, straps, cords, functional textile, wires, cables,
composites or combinations thercof, etc.) disposed between suspension anchors, anchor
straps or other anchor elements located at anchor points or anchor areas on the wearer’s body
(e.g., pelvis, iliac crest(s), shoulder(s), thigh(s), ankle(s), calf(s), etc.), and one or more
actuators for selectively creating tension between selected members at times at which the
transmitted forces to specific limbs or body parts would be beneficial (either in an assistive or
resistive capacity) to movement of the specific limbs or body parts. An assistive flexible suit,
as described herein, generally refers to and includes a wearable device (e.g., one or more
pieces of garment) utilizing flexible connection elements to provide assistive forces and/or
resistive forces to one or more limbs (e.g., a leg) or one or body segments or portions of a
limb (e.g., a foot). In some aspects, the assistive flexible suit utilizes flexible connection
elements to provide assistive forces and/or resistive forces to a plurality of limbs (e.g., two
legs) and/or a plurality of body segments (e.g., two feet).

[0021] In at least some aspects, apart from actuating one or more joints in opposite legs or
opposite arms to facilitate motions wherein the limbs move in different directions at different
times (e.g., walking), the present concepts also include any movement-based assistance,
which may include, for example, assistance with motion of any one or more body parts or
body segments relative to other body parts or body segments. By way of example, the
present concepts include any movement-based assistance (and/or resistance), which may
include, for example, assistance with motion of only one limb (e.g., one arm relative to the
torso, one leg relative to the hip, or one foot relative to the corresponding leg), a plurality of
limbs (e.g., two arms relative to the torso, two legs relative to the hip, one arm relative to the

torso and one leg relative to the hip, etc.), the head and/or the torso.
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[0022] As compared to the prior art rigid exoskeletons, the assistive flexible suit is lighter,
more comfortable to wear and permits a more complete, and more natural, range of joint(s)
motion(s), while still being able to transfer forces or torques able to beneficially assist
motion. In accord with the present concepts, the flexible connection elements can optionally
be used in combination with rigid or semi-rigid connection elements and it is not necessary
that all connection elements be flexible.

[0023] In at least some aspects of the present concepts, a method for configuring an assistive
flexible suit, includes the act of outfitting a person with an assistive flexible suit, the assistive
flexible suit comprising at least a first anchor element configured for positioning at or near a
first body part, a second anchor element configured for positioning at or near a second body
part, a plurality of connection elements extending between the first anchor element and the
second anchor element, and at least one of the plurality of connection elements spanning at
least one joint disposed between the first anchor element and the second anchor element, at
least one sensor, at least one actuator, at least one force transmission element connecting an
output of the at least one actuator to the second body part, and at least one controller
configured to actuate the at least one actuator responsive to one or more predefined events
occurring during movement to produce an actuation profile generating a moment about the at
least one joint during movement of the at least one joint. The method further includes the
acts of monitoring an output of the at least one sensor as the person moves in a first
controlled movement environment, identifying at least one predefined event using the output
of the at least one sensor, adjusting an actuation profile of the at least one actuator, continuing
to perform the acts of monitoring, identifying and adjusting until an actuation profile of the at
least one actuator generates a beneficial moment about the at least one joint to yield an
improvement in gait and setting the at least one controller to implement the actuation profile.
[0024] In at least some other aspects of the present concepts, a method for configuring an
assistive flexible suit, includes the act of outfitting a person with an assistive flexible suit, the
assistive flexible suit comprising at least a first anchor element configured for positioning at
or near a first body part, a second anchor element configured for positioning at or near a
second body part, a plurality of connection clements extending between the first anchor
clement and the second anchor element, and at least one of the plurality of connection
elements spanning at least one joint disposed between the first anchor element and the second
anchor eclement, at least onc sensor, at least one actuator, at least one force transmission
element connecting an output of the at least one actuator to the second body part, and at least

one controller configured, responsive to the at least one sensor, to actuate the at least one
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actuator attachment at a predetermined time during movement of the at least one joint to
generate a beneficial moment about the at least one joint. The method also includes the acts
of connecting the assistive flexible at least one force transmission element to at least one
offboard actuator to connect an output of the at least one offboard actuator to the second body
part, the at least one offboard actuator corresponding in operation to the at least one actuator,
monitoring an output of the at least one sensor as the person moves in a first controlled
movement environment, identifying at least one predetermined gait event using the output of
the at least one sensor, controlling an actuation of the at least one offboard actuator, using an
offboard controller, responsive to the output of the at least one sensor, adjusting an actuation
profile of the at least one offboard actuator and continuing to perform the acts of monitoring,
identifying, controlling and adjusting until an actuation profile yields the beneficial moment
about the at least one joint to provide an improvement in gait.

[0025] In at least some other aspects of the present concepts, a method for dynamically
adjusting control outputs of an assistive flexible suit to enhance mobility of a person
exhibiting an off-normal gait pattern, the method including the acts of setting at least one
assistive flexible suit actuator to output a first force profile to impart a first torque profile
across a first joint over a first range of movement during a gait cycle, monitoring an output of
at least a first sensor on a first body part during the gait cycle, the first sensor being
configured to provide first information relating to a gait pattern to an assistive flexible suit
controller, and monitoring an output of at least a second sensor on a second body part during
the gait cycle, the second sensor being configured to provide second information relating to
the gait pattern to the assistive flexible suit controller, the second body part being out of
phase with the first body part over at least a portion of the gait cycle. The method also
includes the acts of determining, using the assistive flexible suit controller, a variance in the
gait pattern from a reference gait pattern using the first information and the second
information and determining a second force profile necessary to impart a second torque
profile across the first joint during the gait cycle to decrease the variance in the gait pattern
from the reference gait pattern. The method also includes the act of setting the at least one
assistive flexible suit actuator to output the second force profile to impart the second torque
profile across the first joint during successive gait cycles. In yet other aspects of this
exemplary method, and in other aspects of the present concepts disclosed herein, in addition
to tuning one or more actuators to improve gait, a plurality of actuators may further
advantageously be timed relative to ecach other to ensure that the resulting application of

forces to the wearer are complementary (e.g. the ankle doesn’t turn on until the hip starts or
-10-
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stops, as appropriate, etc.).

[0026] In at least some other aspects of the present concepts, a system for modifying gait of
an individual wearing an assistive flexible suit is presented. Such a system includes one or
more sensors that measure one or more gait parameters of the individual, and one or more
actuators, in mechanical communication with the individual through the assistive flexible
suit, that modify one or more gait moments of the individual. The system also includes a
control unit that controls the one or more actuators based, at least in part, on the one or more
gait parameters, and that accepts one or more inputs, from a medical provider external to the
system (and/or optionally a patient or wearer) and monitoring the one or more gait
parameters, to adjust the one or more actuators and improve the one or more gait moments.
[0027] In at least some other aspects of the present concepts, a method for modifying gait of
an individual wearing an assistive flexible suit includes the act of determining one or more
gait parameters of the individual based on one or more sensors connected to the individual
through the assistive flexible suit. The method also includes the act of monitoring, by a
medical provider (and/or optionally a patient or wearer) through a control unit or user
interface, the one or more gait parameters. As to the presently described example, as well as
all other aspects of the present concepts disclosed herein, this monitoring can occur in real-
time or, alternatively, could occur at some later point in time after collection of the sensor
data (e.g., after a walking trial, etc.). The method also includes the act of receiving, from the
medical provider (and/or optionally a patient or wearer), one or more inputs based on the
monitoring, and modifying the gait of the individual, through the assistive flexible suit,
according to the one or more inputs.

[0028] In at least some other aspects of the present concepts, an actuator system of an
assistive flexible suit is presented. The actuator system includes a mobile cart including one
or more motors, and one or more drive shafts driven by the one or more motors. The actuator
system further includes one or more anchor elements configured for positioning at or near
one or more body parts of an individual on the assistive flexible suit. The actuator system
further includes one or more force transmission elements connecting the one or more drive
shafts to the one or more anchor elements. According to the actuator system of the present
concepts, operation of the one or more motors, through the one or more force transmission
elements, improves movement of the individual.

[0029] In at least some aspects, the assistive flexible suit adapted to assist the gait in patients
with limited mobility and/or undergoing gait rehabilitation includes four modules: a suit for

ankle plantar flexion and hip assistance, a shin attachment for dorsiflexion assistance and
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ankle stabilization, a modified shoe, and one or more actuator units. In general, the present
concepts encompass a modular assistive flexible suit comprising a plurality of
interchangeable modules that are configurable in any combination required to provide a
required level and variety of assistance to a particular wearer. For example, one patient may
only require one module (e.g., ankle plantar flexion), whereas another patient may require
two modules (e.g., ankle plantar flexion and dorsiflexion), and still another patient may
require three modules (ankle plantar flexion, dorsiflexion, and hip assistance). In addition to
the movement-assistive modules, other modular functional units may be provided, including
but not limited to, functional electric stimulation units, haptic feedback units, and
vibro/electro tactile feedback units. In some aspects, a controller generating actuation
profiles may also advantageously activate, in conjunction with actuation (e.g., prior to
actuation, concurrent with actuation, etc.), one or more other functional units, such as
vibrotactile feedback, eletrotactile feedback, or functional electrical stimulation.

[0030] In at least some aspects of the present concepts, a control system is configured to
assist single muscle groups through a mix of any one or more of actively generated
force/torque (e.g., through actively-controlled contractile elements, such as Bowden cables)
and active stimuli (e.g., Functional Electrical Stimulation (FES), haptic cueing (electrotactile
elements, vibrotactile elements). The control system can generate a mix of control signals to
time each of these active units in order to assist with movement. Depending on the type of
movement, the suit control can be altered to modify the mix between the different active
units. For example, in some situations or for some subjects, the control could deliver
assistance only through FES or only by generating active forces. The mix of outputs could be
varied situationally, such as based on the specific condition of a patient (e.g., a degree of
recovery) or the type of rehabilitation therapy (e.g., the mix could be altered to favor active
force assistance, as opposed to functional electrical stimulation).

[0031] In at least some aspects of the present disclosure, a method of manufacturing an
assistive flexible suit system for aiding one or more gait movements during walking of a
wearer includes the acts of providing a suspension anchor configured to mount to the body of
the wearer and transmit loads to one or more predetermined load-bearing segments of the
body of the wearer and providing a body segment module configured to mount on or adjacent
to a respective body segment. The method further includes the acts of attaching an actuator
to the suspension anchor and to the body segment module, the actuator being selectively
actuable to generate tension between the body segment module and the suspension anchor,

providing at least one sensor to detect a gait characteristic of the wearer and to output a signal
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indicative thereof and communicatively connecting a controller to the sensor and the actuator,
the controller being configured to analyze the gait characteristic signal output by the sensor
and, based at least in part on the analyzed signal, selectively actuate the actuator to thereby
assist movement of the body segment relative to at least one joint.

[0032] According to aspects of the present disclosure, assistive flexible suit systems for
assisting or modifying motion of a wearer are presented. In one configuration, the assistive
flexible suit system includes a suspension anchor (or “anchor element”) that is configured to
mount to the body of the wearer and transmit loads to one or more predetermined load-
bearing segments of the wearer’s body. In addition, a foot module (or “foot attachment
element”) is configured to mount on or adjacent to a foot of the wearer and transmit loads to a
hindfoot segment and/or a forefoot segment of the wearer’s foot. The suit system further
includes an actuator (or “force generating element”) that is attached, e.g., at one end, to the
foot module and, e.g., at a second end, to the suspension anchor. The actuator is selectively
actuable to generate tension between the foot module and the suspension anchor. A sensor
(or “sensing element”), which is mounted on or proximate to the foot of the wearer, is
operable to detect a gait characteristic of the wearer and output a signal indicative thereof.
The flexible suit system also comprises a controller (or ‘“control element”) that is
communicatively connected to the sensor and the actuator. The controller analyzes the gait
characteristic signal that is output by the sensor and, based at least in part on this analyzed
signal, selectively actuates the actuator to thereby assist plantar flexion or dorsiflexion, or
both, of the foot of the wearer.

[0033] In accordance with other aspects of this disclosure, assistive flexible suit systems are
disclosed for generating assistive forces for aiding or modifying one or more gait movements
during walking of a wearer. For example, an assistive flexible suit system is disclosed which
includes an assistive flexible suit. The assistive flexible suit utilizes at least one suspension
anchor (or “anchor clement”) that is configured to mount to the body of the wearer and
transmit loads to one or more predetermined load-bearing segments of the wearer’s body, and
at least one foot module (or “foot attachment element”) that is configured to mount to at least
one foot of the wearer and transmit loads to a hindfoot segment and/or a forefoot segment of
the at least one foot of the wearer. The assistive flexible suit system also includes at least one
actuator (or “force generating element”) that is mounted on or proximate to the assistive
flexible suit and is attached to the at least one foot module. The actuator(s) selectively
actuate to generate a tensile force between the at least one foot module and the at least one

suspension anchor. At least one sensor (or “sensing element”), which is mounted on or
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proximate to the at least one foot module, is operable to detect a gait characteristic of the
wearer and output a signal indicative thereof. In addition, at least one controller (or “control
element”) is communicatively connected to the sensor(s) and the actuator(s). The at least one
controller is configured to analyze one or more gait characteristic signals output by the
sensor(s) and, based at least in part on the analyzed signal(s), selectively actuate at least one
of the one or more actuators to thereby assist plantar flexion or dorsiflexion, or both, of the
foot of the wearer

[0034] Other aspects of the present disclosure are directed to methods of making and
methods of using an assistive flexible suit. One embodiment is directed towards a method of
manufacturing an assistive flexible suit system for aiding one or more gait movements during
walking of a wearer. This method includes: providing a suspension anchor (or “anchor
clement”) that is configured to mount to the body of the wearer and transmit loads to one or
more predetermined load-bearing segments of the body of the wearer; providing a foot
module (or “foot attachment element”) that is configured to mount on or adjacent to a foot of
the wearer and transmit loads to a hindfoot segment and/or a forefoot segment of the wearer’s
foot; attaching an actuator (or “force generating element”) to the foot module and the
suspension anchor, the actuator being selectively actuable to generate tension between the
foot module and the suspension anchor; mounting a sensor (or “sensing element”) on or
proximate the wearer’s foot, the sensor being operable to detect a gait characteristic of the
wearer and output a signal indicative thereof; and, communicatively connecting a controller
(or “control element”) to the sensor and the actuator, wherein the controller is operable to
analyze the gait characteristic signal output by the sensor and, based at least in part on the
analyzed signal, selectively actuate the actuator to thereby assist plantar flexion or
dorsiflexion, or both, of the foot of the wearer.

[0035] Any of the disclosed systems, methods and devices, including those described in the
preceding and following paragraphs, may include any of the following options (singly or
collectively or in any combination): the suspension anchor comprises a calf sleeve which
couples to (e.g., extends around and attaches circumferentially to) the calf of the wearer
adjacent the assisted foot; the calf sleeve includes an elastic wrap which wraps around the
wearer’s calf, and has one or more calf straps attached to the elastic wrap and configured to
increase circumferential tension around at least a top portion of the calf of the wearer;
optionally, the calf sleeve can include an elastic wrap that wraps around the calf of the
wearer, and multiple pairs of hook-and-loop straps attached to the elastic wrap and

configured to attach in overlapping relation to one another to thereby increase stability and
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attachment strength of the calf sleeve; the calf sleeve may comprise a central sternum with
first and second rib sets projecting from opposing sides thereof, each rib set includes
numerous vertically spaced ribs, wherein the central sternum lays over the wearer’s tibia
above the assisted foot, while the first and second rib sets wrap around the wearer’s calf and
attach together; the vertically spaced ribs of each rib set can be connected together at
proximal ends thereof via the central sternum and connected together at distal ends thercof
via a respective webbing; in addition to or as an alternative for the calf sleeve, the suspension
anchor may comprise a thigh sleeve that couples to (e.g., wraps around and attaches
circumferentially to) the wearer’s thigh; the calf sleeve couples to the thigh sleeve via one or
more straps (or “connection elements”); in addition to or as an alternative for the calf sleeve,
the suspension anchor may comprise a waist belt that couples to (e.g., wraps around and
attaches circumferentially to) the wearer’s waist over the iliac crest(s); the calf sleeve is
coupled to the waist belt via one or more straps (or “connection elements”); the actuator can
be mounted on the waist belt and attached to the thigh sleeve such that the actuator is
selectively actuable to generate tension between the thigh sleeve and the waist belt and
thereby assist hip extension (or flexion).

[0036] Any of the above or below disclosed systems, methods and devices may include the
following options, singly or collectively or in any combination: an adjustable ankle strap
which attaches the calf sleeve to the foot module; the adjustable ankle strap has multiple
attachment fingers each of which is configured to detachably couple to the calf sleeve in a
distinct orientation and thereby selectively vary the tension between the foot module and the
suspension anchor; the adjustable ankle strap can be configured to create passive ankle
support and thereby prevent inadvertent ankle roll; the calf sleeve or foot module, or both,
may comprise an interwoven webbing structure (e.g., comprising a biaxial helical braid) that
is configured to circumscribe the calf/foot and automatically tighten when tension is
generated between the calf sleeve/foot module and a suspension anchor; in configurations
where the foot module is mounted to the foot of the wearer (e.g., on or in their footwear), the
foot module may include numerous actuator attachment points on the hindfoot and/or
forefoot segment to which the actuator can be detachably connected; each actuator
attachment point can be configured to provide a distinct angle along which tensile forces
generated by the actuator are applied to the foot of the wearer; the foot module may include
an actuator attachment point on the hindfoot segment of the wearer’s foot adjacent the
underside of the heel bone.

[0037] Any of the disclosed systems, methods and devices, including those described in the
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preceding and following paragraphs, may include any of the following options (singly or
collectively or in any combination): the foot module may optionally comprise a shoe into
which is nested the wearer’s foot; alternatively, the foot module fits inside the shoe of the
wearer and mounts to the foot; the foot module may include an Achilles strap that extends out
of the opening in the shoe upper, wherein the strap transmits tensile forces generated by the
actuator to the hindfoot segment of the wearer; the foot module may include a tibia strap that
extends out of the opening in the shoe upper, wherein the tibia strap transmits tensile forces
generated by the actuator to the forefoot segment of the wearer; the sensor may take on
various forms, including a foot switch, a gyroscope, an inertial transducer, or an
accelerometer, or any combination thereof; the actuator may take on various forms, including
a Bowden cable assembly, a McKibben actuator, or other mechanical, hydraulic or electrical
actuators; the actuator may optionally be mounted on the suspension anchor; alternatively,
the actuator is mounted on a movable cart or a platform positioned adjacent the assistive
flexible suit system; the suspension anchor may take on various forms, including the
aforementioned calf sleeve, as well as (or alternatively) a thigh sleeve and/or a waist belt.
[0038] Systems, methods and devices disclosed herein may optionally include any of the
following options, be it individually, cooperatively or in various combinations: a second foot
module (e.g., for a bilateral system) that mounts on or adjacent to the second foot of the
wearer and transmit loads to the hindfoot segment or forefoot segment, or both, of the
wearer’s second foot; a second actuator that is attached to the second foot module and is
selectively actuable to transmit tensile forces to the second foot module; a second sensor that
is operable to detect a second gait characteristic of the wearer and output a second signal
indicative thereof. For this configuration, the controller can be communicatively connected
to the second sensor and the second actuator, wherein the controller analyzes the second gait
characteristic signal output by the second sensor and, based at least in part on that second
analyzed signal, selectively actuates the second actuator to thereby assist plantar flexion or
dorsiflexion, or both, of the second foot of the wearer. Optionally, the suit further comprises
a second suspension anchor that mounts to the wearer’s body and transmits loads to a second
predetermined load-bearing segment of the body, wherein the second actuator is selectively
actuable to generate tension between the second foot module and the second suspension
anchor.

[0039] In at least some aspects of the present concepts, a hybrid control system is provided to
adjust operational characteristics of an assistive flexible suit comprising at least one actuator

adapted to output a force trajectory across at least one axis of at least one joint during
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movement of the at least one joint to develop an assistive torque thereacross. The hybrid
control system includes, in at least some aspects of the present concepts, a first control loop
comprising the at least one actuator, a first communication device, at least one controller, a
physical computer-readable storage device bearing an instruction set configured, upon
execution by the at least one controller, to cause the at least one controller to output actuation
signals to the at least one actuator, and at least one sensor configured to provide information
relating to the movement of the at least one joint, the at least one controller receiving outputs
from the at least one sensor and, responsive thereto, outputting actuation signals to the at least
one actuator to, in turn, output the force trajectory across the at least one axis of the at least
one joint during movement of the at least one joint to develop an assistive torque thereacross.
The hybrid control system includes a second control loop comprising a clinician interface, the
clinician interface comprising a display device, one or more processors, a user interface, a
second communication device and a physical computer-readable storage device bearing an
instruction set configured, upon execution by the one or more processors, to cause the one or
more processors to receive, via the second communication device, an output of the at least
one sensor or an output of another one or more sensors configured to provide information
relating to movement of the at least one joint and display on the display device the
information relating to movement of the at least one joint in relation to at least one gait event.
The one or more processors are also configured to receive an input from a clinician, a patient
or wearer and/or other supervising individual, via the user interface, comprising an
instruction to modify one or more aspects of the force trajectory output by the at least one
actuator to thereby modify the assistive torque developed across the at least one axis of the at
least one joint during movement of the at least one joint and output to the first
communication device, using the second communication device, the instruction to modify the
one or more aspects of the force trajectory.

[0040] In at least some aspects of the present concepts, one or more processors (located
locally and/or remotely to the assistive flexible suit), in accord with one or more instruction
sets borne by physical memory devices (located locally and/or remotely to the assistive
flexible suit), are configured to monitor a wearer’s gait in an unassisted condition (e.g., via
one or more sensors disposed on the assistive flexible suit or externally thereto) and then
modify one or more aspects of a force trajectory output by the at least one actuator to thereby
modify the assistive torque developed across the at least one axis of the at least one joint
during movement of the at least one joint, the wearer’s modified gait being used as a further

input to the one or more processors and associated one or more instruction sets for further
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evaluation of the wearer’s gait and further iterative modification of one or more aspects of a
force trajectory output by the at least one actuator.

[0041] Although the present concepts are described in association with biological joints (e.g.,
an ankle, knee, hip, etc.) at least some aspects of the present concepts may alternatively find
application in control on one or more non-biological joints (e.g., an exoskeleton joint, a
robotic joint, a joint in a prosthesis, etc.) to enable a more natural and fluid motion.

[0042] The assistive flexible suit is, morcover, well-suited for motion assessment,
rehabilitation or gait assistance activities, and movement training, such as by providing
resistance instead of assistance (e.g., to strengthen muscles, to provide negative feedback for
improper movement, etc.) or by providing corrective assistance where needed.

[0043] In response to needs that remain unmet by conventional, rigid exosuits, the assistive
flexible suits disclosed herein can be worn like a garment (e.g., under clothing, over clothing,
or integrated with clothing) and uniquely provide an opportunity for continuous, targeted
rehabilitation in a free-living community setting through two distinct, yet synergistic
mechanisms: (1) orthotic effects that provide an immediate increase in walking capacity (i.e.,
improved walking quality and reduced energy cost of walking) and (2) an individualized,
progressive rehabilitation program based on regular assessment of the walking activity and
spatiotemporal gait data generated by the exosuit’s embedded sensors. In at least some
aspects of the present concepts, as an active orthotic, the assistive flexible suit applies
restorative forces in parallel with the impaired musculature, and through one or more sensors,
doubles as a rehabilitation system capable of measuring key parameters of walking (i.e.,
spatiotemporal variables and step activity) useful for the implementation of patient-specific
walking activity programs that target both walking strategy and quantity. The assistive
flexible suit provides a suit comprising soft materials (e.g. textiles, elastomers, etc.) that
provide, relative to existing technology, a more conformal, unobtrusive and compliant
interface to the human body.

[0044] The above summary is not intended to represent each embodiment or every aspect of
the present disclosure. Rather, the foregoing summary merely provides an exemplification of
some of the novel aspects and features presented herein. The above features and advantages,
and other features and advantages of the present disclosure, will be readily apparent from the
following detailed description of exemplary embodiments and modes for carrying out the
present invention when taken in connection with the accompanying drawings and the

appended claims.
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BRIEF DESCRIPTION OF THE FIGURES

[0045] FIGS. 1A-1D show representations of assistive flexible suits (FIGS. 1A-1C) and a
method for configuring an assistive flexible suit (FIG. 1D) in accord with at least some
aspects of the present concepts.

[0046] FIGS. 2A-2C are diagrams showing some aspects of controls for assistive flexible
suits according to at least some aspects of the present concepts, FIG. 2D shows gait
information for a hemiparetic stroke patient, and FIG. 2E shows and an example of data
obtained from a pilot session of a stroke patient wearing an assistive flexible suit while
walking on a treadmill according to at least some aspects of the present concepts.

[0047] FIGS. 3A and 3B are front and side perspective-view illustrations, respectively, of a
representative assistive flexible suit for aiding motion of a wearer in accord with aspects of
the present disclosure.

[0048] FIG. 3C is a rear perspective-view illustration of the calf sleeve module of the
assistive flexible suit of FIGS. 3A and 3B.

[0049] FIG. 3D is a front perspective-view illustration of the waist belt module of the
assistive flexible suit of FIGS. 3A and 3B.

[0050] FIG. 3E is a rear perspective-view illustration of the thigh sleeve module, attachment
straps and portions of the calf sleeve module of the assistive flexible suit of FIGS. 3A and 3B.
[0051] FIG. 3F is a perspective-view illustration of an optional adjustable V-connector
attachment strap for the calf sleeve module of the assistive flexible suit of FIGS. 3A and 3B.
[0052] FIGS. 4A and 4B are front perspective-view illustrations of a representative unitary
“fishbone” calf sleeve module (close-ended rib configuration) for an assistive flexible suit
shown in closed and open states, respectively, in accord with aspects of the present
disclosure.

[0053] FIG. 5 is a front perspective-view illustration of a representative unitary “fishbone”
calf sleeve module (open-ended rib configuration) for an assistive flexible suit in accord with
aspects of the present disclosure.

[0054] FIG. 6 is a front perspective-view illustration of a representative unitary “fishbone”
calf sleeve module (open-ended pivoting rib configuration) for an assistive flexible suit in
accord with aspects of the present disclosure.

[0055] FIG. 7A is a side perspective-view illustration of a calf sleeve module and a foot
module connected by an adjustable passive lateral support strap for an assistive flexible suit
in accord with aspects of the present disclosure.

[0056] FIG. 7B is a perspective-view illustration of the lateral support strap of FIG. 7A.
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[0057] FIG. 8 is a side perspective-view illustration of a representative shoe-type foot module
with multiple actuator attachment points for an assistive flexible suit in accord with aspects of
the present disclosure.

[0058] FIG. 9 is a rear perspective-view illustration of a representative shoe-type foot module
with a quick-connect/quick-release actuator attachment module for an assistive flexible suit
in accord with aspects of the present disclosure.

[0059] FIGS. 10A-10E show a quick-connect/quick-release actuator attachment anchor
clement according to at least some aspects of the present concepts.

[0060] FIGS. 11A and 11B are front and rear perspective-view illustrations, respectively, of a
representative insert-type foot module with Achilles and tibia straps for an assistive flexible
suit in accord with aspects of the present disclosure.

[0061] FIG. 12 is a side perspective-view illustration of a representative universal “over-the-
shoe” foot module for an assistive flexible suit in accord with aspects of the present
disclosure.

[0062] FIG. 13 is a side perspective-view illustration of a representative auto-tightening in-
shoe foot module for an assistive flexible suit in accord with aspects of the present disclosure.
[0063] FIG. 14 is a side perspective-view illustration of another representative in-shoe foot
module for an assistive flexible suit in accord with aspects of the present disclosure.

[0064] FIG. 15 is a plan-view illustration of a representative over-the-shoe foot module for an
assistive flexible suit in accord with aspects of the present disclosure.

[0065] FIG. 16A shows modification of a plantar flexion actuation within a gait period of an
individual according to at least some aspects of the present concepts.

[0066] FIG. 16B shows modification of a dorsiflexion actuation within a gait period of an
individual according to at least some aspects of the present concepts.

[0067] FIG. 16C shows distribution of forces with respect to an assistive flexible suit
according to at least some aspects of the present concepts.

[0068] FIGS. 16D and 16E illustrate forces from an assistive flexible suit on an individual,
according to at least some aspects of the present concepts.

[0069] FIG. 16F illustrates forces created by the assistive flexible suit 100 distributing
through the individual, according to at least some aspects of the present concepts.

[0070] FIGS. 17A-17D show tensioning systems for force transmission elements according
to at least some aspects of the present concepts.

[0071] FIG. 18 shows an anchor element according to at least some aspects of the present

concepts.
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[0072] FIG. 19 shows a force transmission element length adjustment device according to at
least some aspects of the present concepts.

[0073] FIGS. 20A-20C show various configurations of actuators about an assistive flexible
suit according to at least some aspects of the present concepts.

[0074] FIG. 21 shows a multi-wrap pulley system according to at least some aspects of the
present concepts.

[0075] FIGS. 22A-22E show actuator systems for controlling the assistive flexible suit
according to at least some aspects of the present concepts.

[0076] FIG. 23 shows an example of a hybrid control system according to at least some
aspects of the present concepts.

[0077] FIG. 24 shows an example of a clinician interface according to at least some aspects
of the present concepts.

[0078] FIG. 25 shows another example of a clinician interface according to at least some
aspects of the present concepts.

[0079] FIG. 26 shows an example of a trajectory control according to at least some aspects of
the present concepts.

[0080] FIG. 27 shows another example of a trajectory control according to at least some
aspects of the present concepts.

[0081] FIG. 28 shows an example of event detection using a gyroscope according to at least
some aspects of the present concepts.

[0082] FIGS. 29A-29B show examples of adaptive thresholds according to at least some
aspects of the present concepts.

[0083] FIGS. 30A-30B show an example of detection of heel strike according to at least
some aspects of the present concepts.

[0084] FIGS. 31A-31B show another example of detection of heel strike according to at least
some aspects of the present concepts.

[0085] FIG. 32 shows an example of delay compensation for detected heel strike according to
at least some aspects of the present concepts.

[0086] FIGS. 33A-33B show gait patterns for initiation and termination of walking (non-
continuous walking) of a stroke patient, including gait pattern analysis according to at least
some aspects of the present concepts.

[0087] FIGS. 34A-34B show examples of commanded trajectories and local forces for dorsi
flexor forces with handrail and without handrail according to at least some aspects of the

present concepts.
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[0088] FIGS. 35A-35B show controller concepts according to at least some aspects of the
present concepts.

[0089] FIG. 36 shows acts in a method according to at least some aspects of the present
concepts.

[0090] FIG. 37 shows acts in another method according to at least some aspects of the present
concepts.

[0091] FIG. 38 shows a representation of detection of full ground contact and toe-off
according to at least some aspects of the present concepts.

[0092] FIG. 39 shows a representation of a detection algorithm, according to at least some
aspects of the present concepts, wherein a heel strike peak is not noticeable.

[0093] FIG. 40 shows a representation of a detection algorithm, according to at least some
aspects of the present concepts, wherein a gyro signal during swing phase is oscillatory.
[0094] FIG. 41 is a front perspective-view illustration of an optional “unilateral” waist belt
module for an assistive flexible suit in accord with aspects of the present disclosure.

[0095] While the inventive aspects are susceptible to various modifications and alternative
forms, specific embodiments have been shown by way of example in the drawings and will
be described in detail herein. It should be understood, however, that the invention is not
intended to be limited to the particular forms disclosed. Rather, the invention is to cover all
modifications, equivalents, and alternatives falling within the spirit and scope of the

disclosure and the appended claims, without limitation.

DETAILED DESCRIPTION OF REPRESENTATIVE EMBODIMENTS

[0096] Concepts disclosed herein are directed assistive flexible suits adapted to augment
human performance and/or reduce the metabolic cost of locomotion (c.g., walking over
ground). Some configurations help to improve the quality of life for persons desiring to
improve their mobility (whether laden or unladen), inclusive of able-bodied persons and
persons with mobility issues. For example, stroke survivors or persons with lower-extremity
impairments (e.g., persons undergoing rehabilitation due to lower-extremity injury, elderly
with age-related limitations to lower-extremity movement, etc.) can experience improved
mobility and, thus, an improved quality of life through utilization of an assistive flexible suit
in accord with one or more of the disclosed concepts.

[0097] Stroke is the leading cause of long-term disability worldwide; rehabilitation is the
cornerstone for recovery from stroke. However, despite various rehabilitation efforts, marked

physical inactivity is emblematic of persons post-stroke and continues to worsen across the
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first year after occurrence. To address this issue, there is growing interest to develop means
for improving activity in the community as part of future neurorchabilitative strategies. While
a number of community-based programs have been developed, their effects are limited and
patients remain sedentary, largely because many of these programs rely heavily on patient
education and motivational feedback (e.g. daily step counts) and do not address the specific
motor impairments that limit mobility. Moreover, while there have been significant advances
in rigid exoskeletons that apply 100% assistance to patients, these technologies are not
suitable for patients with partial impairments.

[0098] In response to this need, there is disclosed the concept of soft wearable robotics in the
form of an assistive suit that can be worn like garments (under or over clothing) that afford
the opportunity for continuous targeted rehabilitation in a free-living community setting.
This if afforded, for example, through two distinct, yet synergistic mechanisms: (1) orthotic
effects that provide an immediate increase in walking capacity (e.g., improved walking
quality and reduced energy cost of walking) and (2) individualized, progressive rehabilitation
programs designed to increase walking activity and monitor patient progress through the
provision of both assistance and assessment. As an active orthotic, the assistive suit applies
restorative forces in parallel with the impaired musculature. Through advanced sensing
abilities, the suit can double as a “rehabilitation robot” capable of measuring key parameters
of walking (e.g., spatiotemporal variables and step activity) useful for the implementation of
patient-specific walking activity programs that target both walking strategy and quantity.
Disclosed are wearable robots made of soft materials (e.g. textiles and elastomers) that
provide a more conformal, unobtrusive and compliant interface to the human body, and
improve mobility through clinical evaluations of patients.

[0099] In at least some aspects of the present concepts, an assistive flexible suit is adapted to
improve the mobility of patients, such as those with Parkinson’s disease, stroke, MS, ALS or
other disabling condition whatever the cause, enabling them to more fully integrate into their
communities. While the nature of these gait impairments stem from different underlying
neuropathologies, patients with both conditions present with gait limitations which can be
markedly improved with the assistance that the assistive flexible suits disclosed herein are
able to provide. Unlike traditional exoskeletons, which employ rigid external skeletal
supports and linkage elements, exclusively or in large part, the presently disclosed assistive
flexible suits predominantly use soft or flexible or otherwise non-rigid materials (e.g.,
textiles, fabrics, elastomers etc.) to provide a more conformal, unobtrusive and compliant

means to interface to the human body and may be comfortably worn under regular clothing.
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As discussed herein, the present inventors have demonstrated the efficacy of this approach,
which represents a fundamental change to the wearable robotics paradigm that has persisted
for half a century. With the disclosed assistive flexible suit, the assistive flexible suit can be
extremely light and, further, the wearer’s joints are not constrained by external rigid
structures that would interfere with the body’s natural biomechanics.

[00100] In accord with at least some aspects of the present concepts, an assistive flexible
lower-extremity suit is configured to be worn over the feet, leg and/or pelvic regions (similar
to pants and shoes). Some configurations provide a controlled level of assistance to a
patient’s leg joints (e.g., applying torques to the patient’s joints at the appropriate time in a
gait cycle) during locomotion (e.g., walking). This can help to reduce metabolic cost to the
wearer (the amount of energy expended on a task) and to improve key gait markers, such as
step length, gait velocity, and cadence. It is oftentimes desired to permit the wearer (e.g.,
patient) to be able to casily don and doff the assistive flexible suit. Likewise, it is often
desirable to control at least certain aspects of operation of the assistive flexible suit, possibly
within parameters externally set for the particular wearer, to not only promote movement, but
to promote normal walking patterns. As therapy progresses over time, levels of assistance to
one or more joints can be tailored to correspond to (e.g., decreasing levels of assistance,
altered timing of assistance, etc.) to changes in the patient’s condition improves. For
example, as the force generating capacity and neuromuscular control aspects of the biological
muscles improves, levels of assistance may be decreased.

[00101] Various aspects of the lower-extremity assistive flexible suits disclosed herein
provide solutions to particularly address the populations (e.g., stroke survivors, etc.) facing
such diminished lower-extremity abilities. The assistive flexible suit incorporates, in at least
some aspects, passive elements for energy storage (e.g. artificial exotendons, etc.) and
actuators (e.g. cable drive, pneumatic, etc.) powered via on-board or off-board power
supplies and interfacing with the wearer via compliant materials and a soft wearable fabric.
In some aspects, the exotendons are resilient and behave biomimetically as tendons (e.g., as
an clastic band), storing energy supplied from natural biomechanical movement or from
actuators configured in series within the exotendons themselves, and releasing such stored
energy during complementary movement. The actuators may comprise, by way of example,
one or more air-powered pneumatic actuators, one or more DC motors, one or more electro-
active materials (e.g. polymer), or combinations thereof. The actuator(s) is (are) configured
to apply torque to the wearer’s joints at controlled levels at or below levels normally

experienced during human walking.
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[00102] The actuator(s) and exotendon(s) are adapted to assist the wearer by providing
assistive force or acting as antagonists, mimicking the normal human muscle-tendon
construction found in human anatomy/physiology. By way of non-limiting example, in
mimicking the natural motions and forces present during human walking, the assistive
flexible suit system is inherently safe and operates in synergy with the wearer’s needs (e.g.,
restoring the wearer to more normal levels of movement), which may or may not necessarily
be in synergy with a pathological muscle activity. It at least some aspects, the assistive
flexible suit system is able to be worn under clothing and provides assistance to restore
physical function and mobility to therapeutically engage injured patients to enable them to
more quickly reintegrate back into the services and their community.

[00103] In at least some aspects, the assistive flexible suit system comprises one or more
sensors to measure, monitor or otherwise detect one or more joint angles and/or to detect
events (e.g., heel strike, toe off, etc.) which characterize a particular state of the wearer, such
as a state corresponding to a predefined phase of the gait cycle. One or more sensors are
advantageously used, in conjunction with one or more controllers and/or processors, to
command the actuator(s) and/or other suit components or systems. By way of example,
sensor readings are used by the assistive flexible suit control system or controller to
determine a walking speed of the wearer. The control system or controller then commands an
appropriate actuation (e.g., amount of movement, profile of movement, etc.) from the
actuator(s) to thereby provide (e.g., via exotendons) a desired degree of assistance (e.g.,
toque) to one or more joints.

[00104] In at least some aspects of the present concepts, external forces are provided at least
substantially in parallel with the underlying biological musculature. The external forces
provide, at smaller levels of assistance, mechanical cues that can assist with the initiation of
movement and reestablishing of normal neuromuscular control and, at larger levels of
assistance, restoration of a normal power-generating capability of the biological joints and
restoration of normal gait mechanics. Such assistive cues to aid gait initiation may be used to
minimize or prevent episodes of “freezing” or assist with the initiation of movement,
symptoms that can be typical in Parkinson’s disease.

[00105] In contrast, existing approaches to wearable robotics impose kinematic restrictions
on the wearer and use heavy structures, having significant inertia, for which it is difficult to
apply small levels of assistance. The rigid and heavy nature of these systems is not suitable
for these patients because they do not provide sufficient benefit over unaided walking. In

addition, the long time to don and doff the conventional systems and their limited range
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(running out of battery power could leave a patient stranded with a heavy device that they are
unable to transport) present significant practical challenges to patients using these systems
outside of a clinical environment. It has been shown that a higher class of ambulation such as
a transition from household to community ambulation results in better function and quality of
life.

[00106] In various aspects, the disclosed assistive flexible suit system is used in combination
with an actuation system to provide active assistance to natural motions and/or corrective
assistance (e.g., assistance or resistance) to motions that are not biologically optimal, with the
goal of enhancing mobility and/or restoring more normal movement, preferably both
enhancing mobility and restoring more normal movement.

[00107] The assistive flexible suit greatly reduces the mechanical impedance and kinematic
restrictions compared to traditional exoskeletons with rigid components and does not
significantly constrain or restrict the wearer’s degrees of freedom. With such a system, it is
possible to add controlled impulses of energy (e.g., small or moderate levels of assistance
during key portions of the gait cycle), rather than direct control of limb position(s), to provide
assistance to locomotion and reduce the metabolic cost of movement (e.g., walking/load
carrying) without significantly constraint of movement. As noted above, conventional rigid
exosuits are not able to provide small or moderate levels of assistance.

[00108] FIG. 1A generally shows an embodiment of an assistive flexible suit 100 in accord
with at least some aspects of the present concepts. The assistive flexible suit 100 is
configured to apply a moment, via forces generated by one or more actuators 105, to one or
more joints (e.g., a hip joint and ankle joint) using one or more tensioned connection
elements 110. In at least some aspects of the present concepts, it is desired to minimize the
distal mass that is added to the legs. In such aspects, power is transmitted from one or more
proximally-mounted actuators 105 to distally located body parts through a flexible
transmission, such as is represented in FIG. 1A, wherein an actuator 105 is disposed on a
waist belt 115 to deliver torques across an ankle joint. In other aspects, the actuator may be
disposed elsewhere (e.g., distally closer to an actuated joint(s)) or a plurality of actuators may
be distributed about the assistive flexible suit 100 or the body of the wearer.

[00109] The assistive flexible suit 100 described here, in at least some aspects, utilizes
functional textiles and/or other conformal materials that enable forces to be comfortably and
effectively applied to the lower extremity joints through a biologically-inspired architecture.
In so doing, force transmission paths can be provided through a wearable garment to generate

force couples at the biological joints in a manner that does not impede movement or gait. As
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described herein, one or more sensors 120 are provided to monitor the wearer kinematics,
such as to detect gait transitions or events. In at least some aspects, sensors 120 are
embedded in or on the assistive flexible suit 100 (e.g., in or on a connection element 110, in
or on a fabric, etc.) and/or at a variety of attachment points (e.g., at the hip, knee, ankle, foot,
etc.) to monitor the interaction forces between the wearer and the device.

[00110] In at least some aspects of the present concepts, the assistive flexible suit 100
performs complementary functions of: (1) providing small mechanical cues to assist with the
initiation of movement and restore normal neuromuscular control, and (2) restoring normal
force-generating capability of the biological joints (see FIG. 1B). It is to be noted that this
solution, as well as other solutions disclosed herein, have broad impact and can find
application to multiple potential patient populations (e.g., to children with Cerebral Palsy, to
elderly individuals with muscle weakness, persons with MD, ALS, or PD, stroke survivors,
etc.).

[00111] FIG. 1B shows, on the left, some biomechanical reasons for mobility impairments of
patients with Parkinson’s discase (top) and MCA stroke (bottom). Whereas Parkinson’s
disease causes difficulty initiating movement and weakness in plantar flexion, MCA stroke
presents multiple different challenges of weakness in plantar flexion, dorsiflexion, and hip
flexion/extension. In the case of stroke patients, they suffer from limitations in the power
available from various joints (including ankle and hip), which play a critical role in
accelerating the body forward. This reduction in power contributes to diminished
progression of the hemiparetic limb contributing to an asymmetrical gait pattern and slow
walking velocities. For both of these patient populations, at least some of the assistive
flexible suit 100 configurations disclosed herein provide external forces in parallel with the
underlying biological musculature, which are believed to beneficially provide external cues to
patients, which separately are believed to improve gait outcomes. The concepts herein,
which apply small or moderate levels of forces to a patient in an automated, synchronous
manner, facilitate development of larger step lengths and greater gait speeds, thereby
improving physical function and HRQoL. FIG. 1B shows, on the right, aspects of assistive
flexible suits 100, adapted to provide, clockwise from the top left, hip extension, hip flexion,
dorsiflexion and planar flexion, with arrows 206 showing how forces can be applied to assist
the respective motions.

[00112] FIG. 1C shows, in the left three images, use of the assistive flexible suit 100 to
transition a stroke patient from a walker or brace, to assisted motion with the assistive

flexible suit 100 and a cane, to unassisted movement using the assistive flexible suit 100.
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Many stroke survivors are capable of ambulation, but struggle with slow, fatigue-inducing
gait patterns resulting from weakened ankle dorsiflexion and plantar flexion, as well as
reduced movement during hip flexion and extension. As the patient progresses through the
rehabilitation, the assistive power on the suit can gradually be decreased, functionally
retraining muscle activation in task-based activities. Alternatively, as noted above, in at least
some aspects of the present concepts, the assistive power to the patient from the assistive
flexible suit can start at a lower level initially and can then be gradually increased over time
as the patient progresses through the rehabilitation. The assistive flexible suit is conformable
not only to the particular wearer, but is also advantageously conformable to the type(s) of
assistance required by the wearer. FIG. 1C shows conceptually, in the fourth image from the
left, that the assistive flexible suit 100 is ecasy to don/doff (upper left), being donned and
doffed similar to a pair of slacks. The rightmost two images of FIG. 1C show a non-limiting
example of a modularity of the assistive flexible suit, with the first image showing a passive
or actuator-less version of assistive flexible suit 100, and the second image at the right
showing additional of optional power belt 125 being attached to provide the capability for
delivering active assistance. In at least some aspects, the power belt 125 comprises all
actuators (e.g., motors, pulleys, etc.), electronics and power sources (e.g., batteries, etc.)
necessary to power the assistive flexible suit 100. It is to be emphasized that the present
concepts include a passive version of the assistive flexible suit 100, which does not include
any actuator and which may or may not include sensor(s) 120, and is adapted to provide
small degrees of energy and assistance to a user via resilient elements (e.g., stretchable fabric,
textile, a visco-elastic material, a viscous material, etc.) of the assistive flexible suit.

[00113] The assistive flexible suit 100 facilitates generation of baseline kinematics, kinetics,
electromyography and/or other physiological (e.g. metabolic and heart rate) data to help
quantify the particular biomechanical and physiological abnormalities of each patient. By
way of example, and without limitation, biomechanical and physiological data may be
collected using a motion capture system (e.g., a plurality of Vicon cameras, recording at 120
Hz, used in combination with passive reflective markers disposed at key body landmarks),
ground reaction forces (GRF) for cach leg may be measured using a Bertec instrumented
treadmill or embedded AMTI force plates at 1200 Hz, steady-state oxygen consumption may
be measured using a Cosmed K4b2 system, and/or electromyography (EMG) signals
collected by a Delsys® Trigno system. The baseline data provides a starting point from which
a clinician can then tailor the specific assistance applied to that patient, with characteristics of

the assistance being selectively varied as to location, magnitude and timing of the forces
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applied to the patient’s lower extremities (see FIG. 1D).

[00114] FIG. 1D shows a representation of a clinical usage of the assistive flexible suit 100,
utilizing an offboard control system 200, to apply a specified level of assistance (e.g., small,
moderate, or large levels of assistance) to a patient wearing the assistive flexible suit 100 via
force transmission elements 220A-220C. Information from sensors 120, shown by way of
example to be provided in the footwear and in the vicinity of a patient’s calf, is transmitted to
the offboard control system 200 (e.g., via a wireless communication pathway 225 or a
hardwired connection). The top plots on the right of FIG. 1D (“Joint Power Measurements’)
show force measurements demonstrating a restoring of power of the ankle and hip joints and
the lower plot on the right of FIG. 1D (“Gastrocnemius Medialis EMG”) shows a reduction in
muscle activity (reduction in SEMG mV) of the gastrocnemius. Whereas for a healthy
person, the assistive flexible suit can be used to advantageously decrease some muscle
activity, this may not be universally desired and, in some patients, it may be desirable instead
from a rehabilitative point of view to increase muscle activity.

[00115] It is to be noted that, although the level of force provided by the assistive flexible
suit is described herein in relation to particular examples in which a small or a moderate level
of force is provided, the assistive flexible suit is not limited to generation of small or
moderate forces. By way of example, in at least some aspects of the present concepts, an
assistive flexible suit is configured to supply between 10-30% assistance, while minimally
burdening the wearer while and minimally restricting the wearer. Instead, the assistive
flexible suit is capable of generating, and applying to the wearer, large forces and higher
levels of assistance than that described in the examples herein. The disclosed assistive
flexible suits, whether adapted to apply assistance within a prescribed range (e.g., a small
level of assistance, a moderate level of assistance, a large level of assistance, a moderate to
large level of assistance, etc.) or with an open range (i.c., a suit configured to any level of
assistance between 0%-100% assistance), provide a key advantage over the existing rigid
exoskeletons in that the majority of the assistance goes to assist the person rather than to
move a heavy rigid exoskeleton, thus providing more efficient use of and application of the
suit’s limited power source(s) no matter what level of assistance is required by the wearer.
[00116] With exceptions, the gait of patients (e.g., stroke patients) is often repeatable with
clearly identifiable pathologies, which lends to application of a cyclic actuation force applied
by the assistive flexible suit 100 to the wearer. By personally tuning the actuation timing,
amplitude and profile, a medical provider is able to provide to the patient an optimal

assistance strategy for that patient. One favorable initial step in the process of adjusting
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actuation parameters may comprise tuning of dorsiflexion assistance to ensure that the patient
will adequately clear the ground and not trip or fall as they walk or as the walking speed is
increased. This could then be followed, for example, by tuning of plantar flexion assistance
at push off to assist with forward propulsion. Then, if needed, hip actuation assistance
(flexion and extension) could be tuned after the effectiveness of ankle actuation is verified.

[00117] FIG. 2A shows validation of the sensor 120 fidelity via a comparison of movements
of a person wearing an assistive flexible suit 100 measured, in real-time, by sensors 120
(dashed lines) and an external Vicon optical motion capture system (solid lines) for each of
hip, knee and ankle joint angle sensors (e.g., hyper-elastic strain sensors disposed to monitor
hip, knee and ankle sagittal plane joint angles). While walking, RMS errors in one
embodiment of an assistive flexible suit were less than 5°. Accordingly, the assistive flexible
suit 100 demonstrated the ability to accurately measure kinematic data for state-machine
control and utilization of control algorithms enabling safe and intuitive interaction between
the wearer and the device. This is achieved by obtaining and analyzing, in real-time, sensor
120 data providing information on kinematics (e.g., footswitch, soft joint sensors, etc.) and
human-system interaction forces (e.g., suit tension, etc.). As is shown in aspects of the
present concepts illustrated at the bottom left of FIG. 2A, the suit tension (F) 235 is measured
by one or more sensors 120 (e.g., hyperelastic strain sensors, load cells, etc.) and is used to
trigger actuation of one or more actuators 105 (not shown) once a threshold force (Finresn) 18
exceeded (F > Fresn). FIG. 2A shows that, responsive to the trigger, the actuator actuates (in
this instance, represented by a position change measured in cm) to deliver the forces
represented. This control system provides a robust method of determining the correct times
to actuate the system based on the human-suit interaction forces (e.g., monitoring passive
tensioning in the assistive flexible suit 100) to produce a force-pattern that can be used to
segment the wearer’s gait. The threshold (Fruen) 1S set to actuate the one or more actuators
105 at the correct time in the gait in accord with a predetermined actuation profile. This
method is very reliable and has minimal complexity. In still another control strategy, the
correct times to actuate the system based on the human-suit interaction forces reliant on user
kinematics or motion (e.g., joint angles, measured and/or inferred) to produce a force-pattern
that can be used to segment the wearer’s gait. This control system monitors one or more joint
angles, or infers the position of one or more joint angles (e.g., from positions of other body
segments), via one or more sensors 120 (e.g., hyperelastic strain sensors, etc.) and compares
the one or more joint angles to a predetermined threshold to determine the correct time in the

gait to begin actuation of one or more actuators 105. Namely, when the joint angle (0)
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exceeds a set threshold (D wesn), the actuator 105 is actuated in accord with a predetermined
profile.

[00118] The assistive flexible suit 100 is, at least is some aspects, configured to operate
responsive to an intent-based control system. The intent-based control system is informed by
suit tensioning status and gait kinematics and/or other data (e.g., EMG, velocity, acceleration,
discrete events, etc.). Owing to the assistive flexible suit’s 100 passive, kinematic-based
tension generation, tension patterns measured, for example, at the ankle and hip permit the
detection of the intent of the wearer. The information from these sensors is advantageously,
but optionally, integrated with data from other redundant sensors 120 (e.g., inertial
measurement units, insole pressure switch(es), etc.) to ensure robust control. A multi-joint
low-level control strategy provide a reduced parameter set that can be controlled without
having to do precise control locally at each joint. Rather, control is optimized across all
joints together at least in part to ensure that the level of assistance to each muscle group is
robust to gait cadence, step length, joint angle offset (due to inclined walking), and other
joint-level variables. This control strategy also ensures a timely delivery of assistance during
only the energy-relevant phases of gait for each muscle group (e.g. forward propulsion for the
ankle joint during level walking, early stance for hip extension during uphill walking, etc.).
Significantly, this approach provides an appropriate level of energy injection for a patient or
wearer based on the severity of their impairment (or need for assistance) and desired
movement, without the need to monitor the activity of the underlying biological muscle.
[00119] FIG. 2A (bottom right) shows, by way of example, sensor 120 data (e.g., F¢) input
into a multi-joint low-level controller 250 configured to adapt the assistance given to each
muscle group to gait cadence, step length, and other joint-level variables. Thus, energy
injection is provided at an appropriate time and level for the desired movement. Controller
250 thus is able to advantageously utilize tension in the assistive flexible suit 100, passively
generated by the motion of the wearer, as a trigger to begin the addition of energy via one or
more actuators 105. The data from the sensors 120 (e.g., strain sensors, soft joint angle
sensors, footswitches, IMUS, gyros, etc.) can be used to accurately segment the gait cycle,
providing assistance based on timing in the gait cycle to provide assistance not only in sync
with the wearer, but also responsive to an intent of the wearer (i.e., intent-based control
strategies). The use of tension measurements to dynamically characterize the gait provides a
simple, reliable control strategy that robustly adapts to changes in movement.

[00120] FIG. 2B shows a representation of a force trajectory for an assistive flexible suit 100

configured to provide hip actuation (“hip suit”), particularly hip flexion command forces for
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one gait cycle. FIG. 2B shows a standardized torque profile for the hip in flexion, with active
engagement from about 35%-75% of the gait cycle, with a peak force of about 130N. In at
least some aspects of the present concepts, the normalized reference force trajectories for
cach joint are pre-determined, saved in a physical computer-readable medium, and adapted,
in real-time, by control algorithm scaling responsive to the step frequency (e.g., obtained by
foot switches).

[00121] While the assistive flexible suit 100 actuation platform is capable of delivering 100%
of the torque required to match that of the biological joints for a wearer, without providing
body weight unloading, the level of assistance provided by the assistive flexible suit is
advantageously tailored to the needs of a particular wearer. For example, in at least one
aspect, an assistive flexible suit is limited to provide only about 15% of the total torque
required by the joint to be delivered (e.g., a small to moderate level of assistance). FIG. 2B
shows the required torque for the ankle and hip joints during walking for a gait cycle, starting
with heel strike of one leg to the next heel strike of the same leg. The hip joint force is shown
in FIG. 2B plot 242, with the commanded hip extension force being shown as plot 240 (left
and right portions of gait) and the commanded hip flexion force being shown as plot 241
(center portion of gait). In the middle of FIG. 2B, the commanded ankle joint force is shown
by plot 243, with the ankle joint force being shown by plot 244 and the 15% ankle joint force
being shown by plot 245. The force profiles are standardized joint torque profiles, divided by
the moment arms of a particular version of an ankle and hip assistive flexible suit 100, and
scaled to 15% of their amplitude. By way of example, for an 80kg wearer, this would results
in peak forces of 240N and 130N for ankle plantar flexion and hip flexion, respectively.
These force values are for illustrative purposes and are not limiting values for the assistive
flexible suit. The force profile for the ankle plantar flexion/hip flexion in FIG. 2B shows, in
the bottom plot, that the hip and ankle force profiles are combined because the suit is
affecting both joints simultancously. In the presently described example, in order to avoid
hindering the hip joint while actuating the ankle, the commanded force profile for the ankle
begins at the point when the applied force benefits both joints (around 35% of the gait cycle),
as shown at the bottom part of FIG. 2B.

[00122] The force control of the assistive flexible suit 100 is implemented, in at least some
aspects of the present concepts, using a position-based admittance controller with force as an
input. In addition to providing controlled force pulses, the system is flexible enough to also
make the assistive flexible suit 100 transparent to the wearer by tracking the wearer’s

motions, an advanced technique beyond merely deactivating the actuator (e.g., making a
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Bowden cable slack in a configuration utilizing a Bowden cable transmission system). This
approach is not possible to implement with traditional rigid exoskeletons since the wearer
would need to take off the system in order to be able to walk freely again in the event of
degraded voltage or power loss. Yet further, in this case of a zero-force mode, the cable
travel of the Bowden cable(s) can be used to estimate joint angle(s), providing valuable data
for use by the system, the wearer and/or a medical provider.

[00123] FIG. 2C shows admittance controller force tests on ankle plantar flexion (top) and
hip flexion (bottom) during four gait cycles of walking by a subject at 1.25 m/s, as the suit
transitions from an active or actuated mode (prior to about 2 seconds) to a deactivated or
transparent mode shortly after the 2 second mark in the plots of FIG. 2C wherein the
controller operates on (i.c., the command force) the ankle plantar flexion and hip flexion. In
cach plot of FIG. 2C, the controller provides assistance for two gait cycles, and then switches
to a “transparent” mode in which the system tracks the wearer and ensures that no forces are
applied to them (e.g., the measured force is close to about 0 N). A transparent mode, such as
is shown, is not possible with traditional rigid exoskeletons because of their significant
inertia.

[00124] FIG. 2D illustrates an example of gait asymmetry, particularly that of a hemiparetic
stroke patient showing a foot-drop gait with weak planar flexion and ankle rolling.
Kinematics for the hip, knee and ankle show reduced range of motion of the paretic leg. In
the middle plots, the ground reaction forces (GRF) show reduced push off and reduced time
on the paretic leg. On the right of FIG. 2D, a clear asymmetry is shown in stance duration
and stride duration, as between the impaired leg (left) and sound leg (right), a lack of push-off
of the impaired leg from GRF, and reduced ranges of motion of the hip, knee and ankle
joints, the latter also clearly showing signs of foot-drop during the swing phase.

[00125] FIG. 2E shows an example of data obtained from a pilot session of a stroke patient
wearing an assistive flexible suit while walking on a treadmill and while using an off board
actuation system (see, e.g., reference numeral 200, FIG. 1D) to apply forces. FIG. 2E
represents an embodiment of an assistive flexible suit 100 configured to provide assistance
for ankle dorsiflexion and plantar flexion. The left image of FIG. 2E shows improvements in
gait symmetry between the impaired leg and the sound leg, as well as reduced stance duration
(increased stride length). The baseline difference between the sound leg and the impaired leg
is shown to be 12.1%, whereas the difference between the sound leg and the impaired leg
when the assistive flexible suit is active is shown to be only 8.1%, an improvement of 4%.

The right image of FIG. 2E shows a significant reduction in compensatory gait (hip
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circumduction), which is demonstrated by less lateral motion of foot center of mass (COM)
on impaired leg.

[00126] In view of the above, and more detailed descriptions below, the present concepts
include assistive flexible suit 100 that can be particularly suited to individuals to enhance
their mobility. The assistive flexible suit 100 is selected for use (e.g., assembled from
modules as a modular construct, designed as a custom suit specific to the patient, an “off-the-
shelf” suit generally adapted to a particular malady or required assistance, etc.) and optimized
for a specific individual utilizing components and systems, active and/or passive, appropriate
for that individual’s needs (e.g., single limb, multiple limbs, single joint, multiple joint, etc.)
at a particular time (i.c., the needs may change over time).

[00127] Turning next to FIGS. 3A and 3B, there is shown a representative assistive flexible
suit, designated generally at 300, for aiding motion of a wearer. In general, the assistive
flexible suit 300 can be implemented as an orthotic device that is used in combination with an
actuator-and-control system to provide active assistance with mammalian locomotion, such
as walking, running, jumping, stepping up (e.g., going up steps or stairs), stepping down (e.g.,
going down steps or stairs), sitting down (e.g., sitting in a chair), standing up (e.g., rising
from a chair), etcetera. By way of contrast with contemporary exoskeleton systems, which
utilize rigid external skeletal supports and rigid linkage elements, the mechanized assistive
flexible suit 300 of FIGS. 3A and 3B utilizes conformable materials and stretchable fabrics in
combination with light-weight actuators and sensor devices to mitigate, for example,
limitations associated with rigid exoskeleton devices. Assistive flexible suit 300, as shown,
does not have a load bearing exoskeleton, but rather relies on the wearer’s biological skeleton
to assist with the application of forces and transfer of load. It may be desirable, however, to
combine the flexible suit 300 with a lightweight, rigid or semi-rigid skeletal system to create
a hybrid system, e.g., for cases requiring the application of large levels of force or for cases
where the wearer’s biological skeleton cannot or should not bear the entire load. While
differing in appearance from some of the other illustrated examples, the assistive flexible suit
300 can take on any of the features, options, and alternatives disclosed with respect to the
other assistive flexible suits disclosed herein, singly and in any combination, unless explicitly
disclaimed or otherwise logically prohibited.

[00128] With continuing reference to the representative embodiment portrayed in the
drawings, assistive flexible suit 300 includes one or more suspension anchors (also referred to
herein as “anchor elements”) that are configured to mount to the body 301 of the wearer and

transmit loads to one or more predetermined load-bearing segments of the wearer’s body 301.
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Each illustrated suspension anchor redirects reaction forces generated by an actuator for
dissipation at one or more “anchor points” on the wearer’s body. These designated anchor
points, such as, but not limited to, the shoulders and/or the iliac crests of the hips, have been
determined to more readily support the systematic application of actuator-generated loads.
Generally speaking, an anchor point can be characterized by a large bony landmark at or near
the surface of the skin that is able to withstand large applied normal or nearly normal reaction
forces (e.g., at the hips, downwardly directed loads borne on the top of the iliac crest region
are preferable to forces in shear borne along the side of the hip). By way of non-limiting
example, a first suspension anchor in the form of a calf sleeve 302 couples (e.g., extends
around and attaches circumferentially via one or more hook-and-loop straps) to portions of
the calf (gastrocnemius) and tibia (anterior tibialis) of the wearer’s lower leg above the
assisted foot. The calf sleeve 302 engages, among other portions of the lower leg, the crest of
the gastroc as a load-bearing anchor point for supporting reaction forces. In addition, a
second suspension anchor in the form of a thigh sleeve 304 couples (e.g., wraps around and
attaches circumferentially via one or more hook-and-loop straps) to portions of the thigh
(quadriceps and hamstrings) of the wearer’s upper leg above the assisted foot. Thigh sleeve
304 provides a support point on the thigh to guide and align actuation forces from the hip
down along the thigh to the calf and/or foot. Owing to the tapered shape of the thigh, the
thigh can be used as a support point that prevents or otherwise minimizes upward movement
of the thigh sleeve 304 response to tension applied to the sleeve 304. A third suspension
anchor in the form of a waist belt 306 couples (e.g., wraps around and attaches
circumferentially via one or more hook-and-loop straps) to the waist (pelvis) of the wearer.
The waist belt 306 extends over the superolateral iliac crests of the pelvic girdle as load-
bearing support members or anchor points for supporting reaction forces. By allowing the
waist belt 306 to tightly conform to the wearer’s body 301 at a narrow portion of the waist,
the natural features of the body 301 at that junction help to maintain the belt in position.

[00129] 1t is also contemplated that the assistive flexible suit 300 include greater or fewer or
alternative suspension anchors than the three illustrated in the drawings. For example, the
assistive flexible suit 300 could eliminate the second and/or third suspension anchors 304,
306 while still providing plantar flexion and dorsiflexion assistance to the wearer by way of
the first suspension anchor 302. Alternatively, the first suspension anchor 302 could be
eliminated for embodiments which are designed to provide, for example, assisted hip flexion
and/or extension by way of the second and third suspension anchors 304, 306. As yet another

option, the third suspension anchor 306 could be eliminated for embodiments which are
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designed to provide, for example, assisted knee flexion and/or knee extension. Optionally,
the assistive flexible suit 300 could employ shoulder straps to provide additional anchor
points for reactionary load distribution.

[00130] Reaction forces from a desired actuator can be redirected to one or more of the
anchor points along lines of non-flexion and lines of non-extension. This can be
accomplished, for example, via a matrix of unstretchable or substantially unstretchable
connectors (also referred to herein as “connection elements”) from a desired actuation point,
which maintains stability during normal range of motion, while redirecting the forces to
terminate at one or more anchor points. According to the illustrated example, the calf sleeve
302 is coupled to the thigh sleeve 304 via a first (lateral) strap 308A and a second (medial)
strap 308B. As shown, the lateral and medial straps 308A, 308B are generally parallel to one
another and both extend rectilinearly along the length of the wearer’s leg without obstructing
flexion/extension of the associated knee joint. In this regard, first (anterior) flap 310, which
extends downwardly along the rectus femoris muscle of the wearer’s upper leg, couples the
waist belt 306 to the thigh sleeve 304, which in turn connects the waist belt 306 to the calf
sleeve 302 via straps 308A, 308B. It is envisioned that the assistive flexible suit 300 include
greater or fewer or alternative means for coupling together the various suspension anchors.
For example, cabling and/or webbing structures could be employed to connect the calf sleeve
302 to the thigh sleeve 304 or the waist belt 306 to the thigh sleeve 304.

[00131] If so desired, one or more connection elements can be pre-tensioned across a joint
such that the biasing pre-tension imposes an assistive moment on the joint. Optionally, the
wearer or a clinician can selectively increase or decrease the level of pre-tension at select
location(s) on the assistive flexible suit 300. This feature of seclective pre-tensioning
modification can comprise one or more independent channels (e.g., whole suit and/or
independent controls for left/right and/or front/back), controlled by a mechanical or an
electro-mechanical tensioning device configured to adjust tension along the channel (e.g., by
adjusting a functional length of one or more connection elements). For passive systems, the
flexible suit system can omit actuators for actively generating assistive forces.

[00132] With continuing reference to FIGS. 3A and 3B, the flexible assistive suit 300 also
includes a connection element that engages the wearer’s foot such that a selectively generated
moment force can be applied about the ankle joint to thereby assist with one or more
segments of the wearer’s gait. According to the illustrated example, a foot module 312 (also
referred to herein as “foot attachment element”) is configured to mount adjacent or around or,

as shown, on the assisted foot of the wearer such that tensile forces can be transmitted to the
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hindfoot segment (e.g., at or adjacent the calcaneus region) and/or the forefoot segment (e.g.,
at or adjacent the metatarsal region) of the wearer’s foot. As shown, the foot module 312 fits
inside the wearer’s shoe 303 and conforms to one or more portions of the wearer’s foot.
Alternative configurations, some of which are shown and described in detail above and
below, utilize foot modules that attach to or are fabricated as an integral part of the wearer’s
shoe 303. With this module, the assistive flexible suit 300 can be tensioned or pre-tensioned
between the hip (via waist belt 306), upper leg (via thigh sleeve 304), or lower leg (via calf
sleeve 302) and the foot module 312 to create a beneficial plantar flexion moment or
dorsiflexion moment at the ankle at a designated time during the gait cycle, as described more
fully below.

[00133] To assist bipedal locomotion in the gait cycle of a human subject, one or more active
components can be added to the assistive flexible suit to actively pull (or push) on one or
more selected locations of the foot at pre-designated times to increase locomotive power at or
during push-off phase and/or swing phase. An actuator 314 attached (e.g., at a distal end
thereof) to the foot module 312 and attached (e.g., at a proximal end thereof) to at least one of
the suspension anchors 302, 304, 306 is selectively actuable to generate tension between the
foot module and the suspension anchor(s). For some embodiments, the driving end of the
actuator 312 (e.g., the housing) is mounted to the waist belt 306 or the calf sleeve 302 for
redistribution of reaction forces, while the driven end of the actuator 312 (e.g., the end of an
attachment cable, strap, or piston rod) is attached to the foot module 312. The actuator may
take on any of various known forms, such as a motor-driven Bowden cable, a Pneumatic
Artificial Muscle (PAM), a dual-arm twisted string actuator, a spooled string actuator, a
piezoelectric actuator, electro-active material (e.g. shape memory alloys and polymers), etc.
In some embodiments, a clutch is employed to engage and/or disengage components (e.g.
clastic member, actuator, damper, etc.). Optionally, the calf sleeve 302 can be connected by
an inelastic member (e.g., a cable, a strap, a piston, a draw string, etc.) or an elastic member
(e.g., braided nylon, shock cord, etc.) to the heel connection element of the foot module 312
such that (e.g., during normal walking) tensile forces applied to the foot module 312 create
beneficial moments about the ankle joint to supplement natural muscle-driven motion. In
alternative configurations, the actuator is mounted on a movable cart, an adjacent support
platform, or otherwise positioned proximal to the assistive flexible suit 300, as will be
developed in additional detail below.

[00134] Sensing devices are advantageously used to modulate and synchronize actuator

activation with the gait cycle of the wearer. Continuing with the above example, one or more
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sensors (also referred to herein as “sensing elements”), illustrated schematically at 316 in
FIG. 3A, are mounted on or proximate the wearer’s assisted foot. Each said sensor 316 is
operable to detect at least one gait characteristic of the wearer and output a signal indicative
thereof. A gait characteristic may comprise a variable or parameter associated with the
pattern of movement of one or both legs and/or one or both feet during bipedal locomotion.
A characteristic can be partitioned from somewhere within or between a stance phase, where
the foot is in contact with the ground, and a swing phase, where the foot is lifted and moved
forward. This may include duration, length, symmetry, and/or frequency measurements
associated with heel strike, flatfoot, toe off, and/or swing. Each said sensor 316 may
comprise, singly or in any combination, a foot switch, a gyroscope, an inertial transducer, an
accelerometer, a foot strike sensor, a joint angle sensor, etc. Monitored variable(s), once
transformed into electronic data signals by a sensor, can be output to a central processing unit
(CPU) or controller 318 for processing. By way of non-limiting example, tensile forces are
sensed by a force sensor mounted on or adjacent the foot module 312 proximal to a connector
clement of the actuator 314, and these forces are monitored and evaluated by a controller 318
(e.g., for several cycles of movement) to estimate the gait cycle. The controller 318
progressively engages/disengages the actuator(s) 314 over a few or more cycles of movement
or after instruction by the wearer to enable actuation. Alternatively, the CPU 318 may infer a
gait pattern based on other feedback, such as a predetermined default pattern for wearers of a
specific type (e.g., all 70th percentile males), manual inputs from the wearer, manual inputs
from a clinician, or a combination thereof. The CPU 318 can learn how a particular person
walks without assistance, thereafter start to apply assistance to see how gait changes, and then
adjust appropriately.

[00135] The various active components of the flexible assistive flexible suit system are
controlled by one or more processors (e.g., CPU, distributed processors, etc.), also referred to
herein generally as a controller (e.g., microcontroller(s), microprocessor(s), etc.). A
controller, microcontroller or central processing unit (CPU) 318 is communicatively
connected to the sensor 316 and the actuator 314. CPU 318, as used herein, can comprise any
combination of hardware, software, and/or firmware resident to the suit 300 (onboard) and/or
distributed externally of the suit 300 (offboard). The CPU 318 can include any suitable
processor or processors. By way of example, the CPU 318 includes a plurality of
microprocessors including a master processor, a slave processor, and a secondary or parallel
processor. The CPU 318 is generally operable to execute any or all of the various computer

program products, software, applications, algorithms, methods and/or other processes
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disclosed herein. The CPU 318 can include a memory device or can be coupled to a memory
device, which can comprise a volatile memory (e.g., a random-access memory (RAM) or
multiple RAM) and a non-volatile memory (e.g., an EEPROM). The controller 318 analyzes
the gait characteristic signal output by the sensor(s) 316 and, based at least in part on the
analyzed signal, selectively actuates the actuator 314 to apply a tensile force to the foot
module 312 and thereby generate a moment about the wearer’s ankle and assist plantar
flexion or dorsiflexion, or both, of the assisted foot of the wearer. With this configuration,
the assistive flexible suit 300 actuates in parallel to the calf muscles during gait cycle to
provide assistance at the ankle joint. Focused assistance at the ankle joint is provided, for
example, because distal muscles are typically the most severely impaired in a stroke victim,
and because addressing weakness at the ankle has been determined to have a positive
cascading effect upon the knee and hip joints. Methods for using and methods for controlling
the assistive flexible suit 300, which can be implemented in whole or in part via the CPU
318, are developed in further detail below.

[00136] Optionally, for configurations in which an actuator 314 is mounted on or otherwise
coupled (e.g., at a driving end thereof, etc.), to the waist belt 306 and attached to the thigh
sleeve 304, the controller 318 is operable to selectively actuate the actuator 314 to generate
tension between the thigh sleeve 304 and waist belt 306 and thereby assist hip
extension/flexion of the wearer during gait. Tensile forces created by the actuator(s) 314 in
the flexible assistive flexible suit 300 can be routed from waist belt 306 down the posterior
thigh region, generally parallel to the connection straps 308A, 308B, across the knee joint to
the calf sleeve 302, and down to a heel strap of the foot module 312. This tensile force can
create an assistive moment force in the hip joint to aid with hip extension. This tensile force
can also create a beneficial moment in the ankle joint where it assists with dorsiflexion and, if
desired, subsequently assists with plantar flexion, causing the foot to push off in a forward
direction.

[00137] While the assistive motion discussed above is disclosed as being predominantly
within (i.e., generally parallel to) the sagittal plane for ankle and hip motion, assistive motion
generated by the flexible suit can be provided in other planes. In accord with at least some
aspects, the assistive suit is configured to deliver torques or other assistive forces on the body
in the sagittal plane and/or in one or more other planes (at the same time or independently).
For example, the assistive suit can be provided with medial and lateral actuator attachment
loops at the front and/or back of a foot attachment element (e.g., foot module 812 of FIG. 8)

or more medial and more lateral actuator attachment elements on other attachment points
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(e.g., thigh, shank, etc.) to apply tensile forces along planes parallel or oblique to the sagittal
plane. Such attachments allow the suit to deliver assistance (e.g., in the sagittal plane)
coupled with stabilization (e.g., in a non-sagittal plane) on the frontal plane (medial lateral
torque). In general, the assistive suit can be configured to use tensile forces to deliver joint
torques that are not co-planar to the sagittal or frontal human joint plane, but that are
purposefully aligned on another plane that combines two components.

[00138] While initially disclosed as a unilateral orthotic device for assisting motion in a
single leg, the assistive flexible suit 300 may be constructed as a bilateral orthotic device for
assisting both of the wearer’s legs during locomotion. For such a configuration, the assistive
flexible suit 300 comprises a second foot module 320 that mounts on or adjacent to the
wearer’s second foot, and transmit tensile loads to the hindfoot segment and/or forefoot
segment of the second foot. While a single bilateral actuating device can be employed to
drive both foot modules 312, 320, an optional second actuator 322 can be attached to at least
one of the suit’s suspension anchors, such as the waist belt 306, and the additional foot
module 320. This additional actuator 322 is selectively actuable to transmit tensile forces to
the second foot module 320. If so desired, the suit 300 may be provided with additional
suspension anchors to which the second actuator 322 can be operatively mounted. By way
of non-limiting example, a suspension anchor in the form of a second calf sleeve 326 extends
around and attaches (e.g., circumferentially, etc.) via one or more hook-and-loop straps, to
portions of the wearer’s lower leg above the corresponding assisted foot. Another optional
suspension anchor in the form of a second thigh sleeve 328 wraps around and attaches (e.g.,
circumferentially via one or more hook-and-loop straps) to portions of the wearer’s upper leg
above the corresponding assisted foot. As should be readily apparent, the second calf sleeve
326 and thigh sleeve 328 can be identical or substantially identical in structure, operation, and
connectivity to the calf sleeve 302 and thigh sleeve 304, respectively, described above.
[00139] Sensing devices can be used to modulate and synchronize activation of the second
actuator 322 with the gait cycle of the wearer. Depending on configuration, sensor 316 can
provide this functionality or, optionally, a second sensor 324 can be provided to detect one or
more gait characteristics of the wearer related to the second foot and/or leg and output a
signal indicative thereof. The foregoing sensor may take on any of the various forms of
sensing devices disclosed herein or otherwise known. In this implementation, the system
controller or CPU 318 is communicatively connected to the second actuator 322 and sensor
324. The CPU 318 is programmed to analyze the gait characteristic signal(s) output by the

second sensor 324 and, based at least in part on this analysis, selectively actuate the second
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actuator 322 to thereby assist plantar flexion or dorsiflexion, or both, of the second wearer’s
foot. Optionally, the controller 318 is operable to selectively actuate the actuator 3322 to
generate tension between the thigh sleeve 328 and waist belt 306 and thereby assist hip
extension/flexion of the wearer in the second leg during gait.

[00140] FIG. 3C provides a rear-view illustration of the calf sleeve 302 of FIGS. 3A and 3B.
A crisscross arrangement of hook-and-loop fastening straps — namely first and second draw
straps 330A and 330B — project from opposing sides of an elongated and vertically oriented
central (shin) member, designated 332 in FIG. 3B. Shin member 332 is designed to lie
against the wearer’s lower length, extending lengthwise along the length of the leg such that
member 332 is generally parallel to the wearer’s tibia. The first and second draw straps 330A
and 330B are drawn around and circumscribe the wearer’s calf such that, when, tightened, the
straps circumferentially attach the calf sleeve 302 to the wearer’s lower leg above the assisted
foot. Calf sleeve 302 is connected at the back of the leg via a V-connector strap 334 to a heel
attachment or anchor element that directly (e.g., inside the wearer’s footwear, between the
sock or liner and inner surfaces of the footwear) or indirectly (e.g., through the footwear)
engages the foot. Optional configurations may include an elongated generally cylindrical
elastic wrap, similar in nature to a calf compression sleeve, that is configured to wrap around
the tibia and calf and provide a more conformal and comfortable fit. For such configurations,
multiple pairs of hook-and-loop fastening straps can be attached to the elastic wrap and
configured to attach (e.g., in partial overlapping relation to one another, etc.), to thereby
increase stability and attachment strength of the calf sleeve. An adjustable strap can be
provided which circumscribes the lower leg and increases circumferential tension around at
least a top portion of the calf of the wearer.

[00141] Turning next to FIG. 3D, there is shown a perspective view illustration of the waist
belt 306 that was initially presented in FIGS. 3A and 3B. In accord with some embodiments
of the present disclosure, the waist belt 306 includes a first (topside) chap 336 integral with a
first (anterior) flap 310 and first connection belt strap 337. Also part of the waist belt 306 is a
second (bottom-side) chap 338 with an integral second (anterior) flap 340 and second
connection belt strap 339. Proximal ends of the first and second chaps 336, 338 are attached
to the backside of a lumbar pad 342. To don the waist belt 306 exemplified in FIG. 3D, the
lumbar pad 342 is placed against the lower spine region of the wearer’s back, the second
connection belt strap 339 is passed around the pelvis (over the right ilium) and through a belt
slot 335 in the topside chap 336, and then fastened in place via a hook-and-look patch (not

shown) on an underside of the strap 339 that mates with a complementary hook-and-look
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patch (not shown) on a topside of the chap 336. Prior to, contemporancous with, or after
securing the second belt strap 339 in place, the first belt strap 337 is passed around the pelvis
(over the left ilium) and then fastened in place via a hook-and-look patch (not shown) on an
underside of the strap 337 that mates with a complementary hook-and-look patch (not shown)
on a topside of the chap 338. For alternative configurations, belt straps 337, 339 can be
joined at distal ends via a buckle or other connection means that enables the waist belt to be
fastened around the waist of the wearer over the superolateral iliac crests. The waist belt 306
keeps the various constituent parts of the assistive flexible suit 300 from being inadvertently
pulled down under vertical loading and/or slipping over the pelvis region due to horizontal
loading that is the result, for example, of the angle of the connection elements that attach the
thigh sleeves to the waist belt. When implemented for a unilateral application, an unused
anterior thigh flap (e.g., flap 340) can be rolled up and tucked in or otherwise attached to the
waist belt band (as seen in FIG. 3A).

[00142] Shown in FIG. 3E are the thigh sleeve 304, first and second straps 308A, 308B, and
the V-connector strap 334 of the calf sleeve 302. Thigh sleeve 304 has a frustoconical
geometry defined by a power mesh insert 303 that is buttressed between an inverted-V
connector segment 305 that is connected to a posterior cuff 307. The power mesh insert 303,
which lies over a portion of the wearer’s quadriceps (as seen in FIGS. 3A and 3B), helps to
prevent slipping during operation of the assistive flexible suit 304 and absorbs small amounts
of force on the back of the sleeve. The connector segment 305 operates to attach the thigh
sleeve 304 (e.g., via intermeshing hook-and-loop fastening patches) to the waist belt 306 by
way of the anterior flap 310. Posterior cuff 307, on the other hand, wraps around the back of
the wearer’s upper leg (e.g., over the hamstring muscle cluster) without interfering with
gluteal movement. V-connector strap 334 includes a circumferentially adjustable calf cuff
335 that can be tightened immediately above the crest of the gastrocnemius to provide
additional support. Optional power mesh inserts 337 on the adjustable calf cuff 335 help to
prevent slipping and absorb force.

[00143] With reference now to FIG. 3F, there is shown an adjustable configuration of the V-
connector strap 334A that is located at the bottom of the calf sleeve 302 (or “plantar flexion
module”). V-connector strap 334 comprises a two-way adjustable strap 350 which is
adjustably connected at opposing ends to the straps 308A, 308B via a pair of buckles 352A
and 352B, respectively. Adjustable tabs 354A and 342B sewn into the opposing ends of the
two-way adjustable strap 350 allow for adjustment of length and control over medial-lateral

positioning of the attachment point for the calf sleeve 302. At the base of two-way adjustable
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strap 350 is a metal buckle configured to connect, for example, to a load cell and a Bowden
cable sheath. If it is desired to provide plantar flexion support more medially, two-way
adjustable strap 350 can be adjusted to move the buckle to the medial side of the calf; and, for
lateral assistance, the opposite can be performed.

[00144] Presented in FIGS. 4A and 4B of the drawings is an alternative calf sleeve
architecture, designated generally at 404, for the assistive flexible suit 300. As indicated
above, while differing in appearance, calf sleeve 404 can take on any of the features, options
and alternatives described herein with respect to the other calf sleeve configurations, and vice
versa. The calf sleeve 404 (also referred to as “dorsiflexion module” or “fishbone module”)
comprises a central sternum 406 with first and second rib sets 408 and 410, respectively, that
each projects from an opposing side of the sternum 406. Within each of the rib sets 408, 410
are two or more (e.g., three in the illustrated example) horizontally oriented, vertically spaced
ribs 409 and 411, respectively. In this particular design, the vertically spaced ribs 409 of the
first rib set 408 are connected together at proximal ends of the ribs 409 via the central
sternum 406 and connected together at distal ends of the ribs 409 via a first webbing 405. In
the same vein, the vertically spaced ribs 411 of the second rib set 410 are connected together
at proximal ends of the ribs 411 via the central sternum 406 and connected together at distal
ends of the ribs 411 via a second webbing 415. Reinforced attachment loops 412 at the base
of the sternum 406 are provided for connecting the calf sleeve 404 to an actuator (e.g., to a
Bowden cable sheath connector) and, optionally, a sensor (e.g., to the housing of a force
transducer). The tighter connection points provided by the attachment loops 412 help to
optimize cable travel distance, e.g., especially on subjects that are shorter in stature. Central
sternum 406 of the calf sleeve 404 is configured to lay over and against the wearer’s tibia
above the assisted foot (similar to the configuration illustrated in FIGS. 3A and 3B). Once
the sternum 406 of the calf sleeve 404 is properly positioned, the first and second rib sets 408
and 410 are sized and shaped to wrap around to the back of the wearer’s calf and attach
together, e.g., via mating hook-and-loop fastening patches 407 and 413. FIG. 4A illustrates
the one-piece fishbone calf sleeve module 404 in a closed state, while FIG. 4B illustrates the
calf sleeve module 404 in an open state. This particular configuration provides increased
comfort and improved donnability and doffability.

[00145] Illustrated in FIG. 5 is another optional calf sleeve architecture, designated generally
at 504, for the assistive flexible suit 300 of FIGS. 3A and 3B. Calf sleeve 504 of FIG. 5,
which is considered an open-ended-rib type dorsiflexion module, has a central sternum 506

with first and second rib sets 508 and 510, respectively, that each projects from an opposing
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side of the sternum 506. Similar to the configuration presented in FIGS. 4A and 4B, each rib
set 508, 510 of FIG. 5 includes at least two (e.g., three in the illustrated example) horizontally
oriented, vertically spaced ribs 509 and 511, respectively. Unlike the calf sleeve 404 shown
in FIG. 4B, the vertically spaced ribs 509, 511 in each rib set 508, 510 are not connected
together at distal ends thereof by a respective webbing. The central sternum 506 is provided
with reinforced attachment loops 512, which are similar to the reinforced attachment loops
412 of FIGS. 4A and 4B, for connecting the calf sleeve 504 to an actuator and, optionally, a
sensor. Central sternum 506 of the calf sleeve 504 is designed to lay over and against the
wearer’s tibia above the assisted foot. Once the sternum 506 portion of the sleeve 504 is
properly positioned over the wearer’s tibia, each rib 509, 511 is configured to independently
wrap around to the back of the wearer’s calf and attach to complementary rib in the other rib
set, e.g., via mating hook-and-loop fastening patches. Independent adjustability of the straps
509, 511 allows for more conformable fits on a wider variety of calf musculatures.

[00146] Designated generally at 604 in FIG. 6 is yet another calf sleeve architecture that may
be integrated into the exosuit 300 of FIGS. 3A and 3B. Calf sleeve 604 of FIG. 6, like
sleeves 404 and 504, is a modular unitary structure; however, unlike the other two
embodiments, the calf sleeve 604 is considered an open-ended pivoting-rib type dorsiflexion
module. According to the illustrated example, the calf sleeve 604 has a central sternum 606
with first and second rib sets 608 and 610, respectively, that each projects from an opposing
side of the sternum 606. Similar to the configuration discussed above, each rib set 608, 610
comprises multiple horizontally oriented, vertically spaced ribs 609A-C and 611A-C,
respectively. Similar to the ribs 409, 411 of FIGS. 4A and 4B and the ribs 509, 511 of FIG.
5, ribs 609A-B and 611A-B of FIG. 6 are rigidly attached (e.g., sewn in place) to the central
sternum 606. Unlike the other calf sleeve configurations, however, the two bottom-most ribs
609C and 611C are pivotably attached, e.g., via a central pivot pin 614 to the central sternum
606. Optional configurations can be configured such that ribs 609B, 611B and/or ribs 609A,
611A are also pivotably attached to the central sternum 606. Central sternum 606 is also
provided with centrally located reinforced attachment loops 612 for connecting the calf
sleeve 604 to an actuator and, optionally, a sensor. Central sternum 606 of the calf sleeve
604 is designed to lay over and against the wearer’s tibia above the assisted foot. When the
sternum 606 segment of the calf sleeve 604 is properly positioned over the wearer’s tibia,
each rib 609, 611 is configured to independently wrap around to the back of the wearer’s calf
and attach to complementary rib in the other rib set, e.g., via mating hook-and-loop fastening

patches.  Pivoting straps 609C, 611C allow for adjustable angles to provide better
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conformability for wider and/or smaller calf shapes. An elastic band may be provided to hold
the module 604 in place while donning/doffing. Overlapping velcro pads on the front of the
module 604 provide more stability and create a landing pad for a lateral support module.
[00147] Shown in FIGS. 7A and 7B is an optional ankle strap 760 that is designed for
attachment between a calf sleeve 702 and a foot module 712 to provide passive lateral
support for the wearer’s ankle during use of the flexible assistive suit 300 of FIGS. 3A and
3B. As should be readily apparent, the calf sleeve 702 and foot module 712 of FIGS. 7A and
7B can take on any of the corresponding forms disclosed herein with respect to calf-type
anchor attachments and foot-type attachments, respectively. Ankle strap 760 has a “chicken
foot” geometry defined by an elongated primary (leg) attachment strap 762 and three integral
secondary (toe) attachment straps 763-765 that project from a proximal (top) end of strap
762. The distal (bottom) end of the primary attachment strap 762 can be passed under and
around an upper cuff 713 of the foot module 702, and then folded in half to mate
complementary hook-and-loop fastening patches 766 and 767 on the strap 762 and thereby
detachably couple the ankle strap 760 to the foot module 712. Concomitantly, one or more or
all of the toe attachment straps 763-765 are then detachably coupled (e.g., via mating hook-
and-loop fastening patches) in one of various available combinations to one or more of
numerous available attachment sites on the ribs 709, 711 projecting from the central sternum
706 of the calf sleeve 702. The magnitude and angle of tension between the calf sleeve 702
and foot module 712 depends, for example, on the selected combination, orientation and
attachment site(s) of the toe attachment straps 763-765. This helps to create passive ankle
support and thereby prevent inadvertent ankle roll during operation of the suit 300. The
multiple attachment points can also help to better distribute forces on the dorsiflexion module
702 and thereby reduce inadvertent pull-down. Hook-and-loop patches on the dorsiflexion
straps/ribs 709, 711 help to attach the calf sleeve 702 directly to the exterior of the toes 763-
765 of the ankle strap 760.

[00148] As indicated above in the discussion of the foot module 312 of FIGS. 3A and 3B,
cach disclosed foot module is configured to mount to, around or adjacent the assisted foot of
the wearer such that assistive forces can be distributed to the foot during gait to assist with
bipedal movement. Like the other modules illustrated in FIGS. 3A and 3B, the foot module
may take on various optional features and alternative forms. FIG. 8 of the drawings, for
example, is a side-view illustration of a representative shoe-type foot module 812 for use
with the assistive flexible suit 300. In contrast to the foot module 312, which is an insert-type

foot module designed to fit inside the wearer’s footwear, the foot module 812 of FIG. § is
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fabricated as or otherwise integrated into footwear configured to nest therein the wearer’s
assisted foot. According to this particular configuration, the foot module 812 comprises
multiple actuator attachment points/loops to which an actuator can be detachably connected
(e.g., the loops hold boa ratchets connected to the end of a Bowden cable). By way of non-
limiting example, foot module 812 includes a first plurality of actuator attachment loops 820
proximate the forefoot segment of the foot, on the toe vamp portion of the shoe between the
toe cap and base of the shoe’s tongue. Moreover, a second plurality of actuator attachment
loops 822 is located proximate the hindfoot segment of the wearer’s foot, on the heel counter
portion of the shoe, between the collar and the shoe’s outer sole. Multiple attachment loops
820, 822 at the forefoot and hindfoot allow selectability of numerous medial/lateral
attachment positions. In so doing, each of these actuator attachment points provide a distinct
angle along which tensile forces generated by the actuator are applied to the foot of the
wearer. Sewn in brackets inside the shoe-type foot module 812 transfer lateral support to the
foot.

[00149] FIG. 9 is a rear perspective-view illustration of another representative shoe-type foot
module, designated generally at 912, which includes a quick-connect/quick-release actuator
attachment module 1000, which is developed in further detail in the discussion of FIGS. 10A-
10E. The quick-connect/quick-release actuator attachment module 1000 acts as an actuator
attachment point on the hindfoot segment adjacent the underside of a heel bone of the
wearer’s assisted foot. As described above, force transmission elements, such as force
transmission elements 220A-220C, may connect to the assistive flexible suit 100 at one or
more anchor elements. FIGS. 10A-10E illustrate one embodiment of an anchor element in
the form of a quick-connect/quick-release anchor element 1000, according to at least some
aspects of the present concepts. The quick-connect/quick-release anchor element 1000 may,
for example, be positioned on the heel of a shoe of an individual to attach a force
transmission element to the back of the shoe of the individual.

[00150] The end of a force transmission element 1001 (e.g., a Bowden cable) may have a
connector that connects to the quick release anchor element 1000. As shown in FIG. 10A,
the connector may be in the form of a T-connector 1003; however, the connector may be
various other shapes and configurations for insertion and engagement with the quick release
anchor element 1000. The T-connector 103 is configured or shaped such that it fits into an
opening 1005 of the quick release anchor element 1000. Specifically, the T-connector 103 is
configured or shaped so that the T-connector 1003 fits into the opening 105 according to a

specific orientation with respect to the opening 1005. Once inserted into the quick release
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anchor element 1000, the T-connector 1003 may rotate (e.g., clockwise and/or counter-
clockwise) such that ribs 1007 of the T-connector 1003 engage with the quick release anchor
element 1000 at the opening 1005 and prevent the T-connector 1003 from being withdrawn
from the opening.

[00151] Adverting to FIG. 10B, rotation of the T-connector 103 engaged within the quick
release anchor element 1000 to the insertion orientation of the T-connector 1003 with respect
to the opening 1005 releases the T-connector 1003 and corresponding force transmission
element 1001 from the quick release anchor element 1000. That is, the ribs 1007 of the T-
connector 1003 align with the opening 1005 such that the T-connector 1003 can be
withdrawn from the quick release anchor element 1000.

[00152] FIGS. 10C through 10E illustrate sub-clements of the quick release anchor element
1000, according to at least some aspects of the present concepts. Adverting to FIG. 10C, the
quick release anchor element 1000 may include a lock back 1009. The lock back 1009
prevents objects from entering the quick release anchor element 1000 when the T-connector
1003 is not engaged within the quick release anchor element 1000. FIG. 10D illustrates an
interior view of the quick release anchor element 1000. The interior view includes recesses
1011a and 1011b that permit the T-connector 1003 to rotate within and engage with the quick
release anchor element 1000. FIG. 10E illustrates an exterior view of the quick release
anchor element 1000. The exterior view includes a recess 1013 that accepts the lock back
1009 within the quick release anchor element 1000 and allows the lock back 1009 to actuate
between a closed position (FIG. 10B) and an open position (FIG. 10A).

[00153] Foot modules 812 and 912 of FIGS. 8 and 9 are described above as shoe-type foot
modules fabricated as footwear for nesting therein, covering, and securely attaching to the
wearer’s assisted foot. Alternative configurations are designed to conform directly to the
wearer’s foot and, in some designs, fit inside the wearer’s footwear to anchor an actuator
proximate the wearer’s heel/toes. For example, FIGS. 11A and 11B illustrate segments of an
insert-type foot module, designated generally at 1112, with an insole (not visible in the view
provided) that fits inside a shoe or other footwear and situates comfortably underneath the
palm and heel of the wearer’s foot. This insole is either securely attached, e.g., via sewing, or
removably attached, e.g., via hook-and-loop fasteners, to an Achilles strap 1114 and a tibia
strap 1116. The Achilles strap 1114 extends from the insole on the underside of the wearer’s
heel, up along the length of the Achilles tendon, and out through a rearward portion of the
opening in the upper of the shoe 1101. The Achilles strap 1114 is designed to transmit tensile

forces generated by an actuator to the hindfoot segment of the wearer’s foot. Such a force
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can be applied to generate/aid plantar flexion and, thus, assist with push off at the ankle, and
can optionally be utilized to assist with flexion at the hip. Tibia strap 1116, on the other
hand, extends from the insole on the underside of the wearer’s forefoot, up along the
metatarsal region, talus and tibia, then out through a forward portion of the opening in the
upper of the shoe 1101. The Tibia strap 1116 transmits tensile forces generated by an actuator
to the forefoot segment of the wearer. Such a force can be applied to generate/aid
dorsiflexion and, thus, assist with heel strike, and can optionally be utilized to assist with
extension at the hip. Optional ankle support straps can be employed to provide passive lateral
support for the foot module 1112. For at least some embodiments, the ankle support strap is
pivotably attached with a pivot axis that is aligned with the malleoli.

[00154] FIGS. 12-15 provide various other optional configurations for foot modules for an
assistive flexible suit. FIG. 12, for example, is a side-view illustration of a representative
universal over-the-shoe foot module 1212. This design is considered to be one of many
potential “non-permanent, on-shoe” attachment solutions. Foot module 1212 includes a toe
cup 1214 and a heel cup 1216 which are configured to seat therein and attach around the
exterior toe and heel portions, respectively, of a person’s shoe 1201. The toe and heel cup
1212, 1214 then lace (e.g., via laces 1218 on opposing sides of the shoe 1201), ratchet, or
otherwise bias together to secure the universal foot module 1212 to the shoe 1201. Tensile
forces are transmitted to the forefoot and/or hindfoot segments of the wearer’s foot through
foot module 1212 via forward and/or rearward anchors 1220 and 1222, respectively

[00155] FIG. 13 is a side-view illustration of a representative auto-tightening in-shoe foot
module 1312 in accord with other aspects of the present concepts. Foot module 3112
comprises an interwoven webbing structure 1314 that is configured to circumscribe the
forefoot and hindfoot segments of the wearer’s foot and automatically tighten when tension is
generated between the foot module and a suspension anchor via an actuator. This concept
utilizes a biaxial helically wound braid which is wrapped around either the wearer’s foot or
the wearer’s shoe, and automatically constricts around the shoe/foot as one or both cable tabs
1316, 1318 are put in tension.

[00156] FIG. 14 is a side-view illustration of another representative in-shoe foot module
1412. This embodiment employs an insole 1414 that is seated underneath the wearer’s foot
and coupled to forefoot and hindfoot anchor swings 1416 and 1418 for coupling the foot
module 1412 to one or more actuators via cables 1426. An ankle cuff 1420 is provided with
an attachment tab 1422 for connecting to a lateral ankle support strap 1424.. FIG. 15, by way

of contrast, is a plan-view illustration of a modular in-shoe or over-the-shoe dorsiflexion foot
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module 1512. This embodiment utilizes a toe loop 1514 that is placed around the wearer’s
toes (inside or outside of the wearer’s shoes). A tibia strap 1516 is detachably coupled to the
toe loop 1514 then extends up along the tongue of the shoe, either on the inside or outside of
the shoe. For at least this embodiment, an ankle support strap is pivotably attached with a
pivot axis that is aligned with the lateral malleolus. This ankle support strap supports the
ankle, preventing oversupinating (rolling) or reducing the risk of oversupinating. In other
embodiments, an ankle support strap is pivotably attached with a pivot axis that is aligned
with the medial malleolus. This ankle support strap supports the ankle and prevents it from
overpronating or reduces the risk of overpronating. In yet other embodiments, two ankle
support straps are provided and aligned with the medial and lateral malleoli.

[00157] The insole 1414 of FIG. 14 can be a full insole (going from heel to toes) or a partial
insole teminating before, at or after the tarsal-metatarsal joint. In at least some aspects, the
insole 1414 can have a variable stiffness value for different parts of the foot, to distribute the
assistance differently to different parts of the underfoot (e.g. higher stiffness on the hind foot,
less on the forefoot).

[00158] A method of manufacturing an assistive flexible suit system for aiding one or more
gait movements during walking of a wearer, the method comprising: providing a suspension
anchor configured to mount to the body of the wearer and transmit loads to one or more
predetermined load-bearing segments of the body of the wearer; providing a foot module
configured to mount on or adjacent to a foot of the wearer and transmit loads to a hindfoot
segment or a forefoot segment, or both, of the foot of the wearer; attaching an actuator to the
foot module and the suspension anchor, the actuator being selectively actuable to generate
tension between the foot module and the suspension anchor; mounting a sensor on or
proximate the foot of the wearer, the sensor being operable to detect a gait characteristic of
the wearer and output a signal indicative thereof, communicatively connecting a controller to
the sensor and the actuator, the controller being configured to analyze the gait characteristic
signal output by the sensor and, based at least in part on the analyzed signal, selectively
actuate the actuator to thereby assist plantar flexion or dorsiflexion, or both, of the foot of the
wearer.

[00159] FIG. 16A illustrates modification of a plantar flexion actuation within a gait period
of an individual wearing the assistive flexible suit 100, according to at least some aspects of
the present concepts. Plantar flexion occurs about the ankle of the individual based, at least
in part, on actuation of a force transmission element 1601 that connects to the foot of the

individual at a plantar flexion anchor element 1603 (such as quick release anchor element
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1000). The force transmission element 1601 may be routed from the offboard control system
200 (not shown), as an example, to the plantar flexion anchor element 1603 through the
assistive flexible suit 100. In the illustrated embodiment, routing of the force transmission
element 1601 may occur through a portion of the assistive flexible suit 100 connected to the
hip to provide hip flexion assistance, in addition to plantar flexion assistance. to the
individual.

[00160] Starting from the left, FIG. 16A(I) illustrates a first position of the individual’s right
foot when the individual’s right foot begins to push off of the ground. By way of example,
the first position may be at 30 percent of a gait period during walking. At the first position,
the calf muscles and hip muscles are in a state of eccentric contraction, and the assistive
flexible suit 100 is in a corresponding state of extension. At or slightly after the first position
of the gait period, the individual’s right foot begins to push off of the ground as a result of
force caused by a plantar flexion moment. Before and up to FIG. 16A(I), the force
transmission element 1601 is slack.

[00161] FIG. 16A(I1) shows a second position of the individual’s right foot. At the second
position, the offboard control system 200, as an example, actuates the force transmission
element 1601 in parallel to the calf muscle of the individual to modify a plantar flexion
moment and modify the torque applied to the ankle joint to provide plantar flexion. By way
of example, the second position may be at 40 percent of the gait period. At the second
position, the calf muscles and hip muscles are in a state of eccentric contraction, and the
assistive flexible suit 100 is in a corresponding state of extension.

[00162] Actuation ramps up to a third position of the individual’s right foot to provide
maximum assistance to the plantar flexion moment generated by the individual, as illustrated
in FIG. 16A(1ll). By way of example, the third position of the individual’s right foot may be
at 50 percent of the gait period. At the third position, the calf muscles are in a state of
isometric contraction, the thigh muscles (e.g., quadriceps) are in a state of concentric
contraction, and the assistive flexible suit 100 is in a corresponding state of contraction.
Thus, at FIG. 16A(Ill), the force transmission element 1601 applies tension to the plantar
flexion anchor element 1603. In one embodiment, based on the routing of the force
transmission element 1601 across the hip of the individual through the assistive flexible suit
100, actuation of the force transmission element 1601 assists movement of the individual at
the hip in addition to at the ankle. That is, the actuation may aid the wearer to swing the hip
forward (e.g., hip flexion) during plantar flexion modification by the force transmission

element 1601 actuating across the front of the hip. Such a configuration is multi-articular in
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that a single actuation across multiple body parts of the individual may assist movement of
the multiple body parts. The multi-articular arrangement may improve the efficiency,
transparency, and/or performance of the assistive flexible suit 100 by more closely
mimicking the movement and activation of the individual’s muscle and skeletal structure.
[00163] Assistance continues to a fourth position of the individual’s right foot (e.g., at 60
percent of the gait period), as illustrated in FIG. 16A(IV). At the fourth position, the calf
muscles and thigh muscles are in a state of concentric contraction, and the assistive flexible
suit 100 is in a corresponding state of contraction. After this point, actuation by the offboard
control system 200 ramps down to release the tension in the force transmission element 1601
after toe off of the individual’s right foot. After toe off, actuation of the force transmission
element 1601 no longer provides assistance. Therefore, actuation of the force transmission
element 1601 stops to render the force transmission element 1601 slack and in a transparent
state because plantar flexion modification is no longer beneficial.

[00164] Although the first through fourth positions are described above with respect to
specific exemplary percentages of a gait period, the specific percentages may vary with
respect to different gait periods of the same individual, and may vary with respect to different
individuals. Thus, the specific percentages described above are merely exemplary and may
be different for specific gait periods depending on the characteristics of the individual
wearing the assistive flexible suit 100.

[00165] According to the above, the force transmission element 1601 increases tension
between, for example, about 30 to 60 percent of the gait period, which is the time the leg is
pushing off from the ground. This applies moments to the ankle and hip, which aids the
ankle in pushing off of the ground and the hip in swinging the leg. Specifically, as illustrated
in FIG. 16C, the skeletal structure of the individual supports the compressive loads generated
by the assistive flexible suit 100, while the assistive flexible suit 100 acts in parallel with the
musculature of the individual.

[00166] FIG. 16C(I) illustrates force paths generated by the plantar flexion assistance by the
force transmission element 1601, according to at least some aspects of the present concepts.
A force path 1661 is generated through the right leg skeletal structure of the individual,
terminating at the right foot, in response to the individual generating a plantar flexion
moment. A corresponding force path 1663 is generated through the force transmission
element 1601 of FIG. 16A through the assistive flexible suit 100, particularly with respect to
the actuation point 1665 of the force transmission element 1601 at the ankle. The force

transmission element 1601 of FIG. 16A and, therefore, the corresponding force path 1663 of
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FIG. 16C(I) may be routed approximately 10 cm, less than 1 cm, and 8 cm from the joint
centers of rotation of the hip, knee, and ankle, respectively, to generate the desired flexion
and/or extension moments. As described above, because the force path 1663 travels across
the front of the hip, the force path 1663 can provide a multi-articular benefit by benefitting
plantar flexion at the ankle and hip flexion at the hip. The resulting force paths 1661 and
1663 alternatively may be represented by force vectors at the joints of the individual and
where the assistive flexible suit 100 transmits the load of the force transmission element (e.g.,
1601) to the individual through the assistive flexible suit 100. As illustrated in FIG. 16C(1I),
a force vector 1667a represents the force from the bone structure of the individual on the
assistive flexible suit 100 at the hip. Force vector 1667b represents the force from the
assistive flexible suit 100 on the bone structure of the individual at the hip. Similarly, a force
vector 1667d represents the force from the bone structure of the individual on the assistive
flexible suit 100 at the ankle. Force vector 1667¢ represents the force from the assistive
flexible suit 100 on the bone structure of the individual at the ankle.

[00167] FIG. 16D illustrates forces from an assistive flexible suit 100 on an individual,
according to at least some aspects of the present concepts. Specifically, FIG. 16D pertains to
torques about the ankle and illustrates the various forces on the individual’s right leg, as an
example, in response to actuation of a force transmission element (e.g., force transmission
clement 1661). Arrows 1681a-1681c¢ indicate forces that create beneficial moments about the
individual’s ankle. Arrow 1683a passes through the ankle joint’s center of rotation and, thus,
creates no moment. Arrows 1685a and 1685b create antagonistic moments. Based on arrows
1681a-1685b, arrows 1687a and 1687b represent the total forces above or below the ankle
that benefit movement of the individual and that are generated by the assistive flexible suit
100.

[00168] FIG. 16E illustrates forces from an assistive flexible suit 100 on an individual,
according to at least some aspects of the present concepts. Specifically, FIG. 16E pertains to
torques about the hip and illustrates the various forces on the individual’s right leg, as an
example, in response to actuation of a force transmission element (e.g., force transmission
clement 1661). Arrows 1681d-1681g indicate forces creating beneficial moments about the
individual’s hip. Arrows 1683b-1683d pass through the hip joint’s center of rotation and,
thus, create no moment. Arrows 1687c and 1687d represent the total resulting forces above
or below the hip that benefit movement of the individual and that are generated by the
assistive flexible suit 100.

[00169] FIG. 16B illustrates modification of a dorsiflexion actuation within a gait period of
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an individual wearing the assistive flexible suit 100, according to at least some aspects of the
present concepts. Dorsiflexion occurs about the ankle of the individual based, at least in part,
on actuation of a force transmission element 1631 that connects to the foot of the individual
at a dorsiflexion anchor element 1633, and may be routed from the offboard control system
200 (not shown), for example, to the dorsiflexion anchor element 1633 through a calf
attachment 1635. Routing of the force transmission element 1631 between the offboard
control system 200 and the dorsiflexion anchor element 1633 may be accomplished according
to the same routing as described above with respect to FIG. 16A, but for the variation with
respect to the calf attachment 1635 to route the force transmission element 1631 forward to
engage with the dorsiflexion anchor element 1633.

[00170] Starting from the left, FIG. 16B(I) illustrates a first position of the individual’s right
foot, as an example, when the individual’s right foot pushes off of the ground as a result of
plantar flexion. By way of example, the first position may be between 40 to 60 percent of a
gait period during walking. The force transmission element 1631 during the first position is
in a transparent, slack state because modification with respect to dorsiflexion is not required
at this point in the gait.

[00171] FIG. 16B(II) shows a second position of the individual’s right foot, which is after
plantar flexion at the ankle to push off of the ground. At the second position, the force
transmission element 1631 actuates to modify the gait moment with respect to the tibialis
anterior muscle. Actuation of the force transmission element 1631 shortens the distance
between the dorsiflexion anchor element 1633 and the calf attachment 1635 relative to the
individual’s gait without assistance provided by the assistive flexible suit 100. By actuating
the force transmission element 1631 at this point within the gait period, the individual may
more easily swing his or her foot according to a proper gait movement because the reduced
distance between the dorsiflexion anchor element 1633 and the calf attachment 1635 provides
greater toe clearance with the ground than the individual may otherwise experience with
assistance from the force transmission element 1631. By way of example, the second
position may be at 70 percent of the gait period.

[00172] FIG. 16B(Ill) shows a third position of the right foot. At the third position, tension
within the force transmission element 1631 may decrease after the foot has swung forward
and prior to ankle impact. Reduction of the tension in the force transmission element 1631
may continue through the remainder of the gait period and into the next gait period after heel
impact at the fourth position, as shown at FIG. 16B(IV). After heel strike of the next gait

period, the force transmission element 1631 is slack and in a transparent state so as not to
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otherwise modify the gait of the individual during periods in which dorsiflexion modification
is not needed. By way of example, the third position may be at 90 percent of the gait period,
and the fourth position may be at 10 of the next gait period.

[00173] Although the first through fourth positions are described above with respect to
specific exemplary percentages of a gait period, the specific percentages may vary with
respect to different gait periods of the same individual, and may vary with respect to different
individuals. Thus, the specific percentages described above are merely exemplary and may
be different for specific gait periods depending on the characteristics of the individual
wearing the assistive flexible suit 100.

[00174] The magnitude of the forces that can be applied to the individual wearing the
assistive flexible suit 100 is a function of the effective stiffness key of the suit-individual
system as seen at the point of application of the applied force. This can be determined by
summing the body stiffness determined by the textile interface to the individual’s soft tissues
(e.g., skin, muscle, fat) and the suit stiffness determined by the textile elastic properties. The
effective stiffness permits calculations for the actuator speeds/power as time/energy is
required to displace the tissue/suit before the force is transmitted to the individual and can be

determined according to Equation 1.

1/keff. - <1/kbody + 1/ksuit) (1)

[00175] The effective stiffness may be measured by having individuals stand in a pose
similar to that in which the suit is actuated during a desired movement (e.g., walking). A
force transmission clement is then actuated in a trapezoidal profile while recording the
induced force in the assistive flexible suit 100. Previous results have indicated potentially
significant nonlinearity and hysteresis in the loading-unloading.

[00176] FIG. 16F illustrates forces created by the assistive flexible suit 100 distributing
through the individual, according to at least some aspects of the present concepts. As
specifically shown in FIG. 16F(I), portions 1691a-1691d are areas of the leg with bone close
to the skin, which provide suitable areas for distributing forces from the assistive flexible suit
100 to the individual. FIG. 16F(II) shows normal forces 1693a-16931 on the tissue of the
individual between the assistive flexible suit 100 and the body that cause compression at
arcas 1695a-16951 of the individual’s body based on the force distributing from the assistive
flexible suit 100 to the individual. Further, FIG. 16F(IIl) shows reactive forces 1697a-1697¢
from the assistive flexible suit 100 causing the assistive flexible suit 100 to stretch from
distributing the forces to the individual. Further, springs 1699a and 1699b show the
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expansion of the assistive flexible suit 100 under a load causing the reactive forces 1697a-
1697e.

[00177] Because the assistive flexible suit 100 is fully-textile, the assistive flexible suit 100
does not restrict the individual’s kinematics and has little mass. As a result, the assistive
flexible suit 100 is transparent to the wearer if tension in the suit is relaxed; for example,
wearing the assistive flexible suit 100 feels like wearing a pair of pants. Moreover, a
majority of the assistance provided by the assistive flexible suit 100 is applied to the
individual, rather than to accelerating and moving an otherwise heavy, rigid mass attached to
the individual. Further, in one embodiment, the assistive flexible suit 100 is beneficial to the
individual even if the assistive flexible suit 100 is not actively actuated, but instead just
tensioned slightly and held at that tension.

[00178] As an example, the assistive flexible suit 100 may be constructed to pass over the
front of a thigh and the back of an ankle. The leg moving into the position at which the leg
pushes off from the ground causes the distances over the front of the thigh and around the
back of the ankle to increase. This passively creates tension in the assistive flexible suit 100,
with the assistive flexible suit 100 held at a fixed length. This passive tension functions like
when the suit is actuated, but with lower force magnitudes. This works because the
biological ankle and hip joints absorb power during certain parts of the gait cycle. When the
assistive flexible suit 100 stretches passively, the assistive flexible suit 100 absorbs this
power instead, and releases it during later parts of the gait cycle when the body is producing
positive power.

[00179] For example, the tension force in the assistive flexible suit 100 may rise from 25 to
40 percent of the gait cycle with a force transmission element, such as a Bowden cable, held
at a constant length, passively absorbing power. From 40 to 60 percent of the gait cycle, this
energy is returned to the individual wearing the assistive flexible suit 100, but the active peak
is much higher than the passive peak because of the force transmitting through the force
transmission element as a result of actuation. At 60 percent of the gait cycle, both forces fall
as the individual changes his or her body configuration during the normal course of walking,
which releases the tension in the assistive flexible suit 100. This pattern of forces duplicates
the natural biological pattern of gait moments and powers during walking.

[00180] FIG. 17A illustrates elements of a tensioning system 1700, according to at least some
aspects of the present concepts. The tensioning system 1700 may include a spring 1701, end
caps 1703, spring retention tube 1705, wear prevention tube 1707, and expandable sleeve

1709. The spring 1701, end caps 1703, spring retention tube 1705, wear prevention tube
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1707, and expandable sleeve 1709 are hollow to allow at least part of a force transmission
clement, such as from a Bowden cable, to pass through when assembled.

[00181] The spring 1701 may be any type of spring, such as by forming metal into a spiral
shape. The end caps 1703 fit into either end of the spring 1701 to cap the ends of the spring
1701. The wear prevention tube 1707 fits within the spring 1701 and prevents wear of the
spring 1701 during actuation and tensioning, such as from the cable repeatedly rubbing
against the spring 1701. The spring retention tube 1705 fits over the spring 1701. The length
of the spring retention tube 1705 may be adjusted to limit the extent that the spring 1701 can
be compressed. The expandable sleeve 1709 goes over the spring 1701 and the retention tube
1705. The expandable sleeve 1709 prevents objects from being pinched by the spring 1701
between periods of tensioning. The expandable sleeve 1709 further prevents environmental
debris from being entrapped within the tensioning system 1700.

[00182] The tensioning system 1700 allows a force transmission element (not shown), such
as a Bowden cable, to run down and through the length of the tensioning system 1700, such
as through one end cap 1703, the spring 1701, the wear prevention tube 1707, and the other
end cap 1703. When the force transmission element (e.g., Bowden cable) is actuated, motion
of the force transmission element causes the spring 1701 to expand or compress. As the
spring 1701 compresses, the expandable sleeve 1709 also compresses. In one embodiment,
the spring 1701 causes a restoring force on the expandable sleeve 1709 to pull the force
transmission element out of expandable sleeve 1709 when the force transmission element is
actuated. Tension can be applied to force transmission element, independent from actuation,
by controlling the properties of the spring 1701, such as the material of the spring, the length,
the number of revolutions per unit of length, etc.

[00183] FIG. 17C illustrates the tensioning system 1700 applied to the assistive flexible suit
100, according to at least some aspects of the present concepts. As shown, a force
transmission element 1717, such as a wire of a Bowden cable, passes through an end cap
1703 and the spring 1701. In the case of a Bowden cable, the wire further passes through
force transmission element attachment 1713 that engages the sheath of the Bowden cable but
allows the wire to freely pass through. The force transmission element attachment 1713
connected to an assistive flexible suit connector 1715. Thus, the force transmission element
attachment 1713 connects the actuation system, such as an offboard control system 200, to
the assistive flexible suit 100 by way of the assistive flexible suit connector 1715 in tandem
with the force transmission element attachment 1713.

[00184] As described above, the assistive flexible suit connector 1715 may be of various
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different styles and configurations without departing from the spirit and scope of the
disclosure. As illustrated, the assistive flexible suit connector 1715 may include a fabric loop
1715a made of the fabric material of the assistive flexible suit 100. The fabric loop 1715a
may go through a metal loop 1715b, as illustrated. The metal loop 1715b connects to the
force transmission element attachment 1713. The metal loop 1715b may attach to the force
transmission element attachment 1713 by any suitable mechanical connection, such as a
screw, latch, etc. In one embodiment, the metal loop 1715b and the force transmission
clement attachment 1713 may be a single, integral piece.

[00185] Optionally, a load cell 1719 may be located between the force transmission element
attachment 1713 and the metal loop 1715b. Attachment of the load cell 1719 allows for the
measurement of the forces transmitted through the force transmission element 1717. In one
embodiment, there may be a pivot (not shown) between the load cell 1719 and the force
transmission element attachment 1713. The pivot minimizes the off-axis moments
transmitted through the load cell 1719, which could otherwise decrease the life of the load
cell 1719. Attached to the load cell 1719 is a load cell output 1721 that can connect to, for
example, the offboard control system 200 or other control device, to provide measurements
of the forces transmitted through the force transmission element 1717. According to the
foregoing, the load cell 1719 may be an additional, separate component, or may be integrated
into the attachment methods, such as integrated into the attachment between a force
transmission element and the assistive flexible suit 100 at the force transmission element
attachment 1713.

[00186] FIG. 17B illustrates elements of another tensioning system 1750, according to at
least some aspects of the present concepts. Tensioning system 1750 may include a spring
1751, end caps 1753, cable carriage mating point 1755, and spring retention tube 1757. The
end caps 1753 and spring retention tube 1757 are hollow to allow at least part of a force
transmission element, such as from a Bowden cable, to pass through. A force transmission
element 1759a passes through the spring 1751 and connects to the cable carriage mating point
1755. Another force transmission element 1759b connects to the other end of the cable
carriage mating point 1755.

[00187] Adverting to FIG. 17D, in a connected state, one end of the spring 1751 connects to
a spring attachment point 1761a on the end cap 1753. The other end of the spring 1751
connects to a spring attachment point 1761b on the cable carriage mating point 1755.
Further, the force transmission eclement 1759a connects to one end 1763a of the cable

carriage mating point 1755. The force transmission element 1759b connects to the other end
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17630 of the cable carriage mating point.

[00188] When the force transmission elements 1769a and 1769b actuate, the spring 1751
expands or compresses. As the spring 1751 expands or compresses, tension is generated or
released within the tensioning system 1750. The spring 1751 causes a restoring force acting
on one end cap and the cable carriage mating point 1755 when the force transmission
clements 1759a and 1759b are actuated. Tension can be applied to force transmission
elements 1759a and 1759b, independent from actuation, by controlling the properties of the
spring 1751, such as the material of the spring, the length, the number of revolutions per unit
of length, etc.

[00189] Although two tensioning systems are described above, the assistive flexible suit 100
may include alternate tensioning systems, alone or in combination with the two tensioning
systems 1700 and 1750. In one embodiment, the force transmission elements within the
assistive flexible suit 100 may act like one or more springs. An alternate tensioning system
may utilize the assistive flexible suit 100 acting like a spring, with a locking mechanism
maintaining and/or controlling such tension provided by the force transmission elements. By
way of example, connection points between force transmission elements of the assistive
flexible suit 100 and anchor elements may include ratchets. Such ratchets may allow a
medical provider-in-the-loop and/or the individual to control the tension within the assistive
flexible suit 100 by tightening or loosening the force transmission elements. As a ratchet is
tightened, the tension provided by the force transmission elements within the assistive
flexible suit 100 increases. Conversely, as a ratchet is loosened or opened, the tension
provided by the force transmission elements within the assistive flexible suit 100 decreases or
becomes completely slack. Alternately or in addition, one or more ratchets may be
positioned along the length of the force transmission elements, rather than at the above-
described connection points, to control the natural tension of the assistive flexible suit 100.
[00190] In one embodiment, control of the ratchet may be manual such that, for example, a
medical provider-in-the-loop or the individual can manually operate the ratchet to control the
tension in the assistive flexible suit 100. Alternately, control of the ratchet may be active or
dynamic, such as being based on the movement of the individual. As described above with
respect to actuation of the force transmission elements (e.g., such as with respect to FIGS.
16A-16C), a ratchet may be controlled (e.g., electrically or mechanically) to ratchet during a
specific movement or portion of a gait period to maintain tension within the assistive flexible
suit 100. During a subsequent movement or portion of a gait period, the ratchet may be

controlled (e.g., electrically or mechanically) to reduce or completely remove tension within
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the assistive flexible suit 100. Under such control, the ratchet can act like a locking
mechanism, which locks or unlocks tension within the assistive flexible suit 100 to provide
beneficial forces for the individual’s movement.

[00191] Tensioning allows for the performance of the assistive flexible suit 100 to change
independent of control of the actuators and/or the off-board control unit 200. In one
embodiment, modification of the tension within the assistive flexible suit 100 by a medical
provider in-the-loop and/or the individual wearing the assistive flexible 100 suit may be
permitted. Such modification may change the baseline assistance provided by the assistive
flexible suit 100 and can achieve the same force at a given gait percentage when desired,
lower or higher forces to help the individual more or less (e.g., heavier load, longer steps,
etc.), and/or render the assistive flexible suit 100 completely transparent during all motions.
As described above, the tensioning may be active, such as dynamically changing during
portions of a gait period, passive, or a combination thereof.

[00192] In one embodiment, the tension provided by the tensioning system 1700 or 1750
within the assistive flexible suit 100 can be adjusted during different movements, depending
on if the wearer wants assistance or not, such as during steady-state walking. Such
adjustment (e.g., by a medical provider-in-the-loop or the individual) may further be achieved
by sliding elements along webbing of the assistive flexible suit 100 to equalize tension at
connecting parts of webbing. Alternatively, devices, as discussed with respect to FIG. 19,
may be inserted within the force transmission elements that allow a medical provider-in-the-
loop or the individual to modify the length of the force transmission elements.

[00193] The force transmission element may be tensioned when not actuated by an actuation
system such that in a passive state, such as when the force transmission element is not
modifying movement and/or a moment of an individual, the force transmission element is
under tension. A tensioning system, according to the above, may apply tension to a force
transmission element that, at one end, is fixed to an object, such as a body part of the
individual.

[00194] FIG. 18 illustrates an anchor element 1805 of the assistive flexible suit 100 with
respect to the foot, according to at least some aspects of the present concepts. A force
transmission element 1801, which may be within an expandable sleeve 1807 (such as
expandable sleeve 1709), attaches to, for example, a boot 1803 through the anchor element
1805. Although illustrated with respect to the boot 1803, the anchor element 1805 may be
located on other articles covering the foot and/or other portions of the individual, and is not

limited to only the boot 1803. The anchor element 1805 may be a single revolute joint. A
-59.



WO 2015/088863 PCT/US2014/068462

pivot at the single revolute joint allows the force transmission element 1801 to freely rotate in
the sagittal plane so that force applied through the force transmission element 1801 does not
kink or bend the force transmission element 1801. The anchor element 1805 includes a
bearing interface 1805a, a force transmission element attachment interface 1805b, and a pivot
pin 1805c.

[00195] FIG. 19 illustrates an example of a length adjustment device 1900 that allows a
wearer to modify the length and passive tension within a force transmission element,
according to at least some aspects of the present concepts. The length adjustment device
1900 may include cylinders 1901a and 1901b that allow a wire, such as from a Bowden
cable, to pass through, while connecting to the sheaths 1903a and 1903b of the Bowden
cable. The sheaths 1903a and 1903b connect to the cylinders 1901a and 1901b at connection
points 1905a and 1905b, respectively. In one embodiment, one or both of the cylinders
1901a and 1901b may be flexible to provide sufficient flexibility to the wearer. The cylinders
1901a and 1901b may engage with each other at a clamping mechanism 1907. Adjustment of
the clamping mechanism 1907 from a locked position to an unlocked position allows, for
example, cylinder 1901a and sheath 1903a to move with respect to cylinder 1901b and sheath
1903b to adjust the effective length of the force transmission element within the sheaths
1903a and 1903b. That is, changing the length of a Bowden cable sleeve while keeping the
Bowden cable wire length within the sleeve constant allows for adjustments to the maximum
Bowden cable travel.

[00196] In one embodiment, the clamping mechanism 1907 may include a spring loaded
clutch mechanism, such as an electric clutch, which can only be activated if the system is not
currently actuated. In one embodiment, springs may be within the cylinders 1901a and 1901b
that either retract or push the tubes in or out depending on the clutch position of the clamping
mechanism 1907. Alternatively, the clamping mechanism 1907 may be manual to allow a
medical provider-in-the-loop and/or an individual to manually adjust the cable travel length.
[00197] Sensors (e.g., sensor 120) of the assistive flexible suit 100 allow for the detection of
one or more events during the gait of an individual, such as a patient suffering from limited
mobility, based on, for example, one or more of suit tensioning status and gait kinematics.
The assistive flexible suit 100 incorporates a body-wide sensor network (e.g., nervous
system) of biomechanical, physical-interaction, and physiological sensors that feed into a
controller (e.g., off-board control system 200) that provides control over the individual
wearing the assistive flexible suit, monitor the individual’s task and/or physical state (e.g.,

walking and/or fatigue status) and applies assistance. For example, during walking, the off-
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board control system 200 will continuously, periodically, or on-demand adjust the level of
applied force based on terrain (e.g., uneven surfaces) and speed. The measurements of the
sensors can detect other modes of movement, such as running, where assistance levels and
timing are adjusted, or being stationary, where the assistive flexible suit 100 will enter a
hyper-alert state so that the assistive flexible suit 100 can quickly react and synchronize with
the individual once the individual initiates movement. In situations when the individual does
not desire any assistance, the assistive flexible suit 100 can enter a fully transparent mode
where zero force is applied based on measurements from the network of sensors.

[00198] One or more specific sensors can track gait, determine joint angles, and track the
movement of specific body segments. The sensor type may vary depending on the
environment of the sensor with respect to the individual and the specific measurement desired
for the sensor. Exemplary sensor types may include biomechanical, physical-interaction, and
physiological sensors. Specific sensors may include inertial measurement units (IMUs),
gyroscopes, accelerometers, foot switches, foot pressure sensors, foot contact sensors, suit
force sensors, and suit tension sensors. Kinematic sensors, as an example, may monitor joint
angles in real-time so control systems (e.g., offboard controller 200) can analyze and
determine an individual’s body’s motion.

[00199] With respect to communication within the assistive flexible suit 100, the sensors may
be integrated using an open-network approach ensuring a common communication protocol,
full robustness to single-sensor failures, and the possibility of changing, removing, or adding
sensors within the assistive flexible suit 100 without requiring a change to the underlying
architecture.

[00200] Sensors may be located at or on key areas of the individual, such as on the front of
the individual (e.g., hip, across the front of the knee, pelvis, torso, etc.), on the side of the
individual (e.g., on the side of the knee, on the side of the waist, pelvis, torso, etc.), and on
the back of the individual (e.g., at the back of the thigh, behind the ankle, etc.). More
specifically, as an example, sensors can be placed posteriorly, anteriorly, and laterally on the
hip or on various position across the individual’s chest, such as on a chest band.

[00201] One type of sensor is a force sensor that measures the tension in the individual side
of a force transmission element (e.g., force transmission elements 220a-220d). The force
sensors may be built into a structural joint of the assistive flexible suit. By way of example,
and as described below, the sensor may be positioned on the assistive flexible suit at the
junction of the force transmission element and the assistive flexible suit 100, such as at the

cable sheath of a Bowden cable and the assistive flexible suit.
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[00202] Consideration of where to place sensors throughout the body can take into account
the operation of the sensors and the operation of the individual’s body during movement. A
principle of joint angle sensing and, therefore, operation may be based on the change in the
distance between two points on the surface of an individual’s body segments connected
across a joint. The change in length between these points can be related to the change in the
joint angle and scaled by the radius of the joint. A sensor place in such a position may
provide a reading based on the extent the sensor is stretched, which relates to the distance
across the joint. With respect to operation of the individual’s body, sensor placement may
consider avoiding bony landmarks on the individual to reduce sensitivity to pressure or
impacts on the body. Locations on the body that avoid these issues are at, for example, the
knees and ankles by attaching the sensors to inextensible attachments, such as nylon straps,
that are routed over joints while the sensors remain on the thighs and calves, respectively.
[00203] One or more of the sensors may be integrated into the assistive flexible suit 100,
such as being integrated within the fabric itself, which may be referred to as soft sensors.
The sensors can be integrated into the fabric by embedded fabrics, such as conductive fabrics
and threads. Sensors integrated into the assistive flexible suit 100 can be directly in line with
the suit’s pre-existing webbing and clastic elements. Further sensors integrated into the
assistive flexible suit 100 may allow for the combining of sensing layers, such that multiple
modes of sensing within the assistive flexible suit 100 are achieved. For example,
biocompatible conductive fluidics may be used, alone or in combination with integrated
embedded fabrics, that rely on how forces and motions deform the embedded microchannels,
thus altering the electrical resistance path along the conductive liquid wires. Design of the
clastomeric mechanisms and microchannel paths yields the desired sensing modes.

[00204] Integration of the sensors into the assistive flexible suit 100 allows the sensors to
measure pressure levels at the physical interface between the suit and the individual in some
arcas of the body that support forces. Such areas may include bony areas, such as the iliac
crest.  Integrated sensors based on soft materials are conformal, lightweight, and
non-restrictive. Such integrated sensors may provide information at such areas in real-time
for adjusting the peak force or position profile to keep pressure at these areas within the
desired comfort limits. The pressure transmitted by the assistive flexible suit 100 to the
individual depends on the anatomy of the wearer, the assistive flexible suit 100, and the
interface between the assistive flexible suit 100 and the wearer.

[00205] Further specific points of integration of sensors into the assistive flexible suit 100

may be at the chest for breathing rate monitoring and at locations to register blood flow, such
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as for blood pressure monitoring. The measurements from the sensors integrated into the
assistive flexible suit can be combined with information from other sensors, such load cells at
intersection between force transmission elements and assistive flexible suit attachment points.
Information from the soft sensors could be used to detect different human motions, and to
provide information about gait events.

[00206] With respect to the chest, one specific sensor may be a chest belt that can monitor
the individual’s heart rate, respiratory rate, body temperature, and galvanic skin response.
The chest belt may alternatively, or additionally, measure electrocardiogram (EKQ),
electromyography (EMG), skin conductivity, and blood oxygen content. The chest belt may
optionally include a small microcontroller (with embedded battery) for collecting
synchronized data from sensors throughout the assistive flexible suit 100. The collected,
synchronized data can be analyzed to determine a concise fatigue and physical condition of
the individual.

[00207] In one embodiment, and for exemplary purposes only, sensors used with the assistive
flexible suit 100 are compliant (e.g., joint torque resistances < 0.17%), sensitive (e.g., gauge
factors > 2.2), electrically and mechanically stable for 1500 cycles (e.g., < 2% change), and
extensible (e.g., stretch to 396% at failure in an extreme case).

[00208] With the overall nervous system of sensors attached to and/or located about the
assistive flexible suit 100, the information from the sensors may be analyzed to estimate the
pose and/or velocity of the individual wearing the assistive flexible suit 100, or the power of
the assistive flexible suit 100. For example, from sensors measuring motor position, position
in gait cycle, kinematic model, and a suit-human interaction force-displacement model, the
information can be analyzed to determine power/energy to-from the human, suit sliding, on
how the assistive flexible suit 100 is pushing on individual, and impact on gait.

[00209] Monitoring the forces delivered to the individual and the individual/assistive flexible
suit interaction forces at different parts of the assistive flexible suit 100 can provide for safe,
adequate assistance under different conditions, while also enabling the monitoring of the
system’s performance. Such monitoring will also enable adaptive advanced control methods
that monitor these interactions. Several different sensor types may be used to monitor these
interactions, such as monitoring tension in the force transmission elements, and monitoring
the individual/assistive flexible suit interaction forces in the webbing and/or fabric of the
assistive flexible suit webbing, respectively.

[00210] Further, noise in any form (c.g., audio and/or visual) is thought to interfere with

perception. However, presence of certain kinds of noise within certain systems can enhance
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information transmission. Human tactile and proprioceptive sensory networks are examples
of such systems. The SHR sensors may provide below-sensory threshold haptic stimulations
that increase proprioception and/or provide injury-mitigation. Such sensors can increase
human proprioception during walking, which allows improvements to ligaments that are
commonly injured and tendons that contribute to stabilizing joints related to movement, such
as the ankle joint with respect to plantar flexion and dorsiflexion.

[00211] For example, the assistive flexible suit 100 may include piezo-ceramic elements
embedded in the fabric and located in proximity to the knee and ankle joints. These elements
can deliver both sub- and supra-threshold mechanical vibrations. Sub-threshold stimuli
increase joint-level awareness, which can compensate for the loss of balance/proprioception
when the offboard control system 200 (e.g., such as through an awareness engine) detects the
onset of fatigue. The piezo-ceramic elements are also capable of above-threshold feedback to
alert the medical provider and/or the individual of a breakdown in gait or extreme physical
stress, or hardware failure, so that the medical provider and/or individual can adapt
appropriately.

[00212] The haptic feedback unit may be outfitted within a knee and/or ankle brace, which
can be connected to and integrated with the offboard control system. Braces outfitted with
stoichastic haptic resonance (SHR) sensors to apply stimulation to the joints can improve
underlying abnormalities within the tendons and ligaments in the joints. Knee and ankle
injuries, such as ligament tears and sprains, have caused significant decreases in
proprioception.  Functional ankle instability (FAI) is characterized by weakness and
repetitive sprains. These represent the common injuries during physical activity and are
strong indicators of future ankle injuries.

[00213] By way of example, SHR sensors may be positioned at one or both of the following
locations about the assistive flexible suit 100. Position one is located on the lateral dorsum of
the foot, superficial to the lateral ligaments. This position is also superficial to the peroncus
longus, peroneus brevis, extensor digitorum longus, and the peroncus tetius. The peroneus
longus and brevis aid in plantar flexion, while the extensor digitorum longus and peroneus
tetius aid in dorsiflexion. Position two is located on the medial side of the Achilles tendon
over the soleus and gastroc tendons. This position aids in promoting plantar flexion within
the ankle. With these stimulation positions, the assistive flexible suit 100, through the SHR
sensors may influence ligaments that are commonly injured as well as tendons that contribute
to stabilizing ankle plantar flexion and dorsiflexion. Such stochastic resonance simulation,

either mechanical, electrical, or both, can improve rehabilitation. Neuroplasticity describes
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the capability of the nervous system to repair or remodel itself by creating new neural control
pathways to bypass damaged control pathways or to learn new skills. This effect is
frequently seen in stroke patients that learn to reuse paralyzed limbs through repetitive
learning techniques. However, this is not limited to stroke. Mechanoreceptor sensory
feedback is critical to this neuroplasticity process, and stochastic resonance is known to
improve the sensitivity of mechanoreceptors; therefore, the application of stochastic
resonance can improve the rehabilitation of patients with nervous system damage. This effect
was demonstrated in an unpublished study using a rat model of stroke rehabilitation in which
electrical SR stimulation was found to have a lasting positive impact on the neuroplasticity of
rats. The functional gains following the stimulation regime were maintained after the
stimulation was removed.

[00214] The force transmission clement may be any component capable of transmitting a
force. Although generally described as a cable, such as a Bowden cable, a force transmission
element may alternatively include a fluidic muscle actuator, a webbing strap, an electroactive
material actuator (e.g. polymer or shape memory alloy), an active or passive clutch, and non-
Newtonian fluids within microchannels. With respect to a Bowden cable, such a force
transmission element includes a metal cable surrounded by a sheath.

[00215] Further, a force transmission element may be any element capable of generating a
force. Examples of force transmission clements that generate a force include springs,
dampers, and other materials and/or shapes that behave as spring-damper systems in addition
to active or passive clutches that can selectively engage and disengage such elements.

[00216] The force transmission elements modify one or more gait moments about the body of
an individual wearing the assistive flexible suit 100. The force transmission elements may
apply forces to the gastrocnemius and soleus muscles, such as for ankle plantar flexion, the
quadriceps femoris, such as for hip flexion, and the gluteus and hamstrings, such as for hip
extension and knee flexion.

[00217] With respect to hip extension, a webbing strap may connect an actuator to a thigh
attachment, although any other force transmission element may be used, such as a Bowden
cable. In one embodiment and as discussed above, force sensors may be embedded into the
webbing strap or in series with the webbing strap. The force sensors may measure the force
in the webbing strap and relay the measured force to, for example, an off-board control unit
200 for monitoring by a medical provider-in-the-loop. Such an arrangement allows the
system to, for example, be operated without footswitches by instead closing a force-control

loop that tracks the individual’s hip motion. Assistive torques may be applied to the hip at
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the appropriate time in the gait cycle.

[00218] Specifically, the off-board control unit 200 may control the hip extension through a
thigh attachment to assist a hip moment beginning slightly before heelstrike, to decelerate the
leg. The assistance continues just after the heel strikes the ground to absorb the shock of the
landing and help the body rebound. The off-board control unit creates an assistive force
peaking at about 20% in the gait cycle, and the off-board control unit can apply about 25% of
the nominal hip moment. Assisting the hip in extension is not only useful for level-ground
walking, but also useful for uphill and downhill walking, ascending and descending stairs,
and standing up from a seated position, because, for example, these movements have
increased hip extension torques.

[00219] With respect to hip flexion, the assistive flexible suit 100 may include a waist belt,
two thigh braces, and two stretchable webbing straps on each side of the legs for keeping the
thigh braces from dropping. A force transmission element may extend between an anchor
point on the waist belt and an anchor on the thigh brace, creating a flexion torque about the
hip when the force transmission element is actuated, such as when a Bowden cable is
retracted. This arrangement may alternatively be reversed on the individual and used to
generate hip extension torques. Actuation of the force transmission element is achieved by
an off-board actuation system 200, for example, based on the configuration described below.
[00220] With respect to plantar flexion and hip flexion, the assistive flexible suit 100
transfers force between the back of the calf and the waist through a series of webbing straps
and fabric. To actuate this flexion, a force transmission element, such as a Bowden cable,
extends from, for example, the offboard control system 200 to an ankle of the individual.
The assistive flexible suit 100 attaches to the force transmission element at the back of the
calf. By way of example with respect to a Bowden cable, the assistive flexible suit 100 may
attach to a sheath of the Bowden cable. The cable inside the sheath extends downward from
this point to the back of the heel, where the cable attaches to a foot attachment, such as, for
example, a boot or shoe of the individual, through an anchor element. When the force
transmission element is actuated, the back of the ankle is pulled upward and the bottom of the
assistive flexible suit is pulled downward. The assistive flexible suit 100 then transfers the
force up to the individual’s waist, so the pelvis bone is pulled downward. The skeletal
structure of the wearer then transfers this downward force back to the ankle joint and to the
ground through the foot.

[00221] According to the above-described manner, the assistive flexible suit applies forces to

the body in parallel with the underlying musculature, reducing the work required by the
-66-



WO 2015/088863 PCT/US2014/068462

individual’s muscles. At the same time, the actuation modifies the movement of the muscles
by modifying gait moments.

[00222] In one embodiment, one or more actuators may be located at or on the individual
connected through the assistive flexible suit 100. FIG. 20A illustrates a rear view (FIG.
20A(1)) and a side view (FIG. 20A(Il)) of an individual wearing an assistive flexible suit,
according to at least some aspects of the present concepts. Actuators 2001a and 2001b may
be attached to the assistive flexible suit on either side of, for example, a backpack 2011.
Actuator 2001a may connect to the hips of the individual through force transmission elements
2003a and 2003b. Actuator 2001b may connect to the ankles of the individual through force
transmission elements 2003c and 2003d. In a non-limiting example, the force transmission
elements 2003a through 2003d may be Bowden cables. With Bowden cables constituting the
force transmission elements 2003¢ and 2003d, wires 2005a and 2005b of the Bowden cables
2003¢ and 2003d may be exposed at the point of actuation of the ankles of the individual,
where the wires 2005a and 2005b connect to anchor elements 2007a and 2007b connected to
the shoes of the individual.

[00223] Although the actuators 2001a and 2001b are illustrated as connecting to the assistive
flexible suit through a backpack 2011 on both sides of the individual, the actuators 2001a and
2001b may connect to the assistive flexible suit according to other configurations, such as
both actuators 2001a and 2001b being on the same side of the individual, above and/or below
the backpack 2011, on the hips and/or above the ankles of the individual, on the leg (e.g.,
thigh or calf) of the individual, etc., without departing from the spirit and scope of the
disclosure. Further, the routes of the force transmission elements 2003a-2003d may vary
depending on the locations of the actuators 2001a and 2001b.

[00224] For example, FIG. 20B illustrates a rear view (FIG. 20B(I)) and a side view (FIG.
20B(I1)) view of an individual wearing an assistive flexible suit, according to at least some
aspects of the present concepts. Rather than being connected to the backpack 2011, actuators
2001a and 2001b may be attached to the assistive flexible suit 100 on either side of, for
example, a power belt 2009. The power belt 2009 may optionally include one or more
additional power sources for the actuators 2001a and 2001b, such as one or more additional
batteries, or the power belt 2009 may include one or more batteries entirely (e.g., the
actuators 2001a and 2001b do not have an integral power source). Like before, actuator
2001a may connect to the hips of the individual through force transmission elements 2003a
and 2003b. Actuator 2001b may connect to the ankles of the individual through force

transmission clements 2003¢ and 2003d. Again, as an example, the force transmission
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elements 2003a through 2003d may be Bowden cables. With respect to force transmission
elements 2003c and 2003d being Bowden cables, the wires 2005a and 2005b of the Bowden
cables 2003¢ and 2003d may be exposed at the point of actuation of the ankles of the
individual, where the wires 2005a and 2005b connect to anchor elements 2007a and 2007b
connected to the shoes of the individual.

[00225] FIG. 20C illustrates a distributed arrangement of actuators, according to at least
some aspects of the present concepts. Specifically, FIG. 20C illustrates a rear view (FIG.
20C(I)) and a side view (FIG. 20C(II)) of an individual wearing an assistive flexible suit 100.
The distributed arrangement includes four actuators 2013a through 2013d, with actuators
2013a and 2013b connected to the power belt 2009, and actuators 2013c and 2013d
connected to calf attachments 2015a and 2015b located on the calves of the individual. Each
of the actuators 2013a and 2013b may actuate a different hip, such as for hip flexion and/or
hip extension. Each of the actuators 2013¢ and 2013d may actuate a different ankle, such as
for plantar flexion and/or dorsiflexion. According to the distributed arrangement of the
actuators illustrated in FIG. 20C, the efficiency of force transmission can be improved by
placing actuators configured for a specific purpose in close proximity to the body part tied to
the specific purpose.

[00226] In one embodiment with respect to, for example, the individual’s right foot and the
actuator 2013d, a semi-rigid foot attachment (not shown) may be in mechanical cooperation
with the actuator 2013d and the individual’s right foot. The semi-rigid foot attachment may
include a combination of rigid and flexible members below the right foot, such as inside
and/or outside a shoe, and supports extending upward from the rigid member. The supports
may connect to the semi-rigid member at joints that correspond to the motion about the ankle.
The semi-rigid foot attachment may be mechanically coupled to the actuator 2013d. As
described above, actuation of the actuator 2013d and the force transmission element 2003d
connected to the anchor element 2007d generates a plantar flexion force. By including the
semi-rigid foot attachment coupled to the actuator 2013d, a reactionary force opposite and
corresponding to the plantar flexion force may be distributed, at least in part, to the semi-rigid
foot element. Thus, the additional plantar flexion force generated at the ankle by the actuator
2013d may be distributed to the semi-rigid foot attachment, rather than the individual’s
skeletal structure bearing the entire corresponding force of the plantar flexion force through
the assistive flexible suit 100. The semi-rigid foot attachment could be used as a standalone
device or in combination with the textile components of the assistive flexible suit 100.

[00227] Further, according to the distributed arrangement of actuators 2013a through 2013d,
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cach one of the actuators 2013a through 2013d may be configured for a single degree of
freedom about a single joint, such as plantar flexion, dorsiflexion, hip extension, hip flexion,
etc. However, as illustrated with respect to actuator 2013d, for example, actuator 2013d may
be configured to apply both a plantar flexion force and a dorsiflexion force about the right
ankle. Indeed, a single actuator can couple two other degrees of freedom or joints such that
the coupling is not limited to plantar flexion and dorsiflexion. Further, a single actuator can
couple degrees of freedom within different planes of movement, such as coupling degrees of
freedom in two or more of the sagittal plane, the coronal plane, and the transverse plane. As
described above, the plantar flexion force may be applied by the actuator 2013d through the
force transmission element 2003d to the anchor clement 2007b. Further, the dorsiflexion
force may be applied by the actuator 2013d through the force transmission element 2003¢
connected to a dorsiflexion attachment 2017 on the right foot. As an example, plantar flexion
and dorsiflexion may be applied to the same foot by the same actuator based on the forces
being out of phase with respect to each other. The specifics of such an arrangement of the
actuator 2013d are described in detail below with respect to FIG. 21 and FIGS. 22A through
22C.

[00228] Specifically, FIG. 21 illustrates a multi-wrap pulley system 2100 that can be
employed to control two actuations with a single motor, as the illustrations of FIGS. 20A-20C
describe, according to at least some aspects of the present concepts. The multi-wrap pulley
system 2100 includes a multi-wrap pulley 2101 with two force transmission elements 2103a
and 2103b wrapped around the pulley 2101. Although illustrated with a single radius, the
pulley 2101 may have two or more radii to modify two or more gait moments with different
speeds and/or torques. The force transmission elements 2103a and 2103b may be Bowden
cables; however, other force transmission elements may be employed within the same
configuration. One force transmission element (e.g., 2103a) may be wrapped around the
pulley 2101 in direction 2105a (e.g., clockwise), and the other force transmission element
(e.g., 2103b) may be wrapped around the pulley 2101 in an opposite direction 2105b (e.g.,
counter-clockwise). By way of example, the multi-wrap pulley 2101 configured with the
force transmission elements 2103a and 2103b can provide cable travel up to 15 inches, which
ensures a sufficient amount of travel in order to assist, for example, an individual’s hip and
ankle.

[00229] In a state in which actuation is not applied to the system, the force transmission
clements 2103a and 2103b through the multi-wrap pulley system 2100 may be slack.

Alternatively, in the state in which actuation is not applied to the system, both force
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transmission elements 2103a and 2103b may be under tension. That is, the arrangement of
the multi-wrap pulley 2101 and the force transmission elements 2103a and 2103b may be
such that they system is engaged under tension. Such tension may be applied and/or
modified as described above with respect to FIGS. 17A-17D. Further, depending on the
needs of the individual wearing the assistive flexible suit 100, different tension may be
applied to force transmission elements 2103a and 2103b, such as greater tension being
supplied to a right ankle of an individual through force transmission elements 2103b as
compared to the left ankle through force transmission element 2103a.

[00230] In a first operation of the multi-wrap pulley system 2100, such as rotating the pulley
2101 in the direction 2105a (e.g., clockwise), tension may be applied to the force
transmission element 2103a and slack may be applied to the force transmission element
2103b. In a second operation of the multi-wrap pulley system 2100, such as rotating the
multi-wrap pulley 2101 in the direction 2105b (e.g., counter-clockwise), tension may be
applied to the force transmission element 2103b and slack may be applied to the force
transmission element 2103a. According to the above operation of the multi-wrap pulley
2101, actuation may be applied to two joints, for example, using a single motor attached to
the pulley 2101.

[00231] Force example, the multi-wrap pulley system 2100 may be applied to the actuator
2001b of FIG. 20A. The first operation of the multi-wrap pulley system 2100 may actuate
the left ankle of the individual wearing the assistive flexible suit 100 by tensioning the force
transmission element 2103a (constituting force transmission element 2003c of FIG. 20A).
Conversely, the first operation of the multi-wrap pulley system 2100 may apply slack to the
right ankle of the individual wearing the assistive flexible suit 100 by applying slack to the
force transmission element 2103b (constituting force transmission element 2003d of FIG.
20A).

[00232] The second operation of the multi-wrap pulley system 2100 may actuate the right
ankle of the individual wearing the assistive flexible suit 100 by tensioning the force
transmission element 2103b (constituting force transmission element 2003d of FIG. 20A).
Conversely, the second operation of the multi-wrap pulley system 2100 may apply slack to
the left ankle of the individual wearing the assistive flexible suit 100 by applying slack to the
force transmission eclement 2103a (constituting force transmission element 2003d of FIG.
20A).

[00233] In a specific embodiment with respect to modifying gait moments of an individual

wearing the assistive flexible suit 100 while walking, each leg of an individual wearing the
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assistive flexible suit 100 may have its own characteristics as to when tension is applied.
With respect to the right leg, for example, the multi-wrap pulley 2101 may be rotated to the
tension position at a first position (e.g., about 28 percent in the gait cycle). At this first
position, the force in the right leg begins increasing passively due to the kinematics of the
wearer. At a second position (e.g., about 46 percent in the gait cycle), the multi-wrap pulley
2101 may further rotate, causing additional force at the right leg through the assistive flexible
suit 100. The additional force may actively modify the gait moment about the right ankle of
the individual. The force begins to decrease at a third position (e.g., about 56 percent in the
gait cycle) due to the ankle of the right leg lifting up and beginning to swing. At a fourth
position (e.g., 67 percent in the gait cycle), with the force less than 20 Newtons (N), for
example, the multi-wrap pulley 2101 begins to rotate in an opposite direction to the first
direction and moves immediately to the position that will enable the left leg to tension
passively. This above-described scheme then repeats for the left leg. However, then
tensioning points of the left leg may vary. For example, tension may be applied to the left leg
beginning at less than 28 percent of the gait cycle, depending on the needs and characteristics
of the individual’s gate. Although described with respect to the right and left legs of an
individual, other body parts described above can be actuated in a similar fashion to the
foregoing.

[00234] As described above, the positions during gait, such as the first through fourth
positions, can be detected by sensors within the assistive flexible suit 100. Based on the
sensory information acquired, the off-board control unit 200 is able to estimate the correct
timing when to operate a predefined motor trajectory. Hence, the sensor signals are used to
sync the motor trajectory to the individual’s gait. By following a predetermined position
profile, the motor will start, for example, at the first state, and proceed to the first operation
and the second operation, with the foregoing procedure repeating for subsequent gait cycles.
[00235] In accord with the foregoing, when the retracted force transmission element actuates
to modify a gait moment of one joint, the force transmission element attached to another joint
has a specific amount of slack ensuring that joint motion is not hindered. As such, an
actuator within a single motor is able to provide multi-joint actuation. Using one motor to
operate two joints requires the pull times for each joint to be out of phase with each other, so
that the motor will be able to apply torques to each joint alternately. In one embodiment,
there may be a small period in between when the torque was applied to one joint and then the
other joint, so that, for example, the motor can reel in slack in the force transmission elements

(e.g., in the case of Bowden cables). If the joints to be actuated are on the same leg, and
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would normally act simultaneously or with overlapping actuation periods (e.g. ankle plantar
flexion and hip flexion), then the two joints to be actuated may be on separate limbs, such as
an ankle on the right leg and the hip on the left leg. This allows for the timings to be out of
phase.

[00236] The two force transmission elements may be connected to two body parts on a single
limb, such as modifying gait moments with respect to an individual’s ankle and hip on a
single leg. Alternatively, the two force transmission elements may be connected to two body
parts of the same body part type on different limbs. For example, each of the two force
transmission elements may be connected to a separate ankle on each leg of the individual.
However, other arrangements are possible as long as the modification of the gait moments
applied by the actuation of the two force transmission elements is out of phase giving that one
force transmission element is tensioned when the other force transmission element is relaxed.
Depending on the characteristics of the force transmission elements, such as length in the
case of Bowden cables, although only a single one motor is used, it is still possible to exploit
the passive spring characteristics of the assistive flexible suit by pre-tensioning it. The motor
may be held in a middle position so that both body parts connected to the two force
transmission elements are kept in tension.

[00237] In one embodiment, the same motor may actuator two different joints based on the
motor being connected to a pulley that is connected to two force transmission elements. The
same pulley radius can be used preferentially if the joints controlled require the same speed
and torque; for example, in the case of ankles. Examples of combinations of joints that can
be controlled in this way with equal pulley radii include: right ankle plantar flexion and left
ankle plantar flexion, right ankle plantar flexion and right ankle dorsiflexion, right hip
extension and left hip extension, and right hip flexion and left hip flexion. Because these
combinations are the same joint on opposite legs or both directions of a joint on the same leg,
they will naturally be out of phase with each other. However, having the same joint actuated
on both legs (e.g., right ankle plantar flexion and left ankle plantar flexion) prohibits the
device from being used in situations in which both ankles plantarflex simultaneously, such as
jumping. However, for motions such as walking or running, the two legs will naturally be
out of phase.

[00238] If the joints require different speeds and/or torques, a single pulley with different-
sized radii may be used to apply the different speeds and/or torques. Examples of
combinations of joints that can be controlled in this way, but with different pulley radii

include: right ankle plantar flexion and right hip extension, and right ankle plantar flexion
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and left hip flexion (opposite leg is needed so they are out of phase).

[00239] FIG. 22A illustrates an actuator system 2200 employing the multi-wrap pulley of
FIG. 21, according to at least some aspects of the present concepts. The actuator system
2200 includes a motor 2201, a motor controller 2203, a logic controller board 2205, and one
or more batteries 2207. The motor 2201 connects to a cassette 2211, which houses the multi-
wrap pulley 2101 of FIG. 21, to drive at least two force transmission elements 2217a and
2217b (corresponding to force transmission elements 2103a and 2103b of FIG. 21) with the
single motor 2201, as described above. The motor 2201 may connect to the multi-wrap
pulley 2101 through a gearbox 2201a, such as a planectary gearbox, to modify the rotation of
the motor 2201 with respect to the pulley 2101. The motor 2201 may be fastened to the
motor controller 2203 and the logic controller board 2205 with a heat sink 2209 there
between to regulate the temperature of one or more of the motor 2201 and the motor
controller 2203. The one or more batteries 2207 attach to the bottom of the logic controller
board 2205. The one or more batteries 2207 may be secured using one or more latches (not
shown), which allow quick battery changes.

[00240] The motor controller 2203 commutates the motor 2201 and uses the sensors
throughout the assistive flexible suit 100, such as load cells, footswitches, gyroscopes, and
soft sensors to run the control algorithms that direct the motion of the motor 2201 based on
the sensors and other inputs (e.g., medical provider-in-the-loop and/or wearer inputs). The
motor controller 2203 can communicate with the motor 2201 and/or the logic controller
board 2205 using open protocols, such as the CANOpen protocol, which can be implemented
on high speed connections, such as a high speed CAN bus connection, between the various
devices. The logic controller board 2205 may also communicate with a terminal, such as at
the offboard control system 100, over a USB serial connection for data logging,
synchronization, and programming. Alternatively, or in addition, the logic controller board
2205 may communicate with the terminal over a wireless connection, such as Wi-Fi,
Bluetooth, a near field connection (NFC), etc. Further, the logic controller board 2205 may
include storage space (¢.g., 512 kb) to store one or more programs to execute the one or more
control algorithms. The actuator system 2200 may include additional internal sensors to
measure conditions of the actuator system 2200, such as temperature of the motor 2201 and
voltage of the batteries 2207, and check for faults.

[00241] As illustrated, the motor 2201, the motor controller 2203, the logic controller board
2205, and the one or more batteries 2207 may be stacked-up lengthwise defining the main

dimensions of the actuator system 2200 to reduce the space required.
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[00242] As described above, the cassette 2211 incorporates the multi-wrap pulley 2101 of
FIG. 21. The cassette 2211 may include one or more latches (not shown) so that the cassette
2211 can easily be attached to and detached from a housing (not shown) enclosing the motor
2201. The latches may be shaped in a way that, for example, pushes them down to disengage
and eject the cassette 2211 from the motor 2201 immediately. Thus, the cassette/latches
configuration allows for the cassette 2211 to be quickly and easily removed from the motor
2201.

[00243] The cassette 2211 further includes one or more inputs, such as inputs 2213a, 2213b,
and 2213c, for connecting to and receiving measurements from one or more sensors. For
example, the inputs 2213a and 2213b may be for inputs from gyroscopes located at the
individual’s ankles. Input 2213¢ may be for an input from a force sensor located at the
connection point between a force transmission element and the assistive flexible suit.

[00244] The cassette 2211 may further include sleeve attachments 2215a and 2215b that
guide force transmission elements 2217a and 2217b into the grooves of the multi-wrap
pulley. The sleeve attachments 2215a and 2215b allow for the force transmission elements
2217a and 2217b to be changed quickly and easily. In the case of Bowden cables as the force
transmission elements 2217a and 2217b, both the wires and the sheaths can be changed
quickly. Thus, the sleeve attachments 2215a and 2215b allow for replacement of the force
transmission elements 2217a and 2217b without disassembling the cassette 2211.

[00245] Although illustrated and described as a single cassette 2211 with a multi-wrap pulley
2101, in one embodiment, a cassette may include a single pulley with a single force
transmission element. The single cassette may engage with the motor 2201 of the actuator
system 2200 with an engagement member on one side of the cassette. The opposite side of
the cassette may include an additional engagement member. This additional engagement
member may engage with an engagement member of a similarly configured cassette.
According to this configuration, two or more cassettes may be connected to the motor 2201 in
series to be able to control two or more degrees of freedom with a single motor (e.g., motor
2201). Further, cach separate cassette may have a separate pulley that has the same or
different radius of another cassette connected in series. As discussed herein, different pulleys
with different radii may be used in combination to control multiple different body parts (e.g.,
hip and ankle) of an individual with a single motor. By including different pulleys with
different radii in different cassettes, the system allows for a greater and more dynamic
flexibility in the joints and/or body parts in which the actuator system 2200 provides

assistance.
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[00246] By way of example, the motor 2201 may be a Maxon Motor EC-4pole brushless DC
motor. The motor controller 2203 may be a Copley Controls Accelnet Plus 1-Axis Module
motor controller. The logic controller board 2205 may be an Atmel AT91SAM3XSE
microcontroller. The batteries 2207 may be one or more rechargeable Li-Po batteries.
Although not shown (for illustrative convenience), the actuator system 2200 may include an
interface, such as an RS-232 serial connection and/or a RJ-45 jack, to connect to the offboard
control system 200. Such a connection may allow, for example, a medical provider-in-the-
loop to adjust one or more control profiles of the actuator system 2200 to modify assistance
provided by the assistive flexible suit 100. According to the listed exemplary components, an
exemplary actuator system can provide high power actuation (e.g., 300 watts (W)) and low
power control/processing electronics (e.g., less than 1 W) for high performance with a long
battery life.

[00247] In one embodiment, the electrical subsystems within the actuator system 2200 are
isolated from each other. For example, the subsystems within the actuator system 2200 are
galvanically isolated to prevent ground loops, which can waste energy, produce electrical
interference, and damage components. By way of example, the logic controller board 2205 is
isolated from the motor 2201, the motor controller 2203, and the one or more batteries 2207.
Further, all connections between multiple actuator systems 2200 within the same assistive
flexible suit 100 may also be isolated. The isolation between multiple actuator systems 2200,
and between subsystems within a single actuator system 2200, helps reduce noise in the fine
signals from the sensors (such as load cells) and protects the logic portions from high currents
being drawn from the batteries and pushed back into the batteries as the motor 2201
accelerates and decelerates.

[00248] FIGS. 22B and 22C illustrate alternatives actuator systems to the actuator system
2200 of FIG. 22A, according to at least some aspects of the present concepts. Adverting to
FIG. 22B, an alternative actuator system may be a spooled string actuator 2220a. The
spooled string actuator 2220a includes a motor 2221. The motor employed within the
spooled string actuator 2220a may be the same motor discussed above with respect to the
actuator system 2200 and multi-wrap pulley 2101. The motor 2221 connects to a gearbox
2223, which connects to a shaft 2227 through a shaft coupler 2225. The shaft 2227 is
supported by a frame 2229, with bearings 2231a and 2231b within the frame 2229, to allow
the shaft 2227 to rotate freely while engaged to the frame 2239. A force transmission
element 2233 may be wrapped around the shaft 2227 at one end, and connected to an anchor

clement (not shown) at the other end. In one embodiment, the force transmission element
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2233 element may be a string or cable, such as Spectra® filament line, that can wrap around
the shaft 2227. The diameter of the shaft 2227 may be, for example, 4 to 5 millimeters (mm)
such that the flexibility of the force transmission element 2233 should be sufficient to wrap
around the shaft 2227. The above-described spooled string actuator 2220a may be used as
alternative or addition to (such as in a distributed configuration) the actuator system 2200
described above. In one embodiment with respect to the spooled string actuator 2220a, the
current of the motor of the spooled string actuator 2220a may be monitored to estimate the
force that the spooled string actuator 2220a delivers to the individual.

[00249] FIG. 22C illustrates a modified alternative actuator system from the actuator system
2200, according to at least some aspects of the present concepts. Similar to the spooled string
actuator 2220a, the modified alternative actuator system 2220b may be a spooled string
actuator, but with an extended shaft. That is, the extended spooled string actuator 2220b
includes a motor 2221 connected to a gearbox 2223, which is connects to a shaft 2237
through a shaft coupler 2225. The motor 2221, the gearbox 2223, and the shaft coupler 2225
may be the same as those described above with respect to FIG. 22C.

[00250] The shaft 2237 is supported by a frame 2235, with bearings 2239a, 2239b, and 2239¢
within the frame 2235, to allow the shaft 2237 to rotate freely while engaged to the frame
2235 The shaft 2237 may include section 2237a and 2237b, with bearing 2239b separating
the two sections 2237a and 2237b. The two sections 2237a and 2237b allow for two separate
force transmission elements 2241a and 2241b to connect to the shaft 2237 without interfering
with each other. Like the force transmission element 2233 described above, the force
transmission elements 2237a and 2237b may wrap around the shaft 2237 at one end, and
connect to anchor elements (not shown) at the other end. Further, the force transmission
clements 2241a and 2241b may be a string or cable, such as Spectra® filament line, that can
wrap around the shaft 2237. The diameter of the shaft 2237 may be, for example, 4 to 5 mm
such that the flexibility of the force transmission elements 2241a and 2241b should be
sufficient to wrap around the shaft 2237.

[00251] Similar to the multi-wrap pulley 2101 described above, the two sections of the shaft
2237 allow for a single motor and, therefore, single actuator system to actuate two different
joints and/or body parts. Further, the two sections 2237a and 2237b may have the same or
different diameters. Having the same diameter allows the two sections 2237a and 2237b to
actuate the same body part type on different limbs, such as the right and left ankle. Having
different diameters allows the two sections 2237a and 2237b to actuate different body part

types that may require different speeds and/or torques, such as a hip and an ankle on the same
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leg.

[00252] According to one embodiment, the modified alternative actuator system 2220b may
include the force transmission elements 2241a and 2241b routed through one or more pulleys
22431a-2243d. The one or more pulleys 2243a-2243d may be used to alter the ratios within
the system to apply more or less force and/or torque over greater or less ranges of motion.
Although the same number of pulleys is illustrated with respect to each force transmission
element 2241a and 2241b and section 2237a and 2237d of the shaft 2237, the number of
pulleys for each section/force transmission element may differ.

[00253] FIG. 22D illustrates another modified alternative actuator system according to a
windlass actuator, according to at least some aspects of the present concepts. The windlass
actuator 2220c includes the same arrangement of the motor 2221, gearbox 2223, shaft
coupler 2225, frame 2235, shaft 2237 (with shaft sections 2237a and 2237b), and bearings
2239a, 2239b, and 2239¢ as FIG. 22C. However, the windlass actuator 2220c includes single
force transmission element 2245. One end of the force transmission element 2245 wraps
around, for example, section 2237a of the shaft 2237, and the other end of the force
transmission element 2245 wraps around section 2237b of the shaft 2237. The force
transmission element 2245 is routed through a pulley 2247, which is connected to a force
transmission element 2259. Although the single pulley 2247 is shown, the force transmission
element may be wrapped around more than one pulley. The force transmission element 2245
may connect to an anchor element of the assistive flexible suit (not shown). The force
transmission element 2245 connects to the shaft 2237 such that rotation of the shaft 2237 in
one direction retracts the force transmission element 2245 from one section 2237a or 2237b
and extends the force transmission element 2245 from the other section 2237b or 2237a. As
above, the two sections 2237a and 2237b may have the same or different diameters. Having
different diameters allows for possibilities of the gear ratios resulting from the two sections
2237a and 2237b to be effectively limitless. Further, rotation of the shaft 2237 with two
sections 2237a and 2237b of different diameters raises and lowers the pulley 2247, which
transmits a force through the force transmission element 2249.

[00254] The actuator systems illustrated and described with respect to FIGS. 22A-22D (in
addition to the multi-joint actuation platform 2260 described below) may include a quick-
release mechanism by which the individual wearing the assistive flexible suit 100 or the
medical provider-in-the-loop can detach the powered-assistance from one or more actuators
from the suit. Further, the actuator systems illustrated and described with respect to FIGS.

22A-22D (in addition to the multi-joint actuation platform 2260 described below) may
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include safety features (e.g., mechanical, electrical, etc.) that limit the maximum travel of the
actuators to prevent the actuators from applying forces that cause joints and/or body parts of
the individual to exceed safe ranges of motion, positions, and/or forces.

[00255] In one embodiment, the assistive flexible suit 100 may include one or more
switching mechanisms. A switching mechanism allows for the connection of a single motor,
particularly a single force transmission element from a single motor, to connect to two or
more force transmission elements extending from the switching mechanism. By way of
example, an actuator connects to the switching mechanism through a single force
transmission element. Such a force transmission element may be short in that it only bridges
a short distance between the actuator and the switching mechanism. Three force transmission
elements depart from the switching mechanism to assist, for example, the ankle (such as both
plantar flexion and dorsiflexion) and the hip muscle groups (such as hip flexion and hip
extension).

[00256] The switching mechanism exploits joint synergies, such as hip flexion and ankle
plantar flexion, which are active simultancously, and anti-phase joint synergies, which are
active asynchronously, such as hip flexion and hip extension, to allow the use of a single
motor to drive multiple actuations. The switching mechanism includes an actuator input that
accepts a force transmission element from an actuator. The switching mechanism includes
two more or more outputs that accept two or more force transmission elements connected to
two or more anchor elements located about the individual wearing the assistive flexible suit
100. Within the switching mechanism is a device, such as a clutch, that selectively engages
one or more of the two or more output force transmission elements to connect the selected
output force transmission elements to the input force transmission element.

[00257] Switching by the switching mechanism can be automatic, such as based on one or
more signals from a motor controller and/or the offboard control system 200, or may be
manual based on a manual selection by the individual wearing the assistive flexible suit 100
or a medical provider-in-the-loop monitoring the individual. In one embodiment, the
switching mechanism can include a quick-release mechanism by which the individual
wearing the assistive flexible suit 100 or the medical provider can easily detach the powered-
assistance from one or more actuators from the suit and continue walking with purely passive
assistance. Further, in one embodiment, the switching mechanism, or an actuator, directly,
can include one or more elements for quickly disengaging force transmission elements from
the assistive flexible suit 100 and/or the actuators. Such an element may be a blade that cuts

and/or destroys the force transmission elements to stop forces from being transmitted, such as
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in the case of an emergency.

[00258] The actuation systems illustrated in FIGS. 22A-22D may be used in combination
with the assistive flexible suit 100 when, for example, an individual wearing the assistive
flexible suit is outside of a controlled environment, such as outside of a medical provider
environment. The actuation systems illustrated in FIGS. 22A-22D allow an individual to
wear the assistive flexible suit 100 to further improve their movements. The actuation
systems include the capability to connect to a control terminal, such as in the offboard control
system 200, by a wired and/or wireless connection. Thus, a medical provider can modify the
actuation systems of FIGS. 22A-22D when an individual wearing the assistive flexible suit
100 is local or remote to the medical provider. In certain situations, actuation may be
provided by a system within the offboard control system 200 directly. Such situations may
occur when the individual wearing the assistive flexible suit 100 is local to the medical
provider.

[00259] FIG. 22E illustrates a multi-joint actuation platform 2260, according to at least some
aspects of the present concepts. The multi-joint actuation platform 2260 may replace the
actuation system described above with respect to FIGS. 22A-22D, such as when the
individual is local to a medical provider-in-the-loop. The multi-joint actuation platform 2260
can replicate the torques and powers at various body parts of the individual wearing the
assistive flexible suit 100 during various movements. The multi-joint actuation platform
2260 can be one of multiple multi-joint actuation platforms within the offboard control
system 200. For example, the multi-joint actuation platform 2260 can replicate the torques
and powers for the hip joints, the knee joints, and the ankle joints of the individual wearing
the assistive flexible suit 100 while walking. The multi-joint actuation platform 2260
provides for large ranges of motion and high forces depending on the needs of the individual
wearing the assistive flexible suit 100.

[00260] As illustrated, the multi-joint actuation platform 2260 connects to force transmission
clements 2261a through 2261c that connect to the assistive flexible suit 100. By way of
example, the force transmission elements 2261a and 2261¢ may be Bowden cables; however,
other force transmission clements may be used that transmit forces mechanically,
pneumatically, hydraulically, magnetically, electrically, electro-magnetically, -electro-
mechanically, etcetera. As illustrated in FIG. 22E, the multi-joint actuation platform 2260 is
connected to Bowden cables 2261a-2261c.

[00261] The Bowden cables 2261a-2261¢ are connected to drive shafts 2263a and 2263b.

Each drift shaft 2263a and 2263b may be formed of ball screws 2265a and 2265b with pairs
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of guide rails 2267a and 2267b on either side of the ball screws 2265a and 2265b. Below the
ball screws 2265a and 2265b may be lincar potentiometers (e.g., manufactured by P3
America, Inc.) to measure the displacements of the force transmission elements 2261a
through 2261c. Carriages 2269a and 2269b may run on the guide rails 2267a and 2267b and
actuate according to the rotation of the ball screws 2265a and 2265b. The carriages 2269a
and 2269b may include load cells 2271a and 2271b at the connection points between the
carriages 2269a and 2269b and the Bowden cables 2261a and 2261b. The load cells 2271a
and 2271b measure the loads applied to the Bowden cables 2261a and 2261b by operation of
the multi-joint actuation platform 2260. The load cells 2271a and 2271b may be in
combination with other load cells positioned throughout the assistive flexible 100 suit to
provide an overall load analysis provided by the assistive flexible suit 100.

[00262] As an example, the load cells 2271a and 2271b may be a Futek load cell with a
measuring range of + 2224 N (2N resolution), for example, and can measure the tension force
in the Bowden cables 2261a through 2261c. At the distal ends of the Bowden cables 2261a
and 2261b (not shown) may be additional Futek load cells with a measuring range of = 1112
N (IN resolution), for example, to measure the actual force applied to the assistive flexible
suit 100 and the individual.

[00263] The ball screws 2265a and 2265b connect to timing belts 2273a and 2273b. The
timing belts 2273a and 2273b connect to motors 2275a and 2275b. Operation of the motors
2275a and 2275b rotate the timing belts 2273a and 2273b, which drive the ball screws 2265a
and 2265b and move the carriages 2269a and 2269b connected to the Bowden cables 2261a
and 2261b. Depending on the application of the multi-joint actuation platform 2260, the
timing belts 2273a and 2273b are connected to the motors 2275a and 2275b through gear
boxes 2277a and 2277b and spring disc couplings 2279a and 2279b. The gear boxes 2277a
and 2277b and the spring disc couplings 2279a and 22790 allow for adjustments in the ranges
of motion and the torques provided by the motors 2275a and 2275b. By way of example, the
travel length of the carriages 2269a and 2269b may be up to 270 mm. This range of motion
loosens the requirements on the length of the Bowden cables 2261a and 2261b and positions
of the anchor elements with respect to the assistive flexible suit 100. The carriages 2269a
and 2269b may connect, electronically, to the motors 2275a and 2275b by E-chain
connections (not shown).

[00264] As illustrated, a single carriage (e.g., 2269b) connects to a single force transmission
element (e.g., Bowden cable 2261c). Alternatively, or in addition, within a single multi-joint

actuation platform 2260, a single carriage (e.g., 2269a) connects to multiple force
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transmission elements (e.g., Bowden cables 2261a and 2261b). Connection of multiple force
transmission elements to a single carriage provides for a single motor to control multiple
degrees of freedom of multiple joints of the individual wearing the assistive flexible suit 100
within the same phase of, for example, the individual’s gait. Including multiple motors
2275a and 2275b within the same multi-joint actuation platform 2260 provides for control of
multiple different degrees of freedom with respect to multiple different body parts of the
individual. For example, the motor 2275a may control ankle plantar flexion and hip
extension using the same carriage 2271a connected to two different Bowden cables 2261 and
2261b, and the motor 2275b may control ankle dorsiflexion.

[00265] Alternatively, a single motor within the multi-joint actuation platform 2260 may
control multiple carriages. For example, the motor 2275a may connect to both carriage
2269a and 2269b by modifying the timing belt 2273a and timing belt 2273b to be a single
timing belt that drives both ball screws 2265a and 2265b of both drive shafts 2263a and
2263b. Like the pulley embodiment described above, this modification to the timing belts
2273a and 2273b may allow for out of phase actuation of body parts of the individual if, for
example, the carriages 2269a and 2269b are connected to the drive shafts 2263a and 2263b
out of phase.

[00266] Connected to the motors 2275a and 2275b may be encoders 2281a and 2281b. The
encoders 2281a and 2281b determine the position of the carriages 2271a and 2271b. A
digital encoder may be used to reduce effects from radio frequency (RF) interference from
controllers of the motors 2275a and 2275b. As an exemplary embodiment, the encoders
2281a and 2281b may be a Maxon 4line encoder (500 counts/rev) for measuring the speeds
of the motors 2275a and 2275b. In one embodiment, the multi-joint actuation platform 2260
can include a data acquisition element that accepts sensor signals and outputs reference
voltages to the actuator. Current and voltage sensors built in the multi-joint actuation
platform 2260 enable the current and voltage sent to the motors 2275a and 2275b to be
measured. These sensors allow, for example, measuring the amount of energy consumed by
the system, the efficiency of the mechanical transmission, and the actual power delivered to
the human body and to the assistive flexible suit 100.

[00267] As described above, the multi-joint actuation platform 2260 can be within the
offboard control system 200. The offboard control system 200 may be a mobile, 4-wheeled
cart with 6 (or more) linearly actuated degrees of freedom to assist over ground movement of
a person in combination with the assistive flexible suit 100. However, other arrangements of

the offboard control system 200 exist without deviating from the spirit and scope of the
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disclosure, such as suspending the offboard control system 200 from a hanging rail to
facilitate over-ground walking in a laboratory. As described above, the offboard control
system 200, including one or more multi-joint actuation platforms 2260, can assist healthy
people, such as by training healthy people how to walk more efficiently (e.g., removing
inefficient walking habits, such as removing pigeon-toed walking), and can assist the
rehabilitation of people with impairments, such as gait impairments. The offboard control
system 200 within the 4-wheeled cart may be pushed by a medical provider (or other person)
to follow an individual wearing the assistive flexible suit 100 while assisting the individual
walking over ground or on a treadmill.

[00268] In one embodiment, the cart housing the overboard control system 200 may include a
structure, such as a gantry-type device, that can provide full or partial body weight support
for the individual. By way of example, the cart can include a frame with a harness that
interfaces to the individual to support the individual’s body weight. The cart may include
passive and/or motorized wheels to assist with, for example, the individual’s movement when
the individual cannot, or cannot entirely, support his or her own body weight or the additional
weight of the assistive flexible suit 100 and any actuators worn on the assistive flexible suit
100.

[00269] The offboard control system 200 may include, in one embodiment, an interface to
display real-time gait parameters as measured by the sensors on the assistive flexible suit 100,
as well as for controlling the profile and timing of assistance delivered by the assistive
flexible suit in real time. The interface allows the offboard control system 200 to be used as a
tool in physical therapy, to allow a medical provider to adjust the assistive flexible suit 100 in
accordance with the specific needs to improve movement of an individual. The interface
allows a medical provider to adjust the assistive flexible suit 100 as the individual progresses
throughout interaction with the assistive flexible suit 100, to ensure that the assistive flexible
suit 100 provides an amount and timing of assistance throughout the individual’s treatment to
improve the individual’s movement. The interface allows a medical provider to control the
forces and timing of dorsiflexion and plantar flexion assistance as provided by the assistive
flexible suit 100. By way of example, the interface allows a medical provider to enter inputs
for controlling the maximum force to apply on force transmission elements with respect to
dorsiflexion and plantar flexion about ankles of an individual. The interface may further
allow a technician to enter inputs for controlling the beginning and ending time points for the
ramp-up and ramp-down for each force based on a calculated gait cycle. When a new force

profile is generated, the interface may present the new force profile superimposed on top of a
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current or previous force profile to emphasize any differences between the new and previous
and/or current profiles. In one embodiment, the new profile can be confirmed through the
interface, by the medical provider, before the offboard control system applies the new profile
to the suit.

[00270] In one embodiment, safety measures can be built into the interface to prevent
accidental inputs that exceed preset allowable force or position limits. For example,
impedance, force, and position limits can be set and/or modified within the interface.

[00271] In one embodiment, the interface may include a commenting pane that allows the
researcher to enter comments that are time-synced to the changes in force profile. The
comments may include information such as why a particular change was made or what was
working successfully.

[00272] The interface may present and/or output one or more of parameters with respect to
movement of an individual, including stance symmetry (e.g., amount of time single-leg
stance on each leg), step length, speed/cadence, knee extension, plantar flexion force, degrees
of dorsiflexion, and ground clearance. These outputs may be displayed quantitatively or
graphically. Further, medical providers can select the parameters they wish to view in real
time.

[00273] The offboard control system 200, the assistive flexible suit 100, and/or any
subcomponent thereof (e.g., an actuator, sensor, etc.) can include one or more storage devices
that can store data measured and collected, including all of the data that is collected by the
sensors throughout the assistive flexible suit 100. The ability to save and later present data
regarding movement of an individual allows the medical provider-in-the-loop and/or the
individual to view data accrued between treatments. Such data collected and saved may
include long term trends regarding: walking speed, distance walked per day, level of
assistance supplied by the suit, and hours of suit use per day. Further, the storage devices
may log the forces and motion profiles experienced by the individual wearing the assistive
flexible suit 100 (or data or metrics that are extracted from these (e.g. cadence)). Logging
such information allows a medical provider-in-the-loop to monitor the progress and mobility
of the individual overtime (e.g., hours, days, weeks, months, years, etc.). In one embodiment,
and in compliance with various rules and regulations concerning the sharing of such personal
information regarding the individual’s medical history, the logged material can be shared on
social networks or allow a therapist to remotely monitor the individual’s progress.

[00274] Based on the offboard system 200 allowing a medical provider to be within the loop

in monitoring and modifying movement of an individual wearing the assistive flexible suit
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100, the offboard system 200 can be used to treat various conditions, such as neuromuscular
conditions, that lead to gait impairments and limited mobility. The offboard control system
200 can also be applied to patients with limited mobility caused by age or non- neurological
conditions. Exemplary conditions that can be treated using the offboard system include:
hemiparetic stroke gait impairments, which may include any or all of the following gait
abnormalities: hip circumduction (hip hike), weakened dorsiflexion (drop foot), trunk
extension (lurching), ankle inversion, reduced ankle range of motion, reduced knee flexion,
flat footed landing at heel strike, reduced plantar flexion during push-off, reduced time spent
in single leg stance on affected side.

[00275] By using the offboard control system 200 to control the multi-joint actuation
platform 2260 and/or one or more actuators worn on the assistive flexible suit 100 (e.g.,
actuation systems of FIGS. 22A-22D), in combination with the assistive flexible suit 100, a
medical provider can work with an individual to obtain the following benefits associated with
movement: improved temporal symmetry in hemiparetic gait, improved spatial symmetry in
hemiparetic gait, increased ankle range of motion of an affected side during the gait cycle in
hemiparetic gait, increased ground clearance during swing phase in patients with weakened
dorsiflexion, increased plantar flexion force during push-off in patients with weakened
plantar flexion, increased self-selected walking speed in patients with reduced mobility,
reduced compensatory walking movements in the non-sagittal plane (such as hip hike),
improved walking confidence, increased endurance (e.g., able to walk longer distances),
increased self-selected walking speed, and long term promotion of proper gait patterns may
result in a reduced need for assistance from the suit, or may climinate the need for the
assistive flexible suit 100 altogether. Sensor data from the exosuit can be used to quantify an
individual’s performance for any measure, such as one or more of above-described measures.
[00276] In one embodiment, the offboard control system 200 may communicate with one or
more other functional elements within the assistive flexible suit. One such functional element
is a haptic feedback unit. As discussed above, a haptic feedback unit includes one or more
sensors that function to provide information to a wearer tactically. Such information may
inform the wearer to properly align or tension the assistive flexible suit 100 when donning the
assistive flexible suit 100. The information may also include notification of events such as
low-battery, irregular variations in gait when fatigued, etc. Accordingly, such information
can be provided based on above threshold stimulation to provide feedback and silent
notification of events.

[00277] FIG. 36 shows acts in a method according to at least some aspects of the present
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concepts. The acts of the process shown with respect to FIG. 36 may be practiced in accord
with the above disclosure to achieve the following steps. The method of FIG. 36 comprises
an act of determining one or more gait parameters of the individual based on one or more
sensors connected to the individual through and assistive flexible suit (such as assistive
flexible suit 100) (act S3600). The one or more sensors output one or more sensor readings.
The sensor readings can be analyzed to determine the gait parameters of the wearer’s
movement. The one or more gait parameters may relate to a single gait event within a gait
cycle of the individual, relate to two gait events within a gait cycle of the individual, or may
relate to more than two gait events within a gait cycle of the individual. The gait events may
relate to one or more limbs and/or body parts of the individual. In one embodiment, the
determining may occur while the individual wearing the assistive flexible suit 100 walks
within a controlled environment, such as in an environment of the medical provider across
the floor or on a treadmill. Alternately, the determining may occur while the individual
wearing the assistive flexible suit 100 walks outside of a controlled environment, such as
over ground in an outside environment. Whether inside or outside of a controlled
environment, the determining of the one or more gait parameters may occur while the
individual and the control unit move forward.

[00278] At act S3610, a medical provider monitors the one or more gait parameters through a
control unit. The control unit may be the offboard control system 200, which may include a
display and/or another presentation device. The offboard control system 200 outputs and/or
presents one or more of the gait parameters for the medical provider to view. Based on the
output and/or presentation, the medical provider can evaluate the one or more gait
parameters, which characterize the individual’s movement.

[00279] At act S3620, the medical provider inputs, through the control unit (such as the
offboard control system 200), one or more inputs based on the medical provider monitoring
the one or more gait parameters. The inputs may modify any control parameter of the control
unit and/or the assistive flexible suit. Thus, the control parameters may relate to one or more
control profiles of one or more actuators (e.g., multi-joint actuation platform 2260 and/or
actuator systems 2200 and 2220a-2220c) within and/or connected to the control unit and the
assistive flexible suit.

[00280] At act S3630, the control unit and/or the assistive flexible suit modifies the gait of
the individual based on the one or more inputs by the medical provider. The modification
can be any change as described above, such as modifying one or more motor control profiles

of one or more motors. By way of example, the control unit may control one or more
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actuators (e.g., multi-joint actuation platform 2260 and/or actuator systems 2200 and 2220a-
2220c) that are in mechanical communication with the individual through the assistive
flexible suit. The modification of the control of the one or more actuators may modify the
gait of the individual with respect to a limb of the individual, and the monitored gait
parameters may be of the limb. Alternately, the modification of the control of the one or
more actuators may modify the gait of the individual with respect to a limb of the individual,
and the monitored gait parameters may be of a contralateral limb of the modified limb.
Further, as described above, the controlling may be control of two limbs of the individual by
a single actuator of the one or more actuators.

[00281] Based on the foregoing process described with respect to FIG. 36, a medical provider
can monitor and adjust the movement of an individual wearing an assistive flexible suit
assisted by a control unit and/or one or more actuators to improve the individual’s movement.
[00282] FIG. 23 shows an example of a hybrid control system 2300 according to at least
some aspects of the present concepts. In general, the hybrid control system 2300 adjusts
operational characteristics of an assistive flexible suit 100 actuation system 105 to thereby
alter one or more characteristics (e.g., magnitude, timing, duration, rate of change, time rate
of change, profile, etc.) of forces output by the actuation system and, correspondingly, the
moments or torques delivered by the assistive flexible suit to the wearer. The control strategy
disclosed in FIG. 23 works on any gait pattern and is not dependent on the strong regularities
of physiological gait. Impaired gait is less regular than physiological gait; every patient has a
different gait pattern depending on the malady or condition, advancement of the rehabilitation
therapy, and types of compensatory movement developed by the patient. Despite this
significant variability, the control strategies disclosed herein work on any gait pattern.

[00283] The hybrid control system 2300 of FIG. 23 shows, generally, a first control loop
2301 and a second control loop 2302. In the first control loop 2301, a medical provider (e.g.,
clinician, doctor, etc.) 2305 makes observations of the patient’s gait. These observations may
comprise direct visual observations of the patient as the patient walks or ambulates (e.g., on a
floor, across a surface, on a treadmill, etc.) and/or observations of patient gait data on a user
interface, such as, but not limited to, a controller-based 2315 graphical user interface (“GUI”)
2310 of a tablet device, laptop computer, smart phone, smart watch, Google Glass, computer
terminal, computer, or the like. The first control loop 2301 controller 2315 is further
operatively associated with a communication device 2316 and a physical computer-readable
storage device 2317 bearing an instruction set configured, upon execution by the controller,

to cause the controller to receive, via the communication device, an output of the assistive
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flexible suit sensor(s) 120 and/or an output of sensor(s) external to the assistive flexible suit
sensor(s) (e.g., area sensors, optical sensors, etc.) to provide information relating to at least
one body segment (e.g., foot, cnemis, thigh, etc.) relating to a position of or a movement of
the at least one joint (e.g., ankle joint, knee joint, hip joint, etc.). The controller may
comprise, by way of example, a central processing unit (CPU) connected to a main memory
operatively associated with one or more physical computer-readable storage device 2317.
The controller may include any suitable processor(s), such as those made by Intel and AMD.
Communication device 2316 is configured to communicate with the second control loop
2302, the assistive flexible suit 100 system, and/or a bus, another computer, processor(s),
device(s), service(s), or network.

[00284] Although FIG. 23 depicts an embodiment wherein a medical provider 2305 makes
observations of the patient’s gait, either directly (e.g., visual observation of patient, etc.) or
remote (e.g., observation of data profiles, kinematic plots, etc.), the first control loop 2301
may omit the “clinician-in-the-loop” and instead utilize an algorithm or set of algorithms to
adapt trajectories based on analysis of the kinematic data from the sensor(s) 120. By way of
example, the first control loop 2301 could determine a difference between a current kinematic
profile and a desired kinematic profile and provide an immediate correction to an acute
condition and/or periodic corrections (e.g., daily, weekly, etc.) in accord with a patient
treatment schedule.

[00285] The sensor(s) 120 comprise, by way of example and without limitation, one or more
sensors comprising one or more foot switches, pressure insoles, inertial measurement units
(IMU), accelerometers, gyroscopes, load cells, cable tension force, strain sensors,
hyperelastic strain sensors, voltage sensor, actuator voltage sensor, actuator current sensor,
physiological sensors (e.g., emg, muscle tone, muscle stiffness, muscle actuation, etc.),
etcetera. Exemplary sensors may include, but are not limited to those disclosed in WO
2014/109799 A1, WO 2013/044226 A2, WO 2013/033669 A2, WO 2012/103073 A2, WO
2012/050938 A2, WO 2011/008934 A2; US 8,316,719 B2, and PCT Application No.
PCT/US2014/040340, ecach of which is hereby incorporated herein by reference in its
entirety. In accord with at least some aspects of the present concepts, an IMU may comprise
a CHRobotics UM7-LT Orientation Sensor, manufactured by CHRobotics of Payson, UT.
In accord with at least some aspects of the present concepts, a gyroscope may comprise an ST
Microelectronics LPYS03AL manufactured by ST Microelectronics of Geneva, CH. In
accord with at least some aspects of the present concepts, a load cell may comprise a Futek

LSB200 miniature s beam load cell, manufactured by Futek of Irvine, CA.
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[00286] The controller 2315 is configured to process raw sensor information and/or pre-
processed sensor information (e.g., one or more higher level variables, such as an averaging
of data, are performed by another controller or processor) and display on the GUI 2310 the
information relating to the at least one body segment in relation to at least one gait event.
[00287] The controller 2315 is further configured to receive an input from the medical
provider 2305, via the GUI 2310, comprising one or more modified parameter(s) of an
actuation signal. The modified parameter(s) of an actuation signal, labeled as Xqes in FIG. 23,
is output from the first control loop 2301 communication device 2316 to a communication
device 2330 of the second control loop 2302. The output of the GUI 2310 is, for each degree
of freedom (DOF), a trajectory (e.g., position trajectory, etc.) defined in relation to X number
of gait events or gait phases. For example, the modified parameter(s) of an actuation signal
(X4es) may comprise a trajectory defined in relation to a gait cycle (e.g., defined in terms of 0-
100% of gait, a trajectory between the gait events of a detected heel strike and detected toe
off, a trajectory between the gait events of a mid-stance and a successive mid-stance, etc.).
[00288] In at least some aspects, the user interface 2310 advantageously permits any of
impedance, force, and position limits to be modified within the interface.

[00289] In some aspects, the user interface 2310 includes inputs for the maximum force that
the actuation system (e.g., actuator 105) can apply across the joint(s) of the wearer (e.g.,
maximum forces applied to the dorsiflexion and plantar flexion cables), which can help to
ensure that forces exceeding safe levels for a particular patient are not applied. As additional
protection, when a new force profile is generated, it is optionally drawn superimposed on top
of the current force profile to emphasize any differences between the two profiles. Protection
may be further enhanced by requiring the medical provider to actively confirm the
acceptability of the new profile before it can be passed onto the second control loop 2302 for
application to the assistive flexible suit. Advantageously, the user interface 2310 comprises a
commenting pane or record keeping function that permits, or optionally requires, the
researcher to enter comments that are time-synced to the changes in force profile to explain
why a particular change was made, particular expectations for the change, or to note patient
progress on the current profile.

[00290] In at least some aspects of the present concepts, the first control loop 2301 need not
necessarily require the user interface 2310. Specifically, the present concepts include a
situation, such as a period between office visits, where a patient contacts a medical provider
(e.g., via phone, email, text, etc.) to note a particular problem or change that may require a

minor adjustment until such time as another office visit may be arranged. In such instances, a
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medical provider could input one or more minor adjustments responsive not to visually
observed gait characteristics, as indicated in FIG. 23, but rather to descriptive information
provided by the wearer. In such instances, the medical provider could either directly output
adjustments from the first control loop 2301 or, alternatively, output an instruction to the
second control loop 2302 enabling the wearer to personally make an adjustment within
parameters specified by the medical provider.

[00291] The second (inner) control loop 2302 is configured to generate position, force,
impedance or admittance profiles based on a predetermined timing event (i.c., any event
before actuation in the specific gait cycle). By way of example, the predetermined timing
event can comprise sensor data from a contralateral leg, such as the transition from a loading
response to mid-stance in one leg corresponding to the transition from late stance to swing in
the other leg). This approach advantageously adapts assistance to gait within the same step.
As described below, the controller can be “trained” by a medical provider (e.g., a clinician)
via a medical provider input device (e.g. binary and/or continuous) into which the medical
provider inputs adjustments as the wearer of the assistive flexible suit walks or ambulates
relative to the medical provider.

[00292] The second (inner) control loop 2302 takes the modified parameter(s) of an actuation
signal (Xges)(e.g., trajectory) for the detected events and stretches the modified parameter(s)
to temporally match those events. By way of example, the modified parameter(s) of an
actuation signal (Xges) defined by the medical provider 2305 comprise a desired adjustment of
a trajectory for plantar flexion assistance wherein the trajectory between heel strike and toe
off is set to zero and the trajectory from toe off to the next heel strike is set to be 50%.
However, the second control loop 2302 is detecting, via sensor(s) 120, heel strikes and toe
offs in the time domain and determining that the timing between these events is X seconds (or
milliseconds), where X is any number. The second control loop 2302 then takes the
trajectory received from the first (outer) control loop 2301 and stretches it in the known time
domain and then proceeds to the next event. Stated differently, while the modified
parameter(s) of an actuation signal from the first control loop 2301 is defined in terms of gait
(e.g., gait percentage, gait phase, gait events, etc.), generation of that trajectory in the
assistive flexible suit 100 actuator(s) 105 requires a position or force profile in the time
domain (e.g., seconds, ms, etc.). Accordingly, a transformation is performed to convert the
modified parameter(s) of an actuation signal (e.g., x-axis is gait percent) into the time domain
(e.g., x-axis 1s time) based on a determined timing of successive gait events (e.g., heel strike)

by their respective sensor-based time stamps. Following integration of the modified
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parameter(s) of an actuation signal into the time domain prior to output to comparator
(summing point) 2345, the second control loop 2302 outputs to the actuator(s) 105 a
corresponding position or force trajectory. In at least some aspects of the present concepts,
the second control loop 2302 comprises a processing device running MATLAB Simulink
(manufactured by MathWorks of Natick, MA) and a NI DAQ board (National Instruments
Data Acquisition Board manufactured by National Instruments of Austin, TX).

[00293] Returning to the first control loop 2301, the medical provider 2305 determines what
type, amount and profile of assistance is desired from the assistive flexible suit 100 for the
patient based, at least in part, on the medical provider’s observations of the patient’s gait.
These observations may comprise direct visual observations of the patient as the patient
walks or ambulates (e.g., on a floor, across a surface, on a treadmill, etc.) and/or observations
of patient gait data on a user interface, such as, but not limited to, a graphical user interface
(“GUI”) of a tablet device, laptop computer, smart phone, smart watch, Google Glass,
computer terminal, computer, or the like. In the latter case, the patient need not be physically
present at a location of the medical provider 2305. Instead, the assistive flexible suit 100
sensor(s) 120 and communication device (e.g., wireless device, wireless sensors, wi-fi device,
cellular device, etc.) transmit the gait information (e.g., gait events, etc.) to the first control
loop 2301 as raw data or processed data (e.g., averaged, integrated, etc.). The medical
provider 2305 performs the same analysis as before and, via input to the GUI 2310 or other
user interface (e.g., keyboard, keypad, etc.), outputs (e.g., wirelessly via a communication
device 2316) the modified parameter(s) of an actuation signal to the assistive flexible suit 100
second control loop 2302.

[00294] FIG. 23 shows, by way of example, one potential second control loop 2302
embodiment in accord with at least some aspects of the present concepts. The specific
architecture of this second control loop (low level control) 2302 is not critical to the inventive
concepts and the second control loop may comprise, for example, a cable position control, a
cable force control, an impedance/admittance control, etc. The important characteristic of the
second control loop 2302 is simply that it is configured to detect one or more gait events and
generate trajectories (e.g., force signal, velocity signal, etc.) that are adapted responsive to the
output of the first control loop 2301. As mentioned above, in at least some aspects of the
present concepts, one or more processors (located locally and/or remotely to the assistive
flexible suit), in accord with one or more instruction sets borne by physical memory devices
(located locally and/or remotely to the assistive flexible suit), are configured to monitor a

wearer’s gait in an unassisted condition (e.g., via one or more sensors disposed on the
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assistive flexible suit or externally thereto) and then modify one or more aspects of a force
trajectory output by the at least one actuator to thereby modify the assistive torque developed
across the at least one axis of the at least one joint during movement of the at least one joint,
the wearer’s modified gait being used as a further input to the one or more processors and
associated one or more instruction sets for further evaluation of the wearer’s gait and further
iterative modification of one or more aspects of a force trajectory output by the at least one
actuator. Thus, the system (without a clinician-in-the-loop in the present example) uses one
or more sensors to see how a patient walks with no assistance from the assistive flexible suit,
learns what assistance is needed by the patient, determines a force or combination of forces to
apply at one or more points during the gait cycle, monitors patient kinematics responsive to
the applied force(s), and continues to iteratively refine the applied force(s) until a desired
result is achieved. A significant feature of the assistive flexible suit is that patients can walk
normally (e.g. with their normal pathological gait) and their normal pathological gait can be
accurately monitored with sensors because the suit is so lightweight and flexible that it
doesn’t alter the patient’s normal gait — a feat not able to be duplicated by conventional rigid
exoskeletons.

[00295] Although FIG. 23 depicts an embodiment wherein a medical provider 2305 makes
observations of the patient’s gait, either directly (e.g., visual observation of patient, etc.) or
remote (e.g., observation of data profiles, kinematic plots, etc.), the first control loop 2301
may omit the “clinician-in-the-loop” and instead utilize an algorithm or set of algorithms to
adapt trajectories based on analysis of the kinematic data from the sensor(s) 120. By way of
example, the first control loop 2301 could determine a difference between a current kinematic
profile and a desired kinematic profile and provide an immediate correction to an acute
condition and/or periodic corrections (e.g., daily, weekly, etc.) in accord with a patient
treatment schedule.

[00296] While the aspects of the assistive flexible suit disclosed herein provide acute benefits
to gait while worn, the assistive benefits are not limited to such benefits. Indeed, use of the
assistive flexible suit in combination with adjuvant therapies, such as partial body weight
support and functional electrical stimulation, can have a substantial impact after stroke by
altering trajectories often set during the critical first weeks after stroke, potentially reducing
the need for assistive devices (e.g., cane or walker), ankle-foot orthoses, and gait training that
encourages and reinforces compensatory walking patterns over the restoration of normal
mechanics. Moreover, the assistive flexible suit is desirably integrated into all phases of

rehabilitation, not only early stages.
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[00297] Outpatient rehabilitation is often limited both by duration and environmental context.
The integration of assistive flexible suits into rehabilitation (e.g., post-stroke gait
rehabilitation, etc.) has the potential to overcome the duration and environmental limitations
by bridging the gap between the clinic and the patient’s home environment in a manner that
maximizes rehabilitation efforts and transforms normal day-to-day activities into meaningful
opportunities for gait training. As one example of the application of the present concepts to a
patient’s normal day-to-day activities, in a paradigm in which a patient is prescribed a certain
amount of outpatient physical therapy (e.g., 3 days a week), a medical provider (e.g., a
physical therapist) can discuss with the patient the patient’s needs on that day and remotely
interface with the assistive flexible suit via a user interface (e.g., a wireless tablet interface,
etc.) to customize an assistance profile that meets the patient’s needs on that day (see, e.g.,
FIG. 23). The medical provider and patient can then capitalize on the immediate increase in
capacity provided by the assistive flexible suit and carry out a more intensive gait retraining
program than was previously possible, ultimately maximizing the repetition and intensity
principles of experience-dependent neuroplasticity. The medical provider could also utilize
the real-time data collected by the assistive flexible suit’s sensors to evaluate within-session
and across-session progress.

[00298] Although using the assistive flexible suit in-clinic provides the medical provider with
a unique and innovative tool to assist with patient mobility and training, the present concepts
significantly permit a medical provider to discharge a patient home with the assistive flexible
suit programmed to execute an individualized, progressive in-the-community rehabilitation
program (e.g., 3-5 days a week of 1 hour of assistive flexible suit assisted walking).
Concurrently, spatiotemporal and step activity data can be continuously recorded for review
by the medical provider and, optionally, the patient. This review, for example, could be
enabled to occur remotely in real-time or at some later point in time (e.g., during a later point
in time during the rehabilitation but offset from real-time, post-rehabilitation, etc.), or when
the patient returns to a clinical setting for treatment. This in-the-community rehabilitation
data serves to provide the patient and medical provider with specific knowledge of
performance and results that may be critical in promoting inter-session carryover of gains
made during treatment. Furthermore, patients could upload their data to a social network (e.g.
www .patientslikeme.com) and demonstrate their progress to a support community, providing
additional positive reinforcement. Advantageously, such an assistive flexible suit based
neurorchabilitation program works synergistically with a patient’s daily community

engagements (e.g., a walk to a local store), thus maximizing the rehabilitation potential of
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day-to-day activities.

[00299] It is believed that a rchabilitation model that shifts the emphasis of targeted gait
rehabilitation from a number of sessions per week (e.g., 3-5 sessions) in a clinical-
environment to the day-to-day community activities of the patient, will yield significant
improvements in patient rehabilitation. Improvements in clinic-measured walking speed (ie,
walking capacity) following a clinic-based locomotor program may not translate into
increased community walking activity due to the inability to train clinic-based walking speed
in a context meaningful to community walking. For example, a subject who can walk faster
in the calmness of the clinic may be limited by deficits in their balance self-efficacy at the
thought of crossing a busy street or when attempting to walk faster on an uneven, noisy
sidewalk crowded by pedestrians. Moreover, particularly when a medical provider such as a
therapist is available to monitor the assistive flexible suit sensor data in real-time and fine-
tune the assistance provided as needed to match the patient’s changing needs, patients will
likely feel more empowered to engage in community-based activities.

[00300] FIG. 24 shows an example of a first control loop 2301 GUI 2310 according to at
least some aspects of the present concepts. This example concerns an embodiment of the
assistive flexible suit 100 having two actively controlled degrees of freedom, shown in the
GUI screen shot 2400 as a dorsiflexion plot 2410 (DF Trajectory Command) and an ankle
plantar flexion plot 2420 (PF Trajectory Command). It can be seen that these plots 2410,
2420 allow control of very finely commanded trajectories. In this example, the actuation
signals (e.g., trajectories) are defined by a medical provider 2305 from a heel strike (0% of
the plots) to the next heel strike (100%).

[00301] In the dorsiflexion plot 2410, the current trajectory 2412 shows that the position (DF
Trajectory Command)(mm) is decreasing from a level of about 30mm travel down to a zero
or near zero level (i.e., slack) over a gait phase from 0% gait to about 11% gait, whereat is
remains at or near zero until about 40% gait, at which point it rises and plateaus again at
about a 30mm travel at about 62% gait, where it stays for the remainder of the gait cycle. In
the “new” trajectory 2414 commanded by the modified parameters of an actuation signal
input into the GUI 2400 is decreasing from a new level of about 55mm down to a zero or
near zero level (i.e., slack) over a gait phase from 0% gait to about 18% gait, whereat is
remains at or near zero until about 25% gait, at which point it rises and platecaus again, at
55mm, at about 54% gait, where it stays for the remainder of the gait cycle.

[00302] In the plantar flexion plot 2420, the current trajectory 2422 shows that the position

(PF Trajectory Command)(mm) is zero or near zero (i.e., slack) over a gait phase from 0%
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gait to about 35% gait, where it increases until about 50% gait, at which point it plateaus at
25mm and remains until about 55% gait, whereat it decreases back down to zero or near zero
(i.e., slack) over a gait phase from about 55% gait to about 62% gait and remains at zero or
near zero for the remainder of the gait cycle.

[00303] FIG. 25 shows another example of a first control loop 2301 GUI 2310 according to
at least some aspects of the present concepts. FIG. 25 shows, in particular, an embodiment of
the assistive flexible suit 100 having three actively controlled degrees of freedom, shown in
the GUI screen shot 2500 as a dorsiflexion plot 2510 (DF Command Trajectory)(mm), an
ankle plantar flexion plot 2520 (PF Command Trajectory)(mm) and a hip extension plot 2530
(Hip Extension Command Trajectory)(mm). As compared to the example of FIG. 24, this
example of a GUI 2500 allows a finer level of control over the trajectories. In particular, as is
see in the dorsiflexion plot 2510, the current DF Command Trajectory 2512 decreases in a
curvilinear manner between about 6% gait and about 20% gait and increases in a curvilinear
manner between about 36% gait and about 85% gait, rather than a more linear progression.
The GUI 2500 of FIG. 25 provides very relevant data to the medical provider in window
2501 such as, but not limited to, stride time, % stance period on the impaired leg, and %
stance on the sound leg, shown in window 2502. Additional data provided to the medical
provider 2305 may include, by way of example, any spatial temporal gait variable such as
gait symmetry, swing duration or cadence.

[00304] FIG. 26 shows an example of a trajectory control according to at least some aspects
of the present concepts. Further to FIGS. 24-25, FIG. 26 shows an example of degree of
control that can be given to the actuation of cach degree of freedom of the assistive flexible
suit 100. For simplicity, the example depicted relates to position control of one assistive
flexible suit 100 actuator 105. Of course, the assistive flexible suit 100 actuator 105 could
alternatively be controlled in another manner, such as via force, impedance, admittance, or
other joint-level variable(s). In the example of FIG. 26, five parameters (labeled in numbered
circles 1-5) are tunable either directly by the medical provider 2305, or with the help of an
operator. These five parameters determine the position of the actuator cable (e.g., Bowden
cable) at different moments of the gait cycle, referred from a 0% (heel strike) to 100%
(following heel strike) of the impaired side gait. The five parameters are, from left to right,
(3) the gait % at which the cable begins to release (eccentric), (4) the gait % at which a slack
position is reached, (1) the gait % at which the cable begins to shorten (concentric), (2) the
gait % at which maximum dorsiflexion is reached, and (5) setting of the maximum

dorsiflexion position.
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[00305] FIG. 27 shows another example of a trajectory control according to at least some
aspects of the present concepts. Similar to FIG. 26, FIG. 27 shows an example of degree of
control that can be given to the actuation of cach degree of freedom of the assistive flexible
suit 100. However, rather than the fairly linear trajectory shown in FIG. 26, FIG. 27 shows a
more complex trajectory control with more highly-tunable section. In particular, the
trajectories can be seen to be curvilinear, such as the trajectory between about 50-100% gait
cycle. In accord with the present concepts, the trajectories can be any combination of linear
or curvilinear (characterized by a curved line, which may have one or more than one
inflection points) segments, without limitation.

[00306] In relation to the discussion above, the automated control part of the system
architecture performed in the second control loop 2302 comprises two steps (1) detecting one
or more gait events based on measurement from the affected leg, sound leg, a combination of
the affected and sound legs and/or data from other body part(s) (e.g., events detected on the
legs may include heel strike of the affected side, heel strike of the sound side, toe off on the
affected/sound side, heel off affected/sound side, or foot-flat section of gait) and (2) adapting
a trajectory (x-axis is % gait from 0%-100% or % phase of gait) defined in the medical
provider 2305 interface (e.g., GUI 2310) to a trajectory defined in terms of time (seconds),
that can be generated by the actuator. As previously noted, to generate a command to the
actuators, the actuation profile is advantageously defined as a function of time so the
trajectory input by the medical provider 2305 in relation to % gait must be converted to a
trajectory with a x-axis in seconds. In at least some aspects of the present concepts, where
one event is detected (e.g., affected leg heel strike), an average of the last N steps duration
(heel strike time minus previous heel strike time) is updated. N may advantageously
comprise a small number (e.g., 2-5), but can be any integer (e.g., N can be one, in which case
the previous step duration is used as predictor of the step duration). Then, a profile is
generated by “stretching” the trajectory expressed in % gait uniformly so that 0%
corresponds to the current time, and 100% corresponds to the current time plus the average
duration of the last N steps.

[00307] In at least some aspects of the present concepts, where two gait events are detected,
the second control loop 2302 automated control architecture (1) detects two gait events (e.g.,
heel strike and toe off on a sound leg, heel strike of assisted leg and heel strike of
contralateral leg, two events on a sound leg, heel strike and toe off on a contralateral leg, two
events on a contralateral leg, etc.) and (2) assistance is defined relative to these two gait

events and adapted based on the trajectory defined in the first control loop.
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[00308] In accord with the present concepts, the gait events can be detected using sensors
from either leg (ipsi or contralateral leg) or both legs. As to the assistance defined relative to
the two gait events, a first part of the trajectory is defined after the first gait event is detected
and a second part of the trajectory is defined after the second event is detected. This allows
the commanded actuation profile to be more synchronized with the gait of the wearer of the
assistive flexible suit 100. This is particularly important on a patient, where the predictability
of the gait is very low. By way of example, different gait events for the same patient may
have differing durations therebetween (e.g., a duration between a first and a second heel
strike may be different than the second heel strike and a third heel strike).

[00309] FIG. 28 shows an example of event detection using gyroscopes according to at least
some aspects of the present concepts. A gyroscope (by itself or as part of an inertial
measurement unit (IMU)) mounted on the assistive flexible suit 100, or externally thereto
(e.g., on a shoe) can provide valuable information to detect gait events during walking. Of
particular challenge in designing the present system were enabling sufficient robustness to
work reliably and adaptively when applied to signals coming from the affected or sound leg,
on different patients with different gait manifestations leading to different gait characteristics
or patterns (e.g., different foot velocities), and to keep working after actuation is provided,
which changes the foot speed pattern. FIG. 28 depicts signals from the sound leg (top) and
impaired leg (bottom) of a stroke patient, wherein the impairment particularly involves the
foot kinematics. The heel strikes 2810 of the sound leg (top) are seen to be very different
from the heel strikes 2820 of the impaired leg. Further, the heel strikes 2820 exhibit step-to-
step variance. Aspects of the control strategy for the assistive flexible suit 100 that utilize
one or more gyroscopes advantageously permit collection of and exploitation of certain
observed characteristics (regularities) of the experimental data such as, but not limited to, a
strong downward trend (corresponding to the foot swing phase) always occurring before heel
strike, a heel strike corresponds to a positive local peak in the signal subsequent to a negative
dip, and a positive local peak that is not preceded by a negative dip is not a heel strike.
[00310] FIGS. 29A-29B show examples of adaptive thresholds according to at least some
aspects of the present concepts wherein the assistive flexible suit 100 system comprises
gyroscopes as part of a gait event detection subsystem. FIGS. 29A-29B show, relative to
underlying sound leg gait pattern 2905 (raw gyro data) and impaired leg gait pattern 2915
(raw gyro data), a positive threshold 2910 and a negative threshold 2920. The positive
threshold 2910 corresponds to X * average of the last N detected positive peaks (X<1, e.g.,

0.5, etc.). This positive threshold 2910 is updated every time a positive peak is confirmed.
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The negative threshold 2920 corresponds to Y * average of the last N detected negative peaks
(Y<1, e.g., 0.5, etc.). The negative threshold 2920 is updated every time a negative peak is
detected. FIGS. 29A-29B also show heel strike confirmation stamps 2925 and search
windows 2330. These graphs show how the positive and negative thresholds 2910, 2920 are
adapted for each and every step. The thresholds are initialized at a predetermined number
(e.g., 1V) and the patient or wearer utilizing the assistive flexible suit 100 is instructed to
walk for a few steps with the assistive flexible suit in a passive state and the positive and
negative thresholds 2910, 2920 converge to their natural value. After this initialization, “the
algorithm can be used” with the assistive flexible suit in an active mode.

[00311] FIGS. 30A-30B show an example of heel strike detection according to at least some
aspects of the present concepts wherein a gyroscope is utilized on a stroke patient with a
sound leg (top gait pattern) and an impaired leg (bottom gait pattern). In the present example,
the sensor data is gyro data, but the sensor data could be obtained from or derived from one
or more other sensors, without limitation, in accord with other aspects of the present
concepts. In accord the at least some aspects, a moving average is kept with the last Z
milliseconds of the data signal. It at least some aspects of the present concepts, Z is set to a
value between 20-50 ms, but Z could alternatively be set to another lesser or greater value in
accord with other aspects of the present concepts. This moving average is updated at each
heel strike confirmation time stamp 3025 (see also, e.g., reference numeral 2925 of FIGS.
29A-29B). When the moving average falls below the negative threshold 3020, a peak search
3040 is enabled and initiated. When the moving average rises above the positive threshold
3010, a search for the maximum value is started, keeping track of the time and magnitude of
the maximum value 3050. When the data signal goes below the maximum value 3050 for a
predetermined time, the peak is confirmed at time stamp 3075. In at least some aspects, this
predetermined time may be between about 5-10 ms, but the predetermined time could be a
time less than, or greater than, that exemplary range. The heel strike detection system then
outputs the time of the detected maximum (peak) 3050 and the delay between the time of the
actual peak and the time the peak was confirmed 3075. The positive and negative thresholds
3010, 3020 are then respectively updated with the positive and negative peaks.

[00312] In relation to FIGS. 30A-30B, and in accord with at least some aspects of the present
concepts, when an average of differentiation of the moving window is below a predetermined
negative value, which can be a fixed value or an adaptive value, and a current gyro signal is
below a negative threshold (search window trigger threshold), a peak search is enabled. In

such aspects, when the moving average goes above a positive threshold a search for the
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maximum is started and conducted by keeping track of the time and magnitudes to permit
determination of the maximum value therefrom. When the gyro signal falls below 80% of
the difference between the maximum value and the minimum value while the search window
is open, the peak is confirmed. The controller executing the heel strike algorithm then
outputs to the control system the time of the detected maximum peak and the delay in time
from the time at which the peak was detected and confirmed. The thresholds are updated
with the positive and negative peaks.

[00313] FIGS. 31A-31B show enlarged portions of the gait patterns in FIGS. 30A-30B to
more clearly illustrate details of the positive and negative thresholds 3010, 3020 and aspects
of the heel strike detection system, particularly focusing on the time frame between 20.5
seconds and 22.5 seconds. In this time frame, in this example, the heel strike detection
system outputs also the delay between the time 3075 at which the peak was confirmed and
the time 3050 of the actual peak. This enables the heel strike detection system to
automatically adjust the trajectory generation to take this delay into account, as is shown in
FIG. 32, which shows an example of delay compensation for detected heel strike according to
at least some aspects of the present concepts. Specifically, FIG. 32 shows the effect of
compensating for the delay between the real heel strike (the time 3050 of the maximum) and
the confirmation of the peak at time 3075 when generating the trajectory or profile (in this
case, a plantar flexion trajectory).

[00314] FIGS. 33A-33B show gait patterns for initiation and termination of walking (non-
continuous walking with repeated gait initiation and termination) of a stroke patient during
overground walking, including gait pattern analysis according to at least some aspects of the
present concepts. It can be seen that the adaptive threshold method utilizing the positive
threshold 3010 and negative threshold 3020, described above, ensures reliable detection of all
peaks in all conditions, on both legs, even if the starting values were identical at the
beginning (adaptive effect). Accordingly, this method and system can detect every single
heel strike during the gait, including the first and last, with no special modification being
required to detect initiation of walking or termination of walking.

[00315] FIGS. 34A-34B show examples of commanded trajectories 3410 for a position
control actuator (mm) and local forces (N), particularly dorsi flexor forces 3420, relative to
heel strike 3450, for situations with handrail and without handrail, according to at least some
aspects of the present concepts.

[00316] FIGS. 35A-35B show controller concepts according to at least some aspects of the

present concepts wherein a dorsiflexion (DF) command trajectory (mm) is shown at the top
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of FIG. 35A and a dorsiflexion local force (N) is shown at the bottom of FIG. 35A, in relation
to an indication of heel strike 3550. FIG. 35B shows the current DF command trajectory
3510 of FIG. 35A as it is to be modified by a proposed DF command trajectory 3520 in
subsequent steps.

[00317] FIG. 37 shows acts in a method according to at least some aspects of the present
concepts. The steps of the process shown with respect to FIG. 37 may be practiced in accord
with the above disclosure to achieve the following steps. The method of FIG. 37 comprises
an act of outfitting a person with an assistive flexible suit 100 (act S3700), such as is
described herein. As described above, the assistive flexible suit is unilateral or bilateral in
that it modifies movement of an individual with respect to one side of the individual about the
sagittal plane, or both sides of the individual about the sagittal plane. However, although the
flexible assistive suit may be described as unilateral, a unilateral assistive flexible suit may at
least include one or more sensors on the side not assistive by the flexible assistive suit. In
one embodiment, the assistive flexible suit includes a resilient element attached to one or
more of the plurality of attachment points to permit modification of one or more of plantar
flexion, dorsiflexion, supination, pronation, inversion, eversion, adduction, or abduction via
reactive forces generated by the resilient element.

[00318] By way of example, the assistive flexible suit (such as assistive flexible suit 100)
may include at least a first anchor element configured for positioning at or near a first body
part and a second anchor element configured for positioning at or near a second body part.
The assistive flexible suit may further include a plurality of connection elements extending
between the first anchor element and the second anchor element, and at least one of the
plurality of connection elements spanning at least one joint disposed between the first anchor
element and the second anchor element. The assistive flexible suit also includes at least one
sensor, at least one actuator, at least one force transmission element connecting an output of
the at least one actuator to the second body part, and at least one controller configured to
actuate the at least one actuator responsive to one or more predefined events occurring during
movement to produce an actuation profile generating a moment about the at least one joint
during movement of the at least one joint. In one embodiment, the at least one sensor is a
plurality of sensors, with at least a first sensor disposed on a first leg and at least a second
sensor disposed on a second leg.

[00319] The at least one assistive flexible suit actuator is configured to output a first force
profile to impart a first torque profile across a first joint during the gait cycle output a second

force profile to impart a second torque profile across a second joint during the gait cycle.
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Further, the assistive flexible suit includes a plurality of force transmission elements
connecting an output of the at least one actuator to a plurality of attachment points at or about
the second body part. More specifically, the plurality of force transmission elements may
connect an output of the at least one actuator to a plurality of attachment points selected to
permit modification of one or more of plantar flexion, dorsiflexion, supination, pronation,
inversion, eversion, adduction, or abduction. More specifically, a force transmission element
of the plurality of force transmission elements may connect to an output of the at least one
actuator to a first attachment point to permit modification of plantar flexion about the ankle,
and a force transmission element of the plurality of force transmission elements may connect
an output of the at least one actuator to a second attachment point to permit modification of
dorsiflexion about the ankle. Alternatively, or in addition, a force transmission element of
the plurality of force transmission elements may connect an output of the at least one actuator
to a first attachment point to permit modification of supination about the ankle, and a force
transmission element of the plurality of force transmission elements connects an output of the
at least one actuator to a second attachment point to permit modification of pronation about
the ankle. Alternatively, or in addition, a force transmission element of the plurality of force
transmission elements may connect an output of the at least one actuator to a first attachment
point to permit modification of inversion about the ankle, and wherein a second force
transmission element of the plurality of force transmission elements may connect an output of
the at least one actuator to a second attachment point to permit modification of eversion about
the ankle. At least some of the plurality of force transmission elements may be modular and
selectively incorporated into or removed from the assistive flexible suit to provide selective
connection between an output of the at least one actuator to one or more attachment points to
selectively modify one or more of plantar flexion, dorsiflexion, supination, pronation,
inversion, eversion, adduction, or abduction.

[00320] The method further comprises an act S3710 of monitoring an output of the at least
one sensor as the wearer moves in a first controlled movement environment (act S3710),
which may comprise, by way of example, a treadmill, a floor, or other surface which enables
a wearer of the assistive flexible suit 100 to produce a reference gait pattern that is not unduly
influenced by irregularities in the environment navigated. In other aspects, following
performance of the acts shown in FIG. 37, the person wearing the assistive flexible suit may
also be monitored in a second controlled movement environment (e.g., a floor, an
instrumented floor, a substrate, level ground, an inclined surface, a declined surface, stairs,

etc.) and refinements to one or more settings of the assistive flexible suit 100 actuation
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system performed, as described herein. In at least some aspects, the act of monitoring is
performed by a medical provider in the loop via a suitable user interface.

[00321] At act S3720, at least one predefined gait event is identified using the output of the at
least one sensor. In at least some aspects, the identified at least one predefined gait event
comprises at least one of a heel strike, toe off, heel off, foot flat, foot landing, a start of
controlled dorsiflexion, a start of powered plantar flexion, a height of wearer’s center of mass
relative to the ground, an initiation of a muscle eccentric contraction, or an initiation of a
muscle concentric contraction. In one aspect of the present concepts, the at least one
predefined gait event comprises two or more gait events. In yet other aspects, the
predetermined gait events comprise both of a first gait event relating to an assisted leg and a
second gait event relating to a contralateral leg.

[00322] At act S3730 in FIG. 37, an actuation profile of the at least one actuator is adjusted.
In some aspects, the act of adjusting of the actuation profile includes adjusting one or more of
a timing of actuation of an actuator, a ramp up force profile delivered by the actuator, a ramp
down force profile delivered by the actuator, a maximum amplitude of force delivered by
actuator, or a duration of force delivered by the actuator. Likewise, the act of adjusting of the
actuation profile includes adjusting one or more of a timing, a ramp up force profile
delivered, a ramp down force profile delivered, a maximum amplitude of force delivered, or a
duration of force delivered by a plurality of actuators. As used herein, the terms “ramp up”
and “ramp down” are generally used to refer, respectively, to an increase in value from a first
value to a second value and a decrease in value from a first value to a second value with no
limitation in the path between the first value and the second value. Thus, the ramp up or
ramp down could be linear and/or curvilinear and/or a plurality segments that are individually
linear and/or curvilinear, without limitation, and such increase(s) or decrease(s) can have any
rate(s) of increase and/or decrease, inclusive of plateaus between the first value and the
second value wherein there is no increase or decrease. In at least some aspects of the present
concepts, the “ramp up” or “ramp down” may comprise a substantially linear, gradual
increase or decrease in force, respectively, but the present concepts are not limited thereto. In
some aspects, the adjusting of the actuation profile includes modification of dorsiflexion
and/or plantar flexion. Any of the above described modifications may include, for example,
an act of providing an assistive moment to one or more joints or providing a resistive moment
to one or more joints.

[00323] In at least some aspects of the present concepts, sensor data is output from one or

more sensors 120 of the assistive flexible suit 100 to a remote computer, controller or server
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(e.g., controller 2315 in FIG. 23) using an embedded (e.g., attached to assistive flexible suit)
or external (e.g., personal cellular phone) wireless communication device operatively
associated with the assistive flexible suit 100. In at least some other aspects of the present
concepts, sensor data is output from one or more sensors 120 of the assistive flexible suit 100
to a local computer, controller or server (e.g., controller 2315 in FIG. 23) using a wireless or
a hardwired connection therebetween. In an example of in-the-community rehabilitation, the
sensor data provides, by way of example, performance metrics on kinematics (ROM),
walking speed, walking distance, and assistive force profiles, enabling a medical provider to
monitor the sensor data in real-time and to provide real-time inputs to the assistive flexible
suit to actively facilitate the patient’s rehabilitation.

[00324] Likewise, an updated actuation profile instruction sent from the medical provider
(e.g., output from the first control loop 2301 of FIG. 23), in some aspects of the present
concepts, is received by a wireless communication device (e.g., communication device 2330
of the second control loop 2302 of FIG. 23, a communication device integrated into a
personal device such as a watch or a tablet, etc.) and implemented by an assistive flexible suit
controller. The updated actuation profile instruction set may comprise a small adjustment
(e.g., less than about a 25%, less than about a 20%, less than about a 10%, less than about a
5%, less than about a 3%, etc.) in one or more characteristics of an actuation profile. The
present concepts certainly include larger changes in magnitude to any characteristic of
actuation, without limitation, and the above description of smaller adjustments are intended
merely to illustrate some possible ranges of adjustment, not limitations on the extent of
potential adjustments.

[00325] These adjustments are input, in at least some aspects of the present concepts, a
medical provider “in the loop” via a GUI interface and the medical provider determines what
type, amount and profile of assistance provides a desired improvement in gait. However, the
present concepts expressly include utilization of the wearer “in the loop,” in licu of, or
complementary to, the medical provider. In such aspects, the wearer is enabled to input
manual, direct adjustments to the second control loop 2302 through a suitable user interface
(e.g., cell phone application, suit-based controls, etc.). Particularly following progression of
a wearer’s therapy or rehabilitation, such patient may be empowered by the medical provider
and/or control system to input small changes at-will, or from time-to-time (e.g., on a
schedule), such changes being expected to be smaller incremental adjustments than those
noted above made directly by the medical provider. For example, a wearer may be permitted

to make an adjustment of only up to about 1% or 2% of a characteristic of actuation profile,
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optionally within a predetermined time period (e.g., 1% change permitted per minute, 1%
change permitted in a 10 minute interval, etc.). As previously noted, actuation profile
characteristics include, but are not limited to, a timing of actuation of an actuator (e.g., a start
time and/or a stop time), a ramp up force profile delivered by the actuator (e.g., an amplitude
and/or a rate of increase), a ramp down force profile delivered by the actuator (e.g., a rate of
decrease), a maximum amplitude of force delivered by actuator, or a duration of force
delivered by the actuator. In such instances, the wearer is optionally empowered to make a
small adjustment to see what “feels” better or more natural at a given time, in a given
environment. In this regard, the assistive flexible suit 100 may comprise a plurality of modes
that are set by a medical provider (e.g., walking at a first pace, walking at a second pace
faster than the first pace, walking on an incline, walking on a decline, walking on a surface
requiring a first degree of foot-ground clearance, walking on a surface requiring a first degree
of foot-ground clearance greater than the first degree of foot-ground clearance, and/or a
manual mode that permits the wearer to make small adjustments, etc.) and/or set by a wearer.
[00326] At act S3740, it is determined whether further adjustment to the actuation profile is
required, such as by the medical provider “in the loop”. If “yes,” the process proceeds to act
S3750. If “no,” the process proceeds to act S3760, where the at least one controller is set to
implement the actuation profile.

[00327] At act S3750, the above acts of monitoring, identifying, and adjusting (S3710-
S3740) continue to be performed until an actuation profile of actuator(s) generates a
beneficial moment about the joint(s) of interest to promote an improvement in gait, at which
point the determination in act S3740 is “no” and the method proceeds then to act S3760. In
one embodiment, the above steps are iteratively performed to yield a second actuation profile
promoting an improvement in a second gait different from the gait, with the gait including a
first walking pattern (e.g., a first mode of operation) and a second walking pattern (e.g., a
second mode of operation).

[00328] Although FIG. 37 depicts a single iteration of adjustment of the assistive flexible suit
100, such as would occur in an office visit to a medical provider, it is to be understood that
the acts of FIG. 37, and optionally other acts disclosed herein, would be performed
periodically to adjust the actuation profile of the actuator(s) to provide continuing
rehabilitative or therapeutic benefit to the wearer.

[00329] As should be apparent from the preceding discussion, the various aspects of the
assistive flexible suit disclosed herein are not limited to clinical use, but are rather

particularly suited for extension to the home and community with an individualized
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rehabilitation program designed to increase the patient’s mobility and movement (e.g.,
walking, navigation of stairs, etc.). The assistive flexible suit provides both an active orthotic
effect (e.g., applying restorative forces in parallel with the impaired musculature) and a
rehabilitative effect (e.g., using sensors to measure key parameters of walking --
spatiotemporal variables and step activity --) to facilitate implementation of patient-specific
walking activity programs that target both walking strategy and quantity.

[00330] In any of the above aspects, the improvement in gait may include, by way of
example and without limitation, an improved left-right symmetry, improved temporal
symmetry in hemiparetic gait, improved spatial symmetry in hemiparetic gait, increased
ankle range of motion of an affected side during the gait cycle in hemiparetic gait, increased
ground clearance during swing phase, increased plantar flexion force during push-off,
increased self-selected walking speed, and/or reduced compensatory movements in the non-
sagittal plane. By way of example, measurements of the suit-wearer interaction forces and
kinematics of the healthy and paretic legs to determine the gait asymmetry for each step, the
controller is able to focus on restoring bi-lateral symmetry between both legs by providing
different levels of assistance for each limb. For the paretic leg, it will provide active
assistance or cues to either replace missing function in the case of complete muscle weakness
(e.g. dorsiflexion assistance for foot drop) or restore joint power in the case of weak muscles
(e.g. plantar flexion assistance for push off). For hemiparetic stroke patients, the healthy leg
often has to work significantly harder and so the controller will also augment the healthy leg
if necessary, thus helping to delay the onset of fatigue for the patient.

[00331] As to a location of the sensor(s) 120, in at least some aspects, one or more sensors
are disposed on one of the wearer’s body parts (e.g., an impaired leg), and the beneficial
moment about the at least one joint is provided to that body part. In other aspects, one or
more sensors are disposed on one of the wearer’s body parts (e.g., a sound leg, an arm, the
torso, the head, etc.), and the beneficial moment about the at least one joint is provided to
another body part (e.g., an impaired leg). In one aspect, the beneficial moment applied about
one or more joints is provided to at least a first body part (e.g., an impaired leg) responsive to
an output of one or more sensors on that first body part or on another body part. In another
aspect, the beneficial moment applied about one or more joints is provided to at least a first
body part (e.g., an impaired leg) responsive to an output of a combination of sensors on
different body parts (e.g., on both legs). Thus, when a joint to be assisted is a joint on the
first leg, the beneficial moment about the joint may be triggered responsive to an output from

one or more sensors on the second leg. Alternately, a beneficial moment to be applied about
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a joint of the first leg may be triggered responsive to an output from a combination of sensors
on the first leg and the second leg. By way of example, one or more sensors are disposed on
a first leg and one or more sensors are disposed on a second leg, with the beneficial moment
being applied about at least one joint (e.g., ankle, knee, hip) of one of the legs (e.g., the first
leg or the second leg) to provide an improvement in gait responsive to an output of the
sensors on both legs. As previously noted, the sensor data senses and outputs data indicative
of (e.g., direct or indirect measurement) of a condition correlated to one or more
predetermined gait events (e.g., a heel strike sensor directly measures a heel strike event, etc.)
such as a heel strike, toe off, heel off, foot flat, foot flat, foot landing, a start of controlled
dorsiflexion, a start of powered plantar flexion, a height of wearer’s center of mass relative to
the ground, an initiation of a muscle eccentric contraction, or an initiation of a muscle
concentric contraction.

[00332] In at least some aspects, a method for configuring an assistive flexible suit 100
comprises the act of outfitting a person with an assistive flexible suit comprising at least a
first anchor element configured for positioning at or near a first body part, a second anchor
element configured for positioning at or near a second body part, a plurality of connection
elements extending between the first anchor element and the second anchor element, wherein
at least one of the plurality of connection elements spans at least one joint disposed between
the first anchor element and the second anchor element. By way of example and without
limitation, the first body part comprises a thigh and the second body part comprises the
cnemis, with the at least one joint being the knee therebetween. By way of further example,
the first body part comprises the cnemis and the second body part comprises a foot, with the
at least one joint being the ankle therebetween. As previously noted, the assistive flexible
suit 100 comprises one or more sensors, one or more actuators, and one or more force
transmission elements connecting an output of the actuator(s) to the second body part,
together with one or more controllers configured, responsive to the sensor(s), to actuate the
actuator(s) attachment(s) at predetermined times during movement of the joint(s) to generate
a beneficial moment about the joint(s).

[00333] The above method for configuring an assistive flexible suit 100 further
includes the act of connecting a force transmission element to a corresponding actuator of an
offboard actuation system 200 to provide an output of the oftboard actuator to the second
body part. In this capacity, the offboard actuator actuates the force transmission element in
lieu of the native assistive flexible suit actuator. So configured, the method includes the acts

of monitoring an output of the sensor(s) as the person moves in a first controlled movement
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environment and identifying at least one predetermined gait event using the output of the
sensor(s). The method further includes the acts of controlling an actuation of the offboard
actuator(s), using an offboard controller, responsive to the output of the sensor(s) and
adjusting an actuation profile of the offboard actuator(s). The acts of monitoring, identifying,
controlling and adjusting continue to be performed until an actuation profile yields a desired
beneficial moment(s) about the joint(s) (e.g., such as a moment promoting, or in fact
providing, an improvement in gait). The adjusting of the actuation profile may comprise, for
example, adjusting any one of, or combination of, a timing of actuation of actuator(s), a ramp
up force profile delivered by the actuator(s), a ramp down force profile delivered by the
actuator(s), a maximum amplitude of force delivered by the actuator(s), or a duration of force
delivered by the actuator(s). In particular examples, the adjusting of the actuation profile
comprises adjusting of the actuation profile to modify dorsiflexion or plantar flexion.

[00334] Following use of the offboard actuation system 200 (e.g., as part of the first control
loop 2301 of FIG. 23) to collect the data necessary to properly adjust the assistive flexible
suit actuation profile parameters, the method includes the acts of connecting the assistive
flexible suit actuator(s) to the force transmission element(s) and setting the assistive flexible
suit controller to implement the actuation profile via the actuator(s) to provide the desired
beneficial moment(s) about the joint(s).

[00335] In accord with yet other aspects of the present concepts, a method for dynamically
adjusting control outputs of an assistive flexible suit 100 (e.g., a unilateral assistive flexible
suit configured to impart one or more actuation profiles across one or more joints of only one
leg or a bilateral assistive flexible suit configured to impart one or more actuation profiles
across one or more joints of two legs) to enhance mobility of a person exhibiting an off-
normal gait pattern includes the acts of setting at least one assistive flexible suit actuator to
output a first actuation profile across a first joint over a first range of movement during a gait
cycle. Following such setting of the first actuation profile, the method includes the act of
monitoring an output of at least a first sensor on a first body part and an output of at least a
second sensor on a second body part during the gait cycle, the second body part being out of
phase with the first body part over at least a portion of the gait cycle. Each of the first sensor
and second sensor are configured to provide, respectively, first and second information
relating to a gait pattern to at least one controller, such as a first control loop 2301 controller
2315 and/or assistive flexible suit 100 (second control loop) controller, which is then
advantageously, but not necessarily, displayed on a display device, such as a first control loop

GUI 2310. A variance in the gait pattern is then determined relative to a reference gait
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pattern using the first and second information. This determination may be performed by the
medical provider (e.g., viewing an output of the GUI 2310) or by one or more controllers
(e.g., via the first control loop 2301 controller 2315, assistive flexible suit 100 controller, or
another controller). Responsive to such determination, the method further includes the act of
determining a second actuation profile across the first joint during the gait cycle to decrease
the variance in, or increase the symmetry in, the gait pattern from the reference gait pattern,
such act of determination also being performed by the medical provider or by one or more
controllers. The method further includes the act of setting the at least one assistive flexible
suit actuator to output the second actuation profile across the first joint during successive gait
cycles. In at least some aspects, the variance in, or symmetry in, the gait pattern comprises a
symmetry in movement across at least one of a sagittal plane or a coronal plane.

[00336] In accord with at least some aspects of the above method, the first body part is a first
leg and the second body part is a second leg and, more particularly, wherein the first leg is
impaired and the second leg is sound.

[00337] The above method may further comprise an assistive flexible suit comprising one or
more actuators configured to act on multiple joints, such as one or more actuators configured
to output a first force profile or first torque profile across a first joint during the gait cycle and
to output a second force profile or second torque profile across a second joint during the gait
cycle, such forces or torques being applied over a predetermined range of movement, or
ranges of movement, during a gait cycle.

[00338] In view of the above, the assistive flexible suit 100 system is, in various aspects,
configured to provide wearers the ability to move more readily and easily. For example, the
assistive flexible suit 100 system can provide improved foot clearance (dorsiflexion
assistance) and more powerful push off (plantar flexion assistance), resulting in enhanced
forward propulsion. In addition, the assistive flexible suit 100 system promotes more time
spent on the paretic leg, a more stable and symmetric gait pattern, improved kinematics and a
faster self-selected walking speed. It is further believed that the augmented propulsion from
the ankle will enable patients to gradually be able to drop compensatory motions such as hip
hiking, circumduction and knee bending.

[00339] FIG. 38 shows, via a sensor signal 3800 (a gyro signal in the present example), a
representation of detection of full ground contact and toe-off for a patient’s sound leg (top)
and impaired leg (bottom) according to at least some aspects of the present concepts. In the
present example, the sensor data 3800 is gyro data, but the sensor data could be obtained

from or derived from one or more other sensors, without limitation, in accord with other
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aspects of the present concepts. The detection of full ground contact is accomplished by
determining the period when the foot makes full contact 3820 with the ground following the
heel strike (HS) confirmation stamp 3830. This period of full contact 3820 is the most
reliable in terms of sensor signal 3800 (e.g., gyro signal) consistency because the foot cannot
move regardless of patient’s spasticity as the ground is acting as a physical constraint on the
foot, preventing movement of the foot and preventing significant changes in the sensor
signal. In at least some aspects of the present concepts, a complete foot contact 3820 is
established when both an 1) average of the moving window and a 2) standard deviation of the
moving window are below certain thresholds and the signal stays there for a predetermined
period of time. This predetermined period of time, in at least some aspects of the present
concepts, is set to be about 150 ms. In other aspects of the present concepts, the
predetermined period of time could be less than, or greater than, this exemplary amount.
Moreover, the predetermined period of time may be selected by a medical provider consistent
with patient-specific gait observations. Following lapse of the predetermined period of time
(e.g., 150 ms) while the aforementioned two conditions continue to be satisfied, to make sure
that plateau is maintained, the gait phase of complete foot contact 3820 is confirmed.
Complete foot contact 3820 is determined to terminate when the sensor data 3800 deviates
from satisfying the aforementioned two conditions.

[00340] As to toe off detection, toe off occurs when the foot is completely separated from the
ground. Therefore, the toe off is taken to be the first peak 3840 after the full foot contact
period 3820 is determined to be complete. This toe off peak 3840 has been determined to be
reliable, as foot motion is physically constrained by the ground right before the toe off peak
3840, and becomes free after toe off. In accord with at least some aspects of the present
concepts, an toe off search window 3810 is opened at least substantially subsequent to an end
of full foot contact 3820 and closed at least substantially subsequent to confirmation of toe
off by the toe-off (TO) confirmation stamp 3840.

[00341] FIG. 39 shows a representation of a detection algorithm, according to at least some
aspects of the present concepts, for an exceptional case wherein a heel strike peak 3960 is not
noticeable. As is shown by the depicted sensor data (e.g., a gyro) for a patient’s impaired leg,
the gyro signal peak corresponding to a heel strike peak 3960 may not be significant and may
not exceed a predetermined peak detection threshold 3930. This may occur, for example,
when a patient tries to land their foot safely on the ground in a manner that minimizes ground
reaction force (GRF). In accord with at least some aspects of the present concepts, even

when this happens and the minimized heel strike peak 3960 is not detected, the control
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system advantageously imposes a heel strike confirmation stamp 3950 to permit consecutive
gait segmentation. As was described above in relation to FIG. 38, complete foot contact 3920
is a reliable gait event that starts to present in early stance. Therefore, in accord with at least
some aspects of the present concepts, the heel strike algorithm imposes a heel strike
confirmation stamp 3950 when complete foot contact 3920 is detected before a heel strike
peak is detected.

[00342] FIG. 40 shows a representation of a detection algorithm, according to at least some
aspects of the present concepts, wherein a sensor signal (e.g., gyro signal, etc.) during a
swing phase is oscillatory. In the present example, the sensor data 4000 is gyro data, but the
sensor data could be obtained from or derived from one or more other sensors, without
limitation, in accord with other aspects of the present concepts. FIG. 40 represents a case
wherein a patient “quivers” an impaired side foot during the swing phase due to a motor
control deficit. The quivering or foot tremors may produce multiple peaks in the data signal
(e.g., gyro signal) 4000 during the swing phase, as is shown in FIG. 40. Multiple peaks are
especially prominent when the patient’s foot quivers in the sagittal plane. In order not to
identify these multiple peaks as the peak corresponding to heel strike (i.c., heel strike peak
4040), which would otherwise cause an inappropriate actuation trigger, the heel strike
algorithm measures the search window open 4010 duration, updates the duration, and
instructs the controller(s) not to search for the heel strike during an initial portion of the gait.
In at least one aspect of the present concepts, the heel strike algorithm instructs the
controller(s) not to search for the heel strike during an initial 70% of search window 4010
duration after the search window is opened. In at least some aspects, the heel strike algorithm
utilizes a running average of search window duration, or other prior kinematic data for the
patient (e.g., patient historic data for similar gait events, patient historic data from the same
limb segment, patient historic data from another limb segment, etc.) to instruct the
controller(s) to more narrowly focus the heel strike detection during a subset of the gait,
optionally with reference to another limb segment. By way of example, and without
limitation, this prior kinematic data may comprise, but is not limited to, a time-based
limitation (e.g., after an initial 50% of search window 4010 duration, etc.) and/or a sensor
signal characteristic pattern (e.g., after the search window is opened and after a
predetermined minimum number of origin (0 V) crossings), following which the heel strike
peak detection is implemented. In view of the above, the search window open 4010 signal is
based on the most reliable cue (toe off peak 4070 shown between about 58.5 — 58.6 seconds

in FIG. 40), and ignores the least reliable data with an adaptive threshold. As shown in FIG.
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40, the sensor data 4000 reliability is the worst right after toe off 4070 as the foot can move
freely while ankle acceleration generated with push-off remains. This period, during which
the data is shown in FIG. 40 to be unreliable, is thus ignored via an adaptive window duration
threshold that advantageously performs heel strike detection only during a period for which
the data is expected to prove reliable.

[00343] Turning next to FIG. 41, there is shown a perspective-view illustration of a
“unilateral” waist belt 4106 that is configured as a suspension anchor (or “anchor element’)
for an assistive flexible suit, such as flexible suit 300 of FIGS. 3A and 3B. Waist belt 4106 is
designed to couple (e.g., wrap around and attach circumferentially via an expandable inner
diameter) to the pelvis of the wearer. Similar to the waist belt architecture presented in FIG.
3D at 306, the waist belt 4106 of FIG. 41, when properly situated and attached, extends over
one or both superolateral iliac crests of the pelvic girdle, which operate as load-bearing
support members or anchor points for supporting reaction forces. By allowing the waist belt
4106 to tightly conform to the wearer’s body, the natural features of the body help to
maintain the belt 4106 in position during operation of the assistive suit.

[00344] In accord with the illustrated embodiment, the waist belt 4106 is configured to
extend continuously around the pelvis of the wearer, situated at least partially above one or
both iliac crests. By way of non-limiting example, waist belt 4106 comprises a first
inextensible or substantially inextensible panel 4108 that originates proximate a first (e.g.,
right) ilium, crosses over the front of the wearer’s pelvic region, wraps around and at least
partially above the crest of the second (e.g., left) ilium, and terminates at the rear of the
second ilium (e.g., adjacent user’s the lower lumbar region). A second inextensible or
substantially inextensible panel 4110 originates over the first (e.g., right) ilium, wraps around
and at least partially under the crest of the first ilium, and terminates at the rear of the first
ilium (e.g., adjacent the lower lumbar region). A stretchable (e.g., elastic fabric) waistband
4112 conforms the waist belt 4106 to the user’s pelvis, provides comfort during use, and can
help to make up any height difference between the two sides of the waist belt 4106 to avoid
confusion during donning ¢.g., so that the resulting overall waistband is level.

[00345] First and second hook-and-loop fastening panels 4114 and 4116, respectively,
provide attachment points for adjustably securing the waist belt 4106 in place. The first
fastening panel 1414 (i.e., attachment point) is off center and shifted toward the sound leg to
be opposite the main direction of pull during operation of the assistive suit. An optional
removable hook-and-loop fastening panel 1424 can be provided to allow the waist belt 4106

to be reversible but ensure the “teeth” of the hook-and-loop fastening panels face away from
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the wearer, which improves comfort and helps to prevent chafing. The waist belt 4106 is also
provided with plantar-flexion attachment loops 4118 for connecting the belt 4106 to a
plantarflexion module (e.g., foot module 312 of FIGS. 3A and 3B or other disclosed foot
attachment element). Hip-joint interface 4120 is configured as a connection point for passive
lateral hip support modules. Back attachment interface 4122 is configured as a connection
point for hip extension modules. The unilateral waist belt 4106 of FIG. 41 is designed to
resist migration under unilateral pulling. While generally intended for unilateral use, the waist
belt 4106 can be reversible (e.g., worn inside out) to allow for ecither left-side or right-side
impairment assistance. When worn, the waist belt 4106 is configured to be “pre-tilted” in a
direction that the belt 4106 tends to migrate — i.e., the force path occurs higher on the sound
side and lower on the impaired side of the wearer.

[00346] As used herein, the terms clinician and medical provider are intended broadly to
refer to any provider of health care services, such as preventive, curative, promotional or
rehabilitative health care services and may comprise, but is not limited to, any health
professional such as physicians, physician assistants, nurses (including advanced practice
registered nurses), therapists, chiropractors, clinical officers, physical therapists, occupational
therapists, or medical prosthetic technicians (collectively referred to as “medical provider”
for brevity). Moreover, the medical provider need not necessarily be local to the wearer of
the assistive flexible suit 100 when adjustments are made and, in accord with at least some
aspects of the present concepts, and without consideration of particular licensing
requirements for the practice of telemedicine by medical providers, the present concepts
expressly include the adjustment of the assistive flexible suit 100 by a medical provider that
is located remotely from the wearer (e.g., in another part of the same state, in another state, or
even in another country, etc.). In such aspects, the act of monitoring an output a one or more
sensor(s) as the wearer moves in a first controlled movement environment may comprise
remotely monitoring information transmitted by the sensor(s), over a communication
pathway (e.g., Internet, LAN, WAN, cellular transmission, etc.), to the medical provider’s
user interface (e.g., processing device and display). The medical provider then analyzes the
sensor data, determines an appropriate adjustment, and outputs the adjustments to an assistive
flexible suit 100 control system. The sensor(s) may comprise, for example, sensors external
to the assistive flexible suit 100. By way of example, an external camera (e.g., a camera
integrated with a wearer’s home computer or a wearer’s cellular phone, a camera in a
telemedicine suite, etc.) may be used to provide visual cues of the wearer’s gait to the

medical provider (e.g., as the wearer walks toward the camera, away from the camera, and/or
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at another angle relative to the camera within the camera’s field of view, etc.) to supplement
raw data or processed data from the assistive flexible suit 100 sensor(s) 120.

[00347] By way of example, after patient rehabilitation is completed in a clinical setting, the
patient then wears or takes the assistive flexible suit home and uses it in accord with a
rehabilitation schedule (e.g., a predetermined number of hours per day or per week) and/or at
a self-selected frequency and/or duration (e.g. in excess of a minimum rehabilitation
schedule) to maintain a higher level of function.

[00348] It should be understood that any and all combinations and permutations of the
features, functions and concepts discussed in detail herein are contemplated as being part of
the inventive subject matter (provided such concepts are not explicitly disclaimed or mutually
inconsistent). For example, although differing in appearance, the individual systems and
devices and functional componentry depicted and discussed herein can each take on any of
the various forms, optional configurations, and functional alternatives described above and
below with respect to the other disclosed embodiments, unless explicitly disclaimed or
otherwise logically prohibited. Also, the technology described herein may be embodied as
various methods, of which numerous examples have been provided. The acts performed as
part of any method may be ordered in any suitable way. Accordingly, embodiments may be
constructed in which acts are performed in an order different than illustrated, even though
shown as sequential acts in illustrative embodiments, in which some acts are performed
simultaneously, in which some acts are omitted, and/or in which some acts are adopted from
other illustrated embodiments.

[00349] Each of these embodiments and obvious variations thereof is contemplated as falling
within the spirit and scope of the claimed invention, at least some aspects of which are set
forth in the following claims. Moreover, the present concepts expressly include any and all
combinations and subcombinations of the preceding eclements and aspects. By way of
example, an “off-the-shelf” assistive flexible suit 100 may be designed and optimized to
address a particular disorder (e.g., Parkinson’s disease, stroke, etc.) to address the specific
gait issues associated therewith (e.g., impaired regulation of stride length, reduced gait speed,
altered cadence, stride time variability, etc.), with a medical provider in-the-loop to provide
patient-specific adjustments, as needed, to calibrate the sensor(s) and tune the controller
output (e.g., trajectories, etc.). Alternatively, a modular assistive flexible suit 100 may be
assembled from a variety of modules to address a patient’s specific needs and gait issues,

with a medical provider in-the-loop to provide patient-specific adjustments.
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CLAIMS
What 1s claimed:

1. A method for configuring an assistive flexible suit, comprising the acts of:

outfitting a person with an assistive flexible suit, the assistive flexible suit comprising
at least a first anchor element configured for positioning at or near a first body part, a second
anchor element configured for positioning at or near a second body part, a plurality of
connection elements extending between the first anchor element and the second anchor
element, and at least one of the plurality of connection elements spanning at least one joint
disposed between the first anchor element and the second anchor element, at least one sensor,
at least one actuator, at least one force transmission element connecting an output of the at
least one actuator to the second body part, and at least one controller configured to actuate the
at least one actuator responsive to one or more predefined events occurring during movement
to produce an actuation profile generating a moment about the at least one joint during
movement of the at least one joint;

monitoring an output of the at least one sensor as the person moves in a first
controlled movement environment;

identifying at least one predefined gait event using the output of the at least one
Sensor;

adjusting an actuation profile of the at least one actuator;

continuing to perform the acts of monitoring, identifying and adjusting until an
actuation profile of the at least one actuator generates a beneficial moment about the at least
one joint to promote an improvement in gait; and

setting the at least one controller to implement the actuation profile.
2. The method for configuring an assistive flexible suit according to claim 1,

wherein the movement in the first controlled movement environment comprises
walking on a treadmill.
3. The method for configuring an assistive flexible suit according to claim 1,

wherein the adjusting of the actuation profile comprises adjusting one or more of a
timing of actuation of the at least one actuator, a ramp up force profile delivered by the at
least one actuator, a ramp down force profile delivered by the at least one actuator, a
maximum amplitude of force delivered by the at least one actuator, or a duration of force

delivered by the at least one actuator;

-113-



WO 2015/088863 PCT/US2014/068462

4. The method for configuring an assistive flexible suit according to claim 1,

wherein the adjusting of the actuation profile comprises adjusting of the actuation
profile to modify dorsiflexion.
5. The method for configuring an assistive flexible suit according to claim 1,

wherein the adjusting of the actuation profile comprises adjusting of the actuation
profile to modify plantar flexion.
6. The method for configuring an assistive flexible suit according to claim 1,

wherein the assistive flexible suit is unilateral.
7. The method for configuring an assistive flexible suit according to claim 1,

wherein the assistive flexible suit is bilateral.
8. The method for configuring an assistive flexible suit according to claim 1,

wherein the at least one assistive flexible suit actuator is configured to output a first
force profile to impart a first torque profile across a first joint during the gait cycle, and
wherein the at least one assistive flexible suit actuator is configured to output a second force
profile to impart a second torque profile across a second joint during the gait cycle.
9. The method for configuring an assistive flexible suit according to claim 1,

wherein the assistive flexible suit comprises a plurality of force transmission elements
connecting an output of the at least one actuator to a plurality of attachment points at or about
the second body part.
10.  The method for configuring an assistive flexible suit according to claim 9,

wherein a first force transmission element of the plurality of force transmission
elements connects an output of the at least one actuator to a first attachment point to permit
modification of plantar flexion about the ankle and a second force transmission element of
the plurality of force transmission elements connects an output of the at least one actuator to a
second attachment point to permit modification of dorsiflexion about the ankle.
11.  The method for configuring an assistive flexible suit according to claim 9,

wherein a first force transmission element of the plurality of force transmission
elements connects an output of the at least one actuator to a first attachment point to permit
modification of supination about the ankle and a second force transmission element of the
plurality of force transmission elements connects an output of the at least one actuator to a
second attachment point to permit modification of pronation about the ankle.
12.  The method for configuring an assistive flexible suit according to claim 9,

wherein a first force transmission element of the plurality of force transmission

elements connects an output of the at least one actuator to a first attachment point to permit
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modification of inversion about the ankle and wherein a second force transmission element of
the plurality of force transmission elements connects an output of the at least one actuator to a
second attachment point to permit modification of eversion about the ankle.
13.  The method for configuring an assistive flexible suit according to claim 9,

wherein the plurality of force transmission elements connect an output of the at least
one actuator to a plurality of attachment points selected to permit modification of one or more
of plantar flexion, dorsiflexion, supination, pronation, inversion, eversion, adduction, or
abduction.
14. The method for configuring an assistive flexible suit according to claim 13,

wherein the modification comprises providing an assistive moment to the at least one
joint or providing a resistive moment to the at least one joint.
15.  The method for configuring an assistive flexible suit according to claim 9,

wherein the assistive flexible suit comprises a resilient element attached to one or
more of the plurality of attachment points to permit modification of one or more of plantar
flexion, dorsiflexion, supination, pronation, inversion, eversion, adduction, or abduction via
reactive forces generated by the resilient element.
16.  The method for configuring an assistive flexible suit according to claim 9,

wherein at least some of the plurality of force transmission elements are modular are
selectively incorporated into or removed from the assistive flexible suit to provide selective
connection between an output of the at least one actuator to one or more attachment points to
selectively modify one or more of plantar flexion, dorsiflexion, supination, pronation,
inversion, eversion, adduction, or abduction.
17.  The method for configuring an assistive flexible suit according to any one of claims 1-
16,

wherein the improvement in gait comprises at least one of an improved left-right
symmetry, improved temporal symmetry in hemiparetic gait, improved spatial symmetry in
hemiparetic gait, increased joint range of motion of an affected side during the gait cycle in
hemiparetic gait, increased ground clearance during swing phase, increased plantar flexion
force during push-off, increased self-selected walking speed, or reduced compensatory
movements in the non-sagittal plane.
18.  The method for configuring an assistive flexible suit according to claim 1, further
comprising:

iteratively performing the acts of monitoring, identifying, and adjusting to yield a

second actuation profile promoting an improvement in a second gait different from the gait,
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wherein the gait comprises a first walking pattern, and

wherein the second gait comprises a second walking pattern.
19.  The method for configuring an assistive flexible suit according to claim 1, subsequent
to the acts of monitoring, identifying, adjusting and setting the at least one controller to
implement the actuation profile, further comprising the acts of:

monitoring an output of the at least one sensor as the person moves in a second
controlled movement environment;

identifying at least one predetermined gait event using the output of the at least one
sensor;

adjusting an actuation profile of the at least one actuator;

continuing to perform the acts of monitoring, identifying and adjusting until an
adjusted actuation profile provides an improvement in gait; and

setting the at least one controller to implement the adjusted actuation profile.
20.  The method for configuring an assistive flexible suit according to claim 19,

wherein the movement in the second controlled movement environment comprises
walking on a floor or an instrumented floor.
21.  The method for configuring an assistive flexible suit according to claim 19,

wherein the adjusting of the actuation profile comprises adjusting one or more of a
timing of actuation of the at least one actuator, a ramp up force profile delivered by the at
least one actuator, a ramp down force profile delivered by the at least one actuator, a
maximum amplitude of force delivered by the at least one actuator, or a duration of force
delivered by the at least one actuator.
22.  The method for configuring an assistive flexible suit according to claim 19,

wherein the further improvement in gait comprises at least one of an improved left-
right symmetry, improved temporal symmetry in hemiparetic gait, improved spatial
symmetry in hemiparetic gait, increased ankle range of motion, increased ground clearance
during swing phase, increased plantar flexion force during push-off, increased self-selected
walking speed, or reduced compensatory movements in the non-sagittal plane.
23.  The method for configuring an assistive flexible suit according to claim 1, further
comprising the act of:

periodically performing the acts of outfitting, monitoring, identifying, adjusting and
setting to adjust the actuation profile of the at least one actuator.
24.  The method for configuring an assistive flexible suit according to claim 1, further

comprising the acts of:
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outputting data from the at least one sensor to a remote computer using a
communication device operatively associated with the at least one controller of the assistive
flexible suit;

receiving an updated actuation profile instruction set, via the communication device,
the updated actuation profile instruction set comprising a small adjustment to the actuation
profile;

iteratively performing the acts of outputting and receiving until an updated actuation
profile promotes an improvement in gait pattern; and

setting the at least one controller to implement the updated actuation profile.

25.  The method for configuring an assistive flexible suit according to claim 24,

wherein the small adjustment to the actuation profile comprises one or more of an
adjustment to a timing of actuation of the at least one actuator, a ramp up force profile
delivered by the at least one actuator, a ramp down force profile delivered by the at least one
actuator, a maximum amplitude of force delivered by the at least one actuator, or a duration
of force delivered by the at least one actuator.

26.  The method for configuring an assistive flexible suit according to claim 25,

wherein the small adjustment to the actuation profile comprises an adjustment of less
than 25% to a characteristic of the actuation profile.

27.  The method for configuring an assistive flexible suit according to claim 25,

wherein the small adjustment to the actuation profile comprises an adjustment of less
than 5% to a characteristic of the actuation profile.

28.  The method for configuring an assistive flexible suit according to claim 1,

wherein at least the acts of monitoring and adjusting are performed by a medical
provider in the loop via a GUI interface, and

wherein the medical provider determines what type, amount and profile of assistance
provides an improvement in gait.

29.  The method for configuring an assistive flexible suit according to any one of claims 1-
28,

wherein the at least one predefined gait event identified comprises at least one of a
heel strike, toe off, heel off, foot flat, foot landing, a start of controlled dorsiflexion, a start of
powered plantarflexion, a height of wearer’s center of mass relative to the ground, an
initiation of a muscle eccentric contraction, or an initiation of a muscle concentric

contraction.
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30.  The method for configuring an assistive flexible suit according to any one of claims 1-
28,

wherein the at least one sensor is disposed on one of the person’s legs, and
wherein the beneficial moment about the at least one joint to provide an improvement in gait
is provided to the other one of the person’s legs.
31.  The method for configuring an assistive flexible suit according to any one of claims 1-
28,

wherein the at least one sensor is disposed on one of the person’s legs, and

wherein the beneficial moment about the at least one joint to provide an improvement
in gait is provided to the one of the person’s legs.
32.  The method for configuring an assistive flexible suit according to any one of claims 1-
28,

wherein the at least one sensor comprises a plurality of sensors, with at least a first
sensor and a second sensor disposed on a first leg, and

wherein the beneficial moment about the at least one joint to provide an improvement
in gait is provided to at least the first leg responsive to an output of both of the first and the
second sensor.
33.  The method for configuring an assistive flexible suit according to any one of claims 1-
28,

wherein the at least one sensor comprises a plurality of sensors, with at least a first
sensor disposed on a first leg and at least a second sensor disposed on a second leg, and
wherein the beneficial moment about the at least one joint to provide the improvement in gait
is provided to at least the first leg responsive to an output of both of the first and the second
Sensor.
34.  The method for configuring an assistive flexible suit according to claim 33,

wherein the at least one predetermined gait event identified using the output of the
plurality of sensors comprises at least two predetermined gait events.
35.  The method for configuring an assistive flexible suit according to claim 34,

wherein the at least two predetermined gait events comprise at least one of a heel
strike, toe off, heel off, foot flat, foot landing, a start of controlled dorsiflexion, a start of
powered plantarflexion, a height of wearer’s center of mass relative to the ground, an
initiation of a muscle eccentric contraction, or an initiation of a muscle concentric
contraction.

36.  The method for configuring an assistive flexible suit according to claim 34,
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wherein the at least two predetermined gait events comprise a first gait event relating
to an assisted leg and a second gait event relating to a contralateral leg.
37.  The method for configuring an assistive flexible suit according to claim 33,

wherein the at least one joint is a joint on the first leg, and

wherein the beneficial moment about the at least one joint of the first leg is triggered
responsive to an output from the second sensor on the second leg.
38.  The method for configuring an assistive flexible suit according to claim 33,

wherein the at least one joint is a joint on the first leg, and

wherein the beneficial moment about the at least one joint of the first leg is triggered
responsive to an output from both the first sensor on the first leg and the second sensor on the
second leg.
39.  The method for configuring an assistive flexible suit according to claim 1, further
comprising the act of:

connecting the at least one force transmission element to at least one offboard actuator
to connect an output of the at least one offboard actuator to the second body part;

controlling an actuation of the at least one offboard actuator, using an offboard
controller, responsive to the output of the at least one sensor;

adjusting an actuation profile of the at least one offboard actuator; and

continuing to perform the acts of monitoring, identifying, controlling and adjusting
until an actuation profile yields the beneficial moment about the at least one joint to promote
an improvement in gait.
40.  The method for configuring an assistive flexible suit according to claim 39,

wherein the movement in the first controlled movement environment comprises
walking on a treadmill.
41.  The method for configuring an assistive flexible suit according to claim 39,

wherein the adjusting of the actuation profile comprises adjusting one or more of a
timing of actuation of the at least one actuator, a ramp up force profile delivered by the at
least one actuator, a ramp down force profile delivered by the at least one actuator, a
maximum amplitude of force delivered by the at least one actuator, or a duration of force
delivered by the at least one actuator;
42.  The method for configuring an assistive flexible suit according to claim 39,

wherein the adjusting of the actuation profile comprises adjusting of the actuation
profile to modify dorsiflexion, plantar flexion, or both.

43.  The method for configuring an assistive flexible suit according to claim 39,
-119-



WO 2015/088863 PCT/US2014/068462

wherein the adjusting of the actuation profile comprises adjusting of the actuation
profile to modify flexion about at least one joint, extension about at least one joint, or both
flexion and extension about at least one joint.
44.  The method for configuring an assistive flexible suit according to claim 39, further
comprising the acts of:

connecting the at least one actuator of the assistive flexible suit to the at least one
force transmission element of the assistive flexible suit; and

setting the at least one controller to implement the actuation profile on the at least one
actuator to provide the improvement in gait.
45.  The method for configuring an assistive flexible suit according to claim 39,

wherein the at least one assistive flexible suit actuator is configured to output a first
force profile to impart a first torque profile across a first joint during the gait cycle, and

wherein the at least one assistive flexible suit actuator is configured to output a second
force profile to impart a second torque profile across a second joint during the gait cycle.
46.  The method for configuring an assistive flexible suit according to claim 39,

wherein the assistive flexible suit is unilateral.
47.  The method for configuring an assistive flexible suit according to claim 39,

wherein the assistive flexible suit is bilateral.
48.  The method for configuring an assistive flexible suit according to claim 39,

wherein the assistive flexible suit comprises a plurality of force transmission elements
connecting an output of the at least one actuator to a selected plurality of attachment points at
or about the second body part.
49.  The method for configuring an assistive flexible suit according to claim 48,

wherein the assistive flexible suit comprises a resilient element attached to one or
more of the plurality of attachment points to permit utilization reactive forces generated by
the resilient element.
50.  The method for configuring an assistive flexible suit according to claim 48,

wherein a first force transmission element of the plurality of force transmission
elements connects an output of the at least one actuator to a first attachment point promoting
plantar flexion about an ankle and a second force transmission element of the plurality of
force transmission elements connects an output of the at least one actuator to a second
attachment point promoting dorsiflexion about the ankle.
51.  The method for configuring an assistive flexible suit according to claim 48,

wherein a first force transmission element of the plurality of force transmission
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elements connects an output of the at least one actuator to a first attachment point promoting
supination about the ankle and a second force transmission element of the plurality of force
transmission elements connects an output of the at least one actuator to a second attachment
point promoting pronation about the ankle.
52.  The method for configuring an assistive flexible suit according to claim 48,

wherein a first force transmission element of the plurality of force transmission
elements connects an output of the at least one actuator to a first attachment point promoting
inversion about the ankle and wherein a second force transmission element of the plurality of
force transmission elements connects an output of the at least one actuator to a second
attachment point promoting eversion about the ankle.
53.  The method for configuring an assistive flexible suit according to claim 48,

wherein the plurality of force transmission elements connect an output of the at least
one actuator to a plurality of attachment points selected to modify one or more of plantar
flexion, dorsiflexion, supination, pronation, inversion, eversion, adduction, or abduction.
54.  The method for configuring an assistive flexible suit according to claim 48,

wherein at least some of the plurality of force transmission elements are modular are
selectively incorporated into or removed from the assistive flexible suit to provide selective
connection between an output of the at least one actuator to one or more attachment points.
55.  The method for configuring an assistive flexible suit according to any one of claims
39-54,

wherein the improvement in gait comprises at least one of an improved left-right
symmetry, improved temporal symmetry in hemiparetic gait, improved spatial symmetry in
hemiparetic gait, increased ankle range of motion of an affected side during the gait cycle in
hemiparetic gait, increased ground clearance during swing phase, increased plantar flexion
force during push-off, increased self-selected walking speed, or reduced compensatory
movements in the non-sagittal plane.
56.  The method for configuring an assistive flexible suit according to claim 39,

wherein the act of adjusting the actuation profile comprises adjusting an output
characteristic of the actuation profile by less than about 25%.
57.  The method for configuring an assistive flexible suit according to claim 39,

wherein the act of adjusting the actuation profile comprises adjusting an output
characteristic of the actuation profile by less than about 5%.
58.  The method for configuring an assistive flexible suit according to claim 56 or 57,

wherein the output characteristic comprises one of an a rate of application of the
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output force, a timing for initiation of the output force, a timing for a termination of the
output force, an increase in the actuation force during actuation, or a decrease in the actuation
force during actuation.
59.  The method for configuring an assistive flexible suit according to claim 39, further
comprising the acts of:

iteratively performing the acts of monitoring, identifying, and adjusting to yield a
second actuation profile promoting an improvement in a second gait different from the gait,

wherein the gait comprises a first walking pattern, and

wherein the second gait comprises a second walking pattern.
60.  The method for configuring an assistive flexible suit according to claim 39, further
comprising, subsequent to the acts of monitoring, identifying, controlling and adjusting the at
least one controller to implement the actuation profile, the acts of:

monitoring an output of the at least one sensor as the person moves in a second
controlled movement environment;

identifying at least one predetermined gait event using the output of the at least one
Sensor;

controlling an actuation of the at least one offboard actuator, using an offboard
controller, responsive to the output of the at least one sensor;

adjusting an actuation profile of the at least one offboard actuator;

continuing to perform the acts of monitoring, identifying and adjusting until an
adjusted actuation profile provides a further improvement in gait; and

setting the at least one controller to implement the adjusted actuation profile.
61.  The method for configuring an assistive flexible suit according to claim 60,

wherein the movement in the second controlled movement environment comprises
walking on a floor or an instrumented floor.
62.  The method for configuring an assistive flexible suit according to claim 60,

wherein the adjusting of the actuation profile comprises adjusting one or more of a
timing of actuation of the at least one offboard actuator, a ramp up force profile delivered by
the at least one offboard actuator, a ramp down force profile delivered by the at least one
offboard actuator, a maximum amplitude of force delivered by the at least one offboard
actuator, or a duration of force delivered by the at least one offboard actuator.
63.  The method for configuring an assistive flexible suit according to claim 60,

wherein the further improvement in gait comprises at least one of an improved left-

right symmetry, improved temporal symmetry in hemiparetic gait, improved spatial
-122-



WO 2015/088863 PCT/US2014/068462

symmetry in hemiparetic gait, increased ankle range of motion, increased ground clearance
during swing phase, increased plantar flexion force during push-off, increased self-selected
walking speed, or reduced compensatory movements in the non-sagittal plane.
64. The method for configuring an assistive flexible suit according to claim 60, further
comprising the acts of:

connecting the at least one actuator of the assistive flexible suit to the at least one
force transmission element of the assistive flexible suit; and

setting the at least one controller to implement the adjusted actuation profile on the at
least one actuator.
65.  The method for configuring an assistive flexible suit according to any one of claims
39-64,

wherein the at least one predetermined gait event comprises a heel strike, or toe off, or
foot landing.
66.  The method for configuring an assistive flexible suit according to any one of claims
39-64,

wherein the at least one sensor is disposed on one of the person’s legs, and

wherein the beneficial moment about the at least one joint to provide an improvement
in gait is provided to the other one of the person’s legs.
67.  The method for configuring an assistive flexible suit according to any one of claims
39-64,

wherein the at least one sensor is disposed on one of the person’s legs, and
wherein the beneficial moment about the at least one joint to provide an improvement in gait
is provided to the one of the person’s legs.
68.  The method for configuring an assistive flexible suit according to any one of claims
39-64,

wherein the at least one sensor comprises a plurality of sensors, with at least a first
sensor disposed on a first leg and at least a second sensor disposed on a second leg, and
wherein the beneficial moment about the at least one joint to provide the improvement in gait
is provided to at least the first leg responsive to an output of both of the first and the second
Sensor.
69.  The method for configuring an assistive flexible suit according to claim 68,

wherein the at least one predetermined gait event identified using the output of the
plurality of sensors comprises at least two predetermined gait events.

70.  The method for configuring an assistive flexible suit according to claim 69,
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wherein each of the at least two predetermined gait events comprises one of a heel
strike, toe off, heel off, foot flat, or foot landing.
71.  The method for configuring an assistive flexible suit according to claim 69,

wherein one of the at least two predetermined gait events comprises one of a heel
strike, toe off, heel off, foot flat, foot landing, a start of controlled dorsiflexion, a start of
powered plantar flexion, a height of wearer’s center of mass relative to the ground, an
initiation of a muscle eccentric contraction, or an initiation of a muscle concentric contraction
of an assisted leg, and

wherein one of the at least two predetermined gait events comprises one of a heel
strike, toe off, heel off, foot flat, foot landing, a start of controlled dorsiflexion, a start of
powered plantar flexion, a height of wearer’s center of mass relative to the ground, an
initiation of a muscle eccentric contraction, or an initiation of a muscle concentric contraction
of a contralateral leg.
72.  The method for configuring an assistive flexible suit according to claim 69,

wherein the at least one joint is a joint on the first leg, and

wherein the beneficial moment about the at least one joint of the first leg is triggered
responsive to an output from the second sensor on the second leg.
73.  The method for configuring an assistive flexible suit according to claim 69,

wherein the at least one joint is a joint on the first leg, and

wherein the beneficial moment about the at least one joint of the first leg is triggered
responsive to an output from both the first sensor on the first leg and the second sensor on the
second leg.
74. A method for dynamically adjusting control outputs of an assistive flexible suit to
enhance mobility of a person exhibiting an off-normal gait pattern, the method comprising
the acts of:

setting at least one assistive flexible suit actuator to output a first actuation profile,
acting across one or more joints, during a gait cycle;

monitoring, using a first control loop interface, an output of at least a first sensor on a
first body part during the gait cycle, the first sensor being configured to provide first
information relating to a gait pattern to an assistive flexible suit controller;

monitoring, using the first control loop interface, an output of at least a second sensor
on a second body part during the gait cycle, the second sensor being configured to provide
second information relating to the gait pattern to the assistive flexible suit controller, the

second body part being out of phase with the first body part over at least a portion of the gait
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cycle;

determining a variance in the gait pattern from a reference gait pattern using the first
information and the second information,;

determining a second actuation profile, acting across the one or more joints,
configured to decrease the variance in the gait pattern from the reference gait pattern; and

setting the at least one assistive flexible suit actuator to output the second actuation
profile during successive gait cycles.
75. The method for dynamically adjusting assistive outputs of an assistive flexible suit
according to claim 74,

wherein the first body part is an impaired leg and the second body part is a sound leg.
76. The method for dynamically adjusting assistive outputs of an assistive flexible suit
according to claim 75,

wherein the reference gait pattern comprises gait characteristics of the sound leg.
77. The method for dynamically adjusting assistive outputs of an assistive flexible suit
according to claim 75,

wherein the reference gait pattern comprises a standardized gait pattern.
78. The method for dynamically adjusting assistive outputs of an assistive flexible suit
according to claim 75,

wherein the at least one assistive flexible suit actuator is configured to output a first
actuation profile across a first joint during the gait cycle, and

wherein the at least one assistive flexible suit actuator is configured to output a second
actuation profile across a second joint during the gait cycle.
79. The method for dynamically adjusting assistive outputs of an assistive flexible suit
according to claim 75,

wherein the act of determining a variance in the gait pattern from a reference gait
pattern using the first information and the second information is performed using at least one
of a first control loop controller or a second control loop controller.
80. The method for dynamically adjusting assistive outputs of an assistive flexible suit
according to claim 75,

wherein at least one of the acts of setting at least one assistive flexible suit actuator to
output the first actuation profile, monitoring an output of at least a first sensor, and
monitoring an output of the at least the second sensor, is performed by a medical provider.
81.  The method for dynamically adjusting assistive outputs of an assistive flexible suit

according to claim 80,
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wherein at least one of the acts of determining a second actuation profile and setting
the at least one assistive flexible suit actuator to output the second actuation profile is
performed by the medical provider.
82.  The method for dynamically adjusting assistive outputs of an assistive flexible suit
according to claim 75,

wherein the first body part is a first arm and the second body part is a second arm or
wherein the first body part is a first portion of a wearer’s trunk arm and the second body part
is a second portion of the wearer’s trunk.
83. The method for dynamically adjusting assistive outputs of an assistive flexible suit
according to claim 75,

wherein the gait characteristic comprises symmetry of movement across at least one
of a sagittal plane or a coronal plane.
84. The method for dynamically adjusting assistive outputs of an assistive flexible suit
according to claim 75,

wherein the first sensor comprises one or more of a foot switch, a gyroscope, an
inertial transducer, an accelerometer, or any combination thereof.
85. The method for dynamically adjusting assistive outputs of an assistive flexible suit
according to claim 84,

wherein the second sensor comprises one or more of a foot switch, a gyroscope, an
inertial transducer, an accelerometer, or any combination thereof.
86. The method for dynamically adjusting assistive outputs of an assistive flexible suit
according to claim 75,

wherein at least one of the acts of setting at least one assistive flexible suit actuator to
output the first actuation profile, monitoring an output of at least a first sensor, and
monitoring an output of the at least the second sensor, is performed by a first control loop
controller.
87. The method for dynamically adjusting assistive outputs of an assistive flexible suit
according to claim 86,

wherein the act of determining a second actuation profile is performed by the first
control loop controller.
88. The method for dynamically adjusting assistive outputs of an assistive flexible suit
according to claim 79,

wherein the act of determining a variance in the gait pattern from a reference gait

pattern is performed by the first control loop controller.
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89. A hybrid control system for adjusting operational characteristics of an assistive
flexible suit comprising at least one actuator adapted to output a force across at least one axis
of at least one joint to develop a torque thereacross, the hybrid control system comprising:

at least one sensor configured to provide information regarding at least one body
segment relating to a position of or a movement of the at least one joint;

a first control loop comprising a graphical user interface comprising a display device, a
first controller, a first communication device and a physical computer-readable storage device
bearing an instruction set configured, upon execution by the first controller, to cause the first
controller to:

receive, via the first communication device, an output of the at least one sensor or
an output of another one or more sensors configured to provide information relating to
the at least one body segment;

display on the display device the information relating to movement of the at least
one joint in relation to at least one gait event;

receive an input, via the graphical user interface, comprising one or more
modified parameters of the actuation signal; and

outputting from the first communication device of the first control loop to a
second communication device of a second control loop, the modified parameters of the
actuation signal,

wherein the second control loop comprises a second controller, a physical computer-
readable storage device bearing an instruction set configured, upon execution by the second
controller, to cause the second controller to output actuation signals to the at least one
actuator, the second controller receiving at least a first input of the information from the at
least one sensor and a second input from a first control loop.

90.  The hybrid control system according to claim 89,

wherein the torque is an assistive torque.
91.  The hybrid control system according to claim 89,

wherein the torque is a resistive torque.
92.  The hybrid control system according to claim 89,

wherein the act of receiving an input, via the graphical user interface, comprising one
or more modified parameters of the actuation signal comprising receiving the input from a
medical provider.
93.  The hybrid control system according to claim 89, wherein the physical computer-

readable storage device bears an instruction set configured, upon execution by the first
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controller, to further cause the first controller to:

repeat the acts of receiving, displaying, receiving and outputting.
94.  The hybrid control system according to claim 89,

wherein one of the first controller, the second controller, or a combination thereof are,
singly or in combination, configured to correlate the output of the at least one sensor to at
least one gait event.
95.  The hybrid control system according to claim 89,

wherein the at least one sensor is borne by at least one of the assistive flexible suit or
a wearer of the assistive flexible suit.
96.  The hybrid control system according to claim 95,

wherein the at least one sensor comprises a load cell disposed between the wearer of
the assistive flexible suit and the assistive flexible suit.
97.  The hybrid control system according to claim 95,

wherein the at least one sensor comprises a plurality of sensors.
98.  The hybrid control system according to claim 95 or claim 97,

wherein the at least one sensor comprises at least one of a foot switch, pressure insole,
inertial unit, gyroscope, hyperelastic strain sensor, strain sensor, load cell, accelerometer,
inertial measurement unit, voltage sensor, actuator voltage sensor, actuator current sensor,
physiological sensor.
99.  The hybrid control system according to claim 89,

wherein the at least one sensor is disposed separate and apart from the assistive
flexible suit.
100.  The hybrid control system according to claim 99,

wherein the at least one sensor comprises a plurality of sensors.
101. The hybrid control system according to claim 99 or claim 100,

wherein the at least one sensor comprises an optical motion analysis system.
102.  The hybrid control system according to claim 99 or claim 100,

wherein the at least one sensor comprises one or more load cells disposed in a
treadmill or in an instrumented floor section upon which a wearer of the assistive flexible suit
ambulates.
103.  The hybrid control system according to claim 99,

wherein the sensor disposed separate and apart from the assistive flexible suit is borne
by at least one of an foot, leg, arm, hand, trunk, or head of a person wearing the assistive

flexible suit.
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104.  The hybrid control system according to claim 89,

wherein the at least one sensor comprises a plurality of sensors, including at least a
first sensor borne by the assistive flexible suit and a second sensor disposed separate and
apart from the assistive flexible suit.
105.  The hybrid control system according to claim 89,

wherein the at least one sensor comprises at least one load cell and at least one of a
gyroscope or accelerometer.
106.  The hybrid control system according to any one of claims 89-105,

wherein the at least one gait event comprises at least one of a heel strike, heel off, toe
off, or foot landing.
107.  The hybrid control system according to any one of claims 89-105,

wherein the at least one gait event comprises any one or more of a heel strike of an
impaired leg, a heel strike of a sound leg, a toe off of the impaired leg, a toe off of the sound
leg, a heel off of the impaired leg, a heel off of the sound leg, or a foot-flat section of gait.
108.  The hybrid control system according to any one of claims 89-107,

wherein the instruction to modify one or more aspects of the actuation signal
comprises an instruction to modify at least one of an magnitude of, a profile of, a timing of an
initiation of, or a timing of a termination of at least one actuation signal.
109. The hybrid control system according to any one of claims 108,

wherein the at least one actuation signal comprises an actuator position profile, an
actuator velocity profile, or an actuator acceleration profile.
110.  The hybrid control system according to any one of claims 108,

wherein the at least one actuation signal comprises an actuator force profile.
111.  The hybrid control system according to any one of claims 89-110,

wherein the second controller performs at least some processing of the information
from the at least one sensor, to calculate one or more higher level variables, and outputs the
processed information to the first controller of the first control loop.
112.  The hybrid control system according to claim 111,

wherein one or more higher level variables comprises averaged data.
113.  The hybrid control system according to claim 111,

wherein the second controller performs outputs to the first control loop raw
information from the at least one sensor.
114.  The hybrid control system according to any one of claims 89-113,

wherein, responsive to the at least one gait event, an average of the last N steps
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duration is updated by at least one of the at least one controller or one or more processors.
115.  The hybrid control system according to claim 114,

wherein the average of the last N steps duration comprises a difference between
successive occurrences of the same at least one gait event.
116.  The hybrid control system according to claim 115,

wherein the successive occurrences of the same at least one gait event comprises a
gait event selected from the group comprising a heel strike, heel off, toe off, or foot landing.
117.  The hybrid control system according to claim 115,

wherein the successive occurrences of the same at least one gait event comprises a
gait event selected from the group comprising a heel strike, heel off, toe off, or foot landing.
118.  The hybrid control system according to claim 115,

wherein the first control loop is configured to display, on the graphical user interface,
an average of the last N steps stance duration.
119.  The hybrid control system according to claim 115,

wherein the first control loop is configured to display, on the graphical user interface,
a difference between successive heel strikes and toe offs.
120.  The hybrid control system according to claim 115,

wherein the first control loop is configured to display, on the graphical user interface,
an average of the last N steps swing duration,

wherein the swing duration is the difference between successive toe offs and heel
strikes.
121.  The hybrid control system according to claim 115,

wherein the first control loop is configured to display, on the graphical user interface,
variables that combine information from both legs.
122.  The hybrid control system according to claim 115,

wherein the variables that combine information from both legs comprise an average
duration of double support,

wherein the double support is the difference between a heel strike of a first leg and a
toe off of a second leg.
123.  The hybrid control system according to claim 115,

wherein the variables that combine information from both legs comprise an indication
of a degree of similarity in a gait event or gait phase as between the two legs.
124.  The hybrid control system according to claim 115,

wherein the first control loop is configured to display, on the graphical user interface,
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a difference between a first gait event and at least one successive gait event of the same type
as the first gait event.
125.  The hybrid control system according to any of claims 89-124,

wherein the second controller of the second control loop, the first controller of the
first control loop, or a combination thereof, is configured to correlate the output of the at least
one sensor to at least two gait events,

wherein a first part of the actuation signal is determined subsequent to a first gait
event, and

wherein a second part of the actuation signal is determined subsequent to a second
gait event, thereby synchronizing the actuation signal with two gait events or with two or
more gait phases,

wherein a gait phase is a portion of the gait between two gait events.
126.  The hybrid control system according to claim 110,

wherein the second controller of the second control loop, the first controller of the
first control loop, or a combination thereof, is configured to correlate the output of the at least
one sensor to at least three gait events,

wherein a third part of the actuation signal is determined subsequent to a third gait
event.
127.  The hybrid control system according to any one of claims 89-126,

wherein the at least one sensor configured to provide information relating to the
movement of the body segment comprises at least one gyroscope,

wherein the second controller of the second control loop, the first controller of first
control loop, or a combination thereof, is configured to determine both a positive threshold
and a negative threshold using the information relating to the movement of the body segment,

wherein the positive threshold is defined as a first constant, less than one, multiplied
by a moving average of a plurality of the last N of positive peaks in a gait cycle, and

wherein the negative threshold is defined as a second constant, less than one,
multiplied by a moving average of plurality of the last N of negative peaks in the gait cycle.
128.  The hybrid control system according to claim 127,

wherein the first constant and the second constant are each between 0.4-0.6.
129.  The hybrid control system according to claim 127,

wherein the positive threshold is updated every time a positive peak is detected.
130.  The hybrid control system according to claim 129,

wherein the negative threshold is updated every time a negative peak is detected.
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131.  The hybrid control system according to claim 127,

wherein the second controller of the second control loop, the first controller of the
first control loop, or a combination thereof, is configured to maintain a moving average of the
information output by the at least one sensor,

wherein, when the moving average falls below the negative threshold, a negative peak
search is performed and an updated negative peak determined,

wherein, when the moving average rises above the positive threshold, a positive peak
search is performed and an updated positive peak determined.
132.  The hybrid control system according to claim 131,

wherein a delay between a determination of an updated positive peak and an
occurrence of the updated positive peak is calculated, and

wherein they delay is applied to adjust the actuation signal.
133.  An assistive flexible suit system for assisting motion of a wearer, the assistive flexible
suit system comprising:

a suspension anchor configured to mount to the body of the wearer and transmit loads
to one or more predetermined load-bearing segments of the body of the wearer;

a foot module configured to mount on or adjacent to a foot of the wearer and transmit
loads to a hindfoot segment or a forefoot segment, or both, of the foot of the wearer;

an actuator attached to the foot module, the actuator being selectively actuable to
generate tension between the foot module and the suspension anchor;

a sensor mounted on or proximate the foot of the wearer and operable to detect a gait
characteristic of the wearer and output a signal indicative thereof; and

a controller communicatively connected to the sensor and the actuator, the controller
being configured to analyze the gait characteristic signal output by the sensor and, based at
least in part on the analyzed signal, selectively actuate the actuator to thereby assist plantar
flexion or dorsiflexion, or both, of the foot of the wearer.
134.  The assistive flexible suit system of claim 133, wherein the suspension anchor
includes a calf sleeve configured to extend around and attach circumferentially to a calf of the
wearer adjacent the foot.
135.  The assistive flexible suit system of claim 134, wherein the calf sleeve includes an
clastic wrap configured to wrap around the calf, and one or more calf straps attached to the
elastic wrap and configured to increase circumferential tension around at least a top portion
of the calf of the wearer.

136.  The assistive flexible suit system of claim 134, wherein the calf sleeve includes an
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clastic wrap configured to wrap around the calf of the wearer, and multiple pairs of hook-and-
loop straps attached to the elastic wrap and configured to attach in overlapping relation to one
another to thereby increase stability and attachment strength of the calf sleeve.

137.  The assistive flexible suit system of claim 134, wherein the calf sleeve comprises a
central sternum with first and second rib sets projecting from opposing sides thereof, each of
the rib sets including a plurality of vertically spaced ribs, the central sternum being
configured to lay over a tibia of the wearer above the foot, and the first and second rib sets
being configured to wrap around the calf of the wearer and attach together.

138.  The assistive flexible suit system of claim 137, wherein the vertically spaced ribs of
cach of the rib sets are connected together at proximal ends thereof via the central sternum
and connected together at distal ends thereof via a respective webbing.

139.  The assistive flexible suit system of claim 134, wherein the suspension anchor further
comprises a thigh sleeve configured to wrap around and attach circumferentially to a thigh of
the wearer, the calf sleeve being coupled to the thigh sleeve.

140. The assistive flexible suit system of claim 139, wherein the suspension anchor further
comprises a waist belt configured to wrap around and attach circumferentially to a waist of
the wearer over the iliac crest, the calf sleeve being coupled to the waist belt.

141.  The assistive flexible suit system of claim 140, wherein the actuator is mounted on the
waist belt and attached to the thigh sleeve, the actuator being selectively actuable to generate
tension between the thigh sleeve and the waist belt and thereby assist hip extension of the
wearer.

142.  The assistive flexible suit system of claim 134, further comprising an adjustable ankle
strap attaching the calf sleeve to the foot module, the adjustable ankle strap being configured
to create passive ankle support and thereby prevent inadvertent ankle movement.

143.  The assistive flexible suit system of claim 134, further comprising an adjustable ankle
strap attaching the calf sleeve to the foot module, the adjustable ankle strap having multiple
attachment fingers each configured to detachably couple to the calf sleeve in a distinct
orientation and thereby selectively vary the tension between the foot module and the
suspension anchor.

144.  The assistive flexible suit system of claim 134, wherein the calf sleeve comprises an
interwoven webbing structure configured to circumscribe the calf and automatically tighten
when tension is generated between the foot module and the suspension anchor via the
actuator.

145.  The assistive flexible suit system of claim 133, wherein the foot module is configured
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to mount to the foot of the wearer, the foot module including a plurality of actuator
attachment points on the hindfoot segment or the forefoot segment, or both, to which the
actuator can be detachably connected, each of the actuator attachment points providing a
distinct angle along which tensile forces generated by the actuator are applied to the foot of
the wearer.

146.  The assistive flexible suit system of claim 133, wherein the foot module is configured
to mount to the foot of the wearer, the foot module including an actuator attachment point on
the hindfoot segment adjacent the underside of a heel bone of the foot.

147.  The assistive flexible suit system of claim 133, wherein the foot module includes a
shoe configured to nest therein the foot of the wearer.

148.  The assistive flexible suit system of claim 133, wherein the foot module is configured
to fit inside a shoe of the wearer and mount to the foot of the wearer or to the shoe.

149.  The assistive flexible suit system of claim 148, wherein the foot module includes an
Achilles strap configured to extend out of an opening in the upper of the shoe and transmit
tensile forces generated by the actuator to the hindfoot segment of the wearer.

150.  The assistive flexible suit system of claim 148, wherein the foot module includes a
tibia strap configured to extend out of an opening in the upper of the shoe and transmit tensile
forces generated by the actuator to the forefoot segment of the wearer.

151.  The assistive flexible suit system of claim 150, further comprising:

a second foot module configured to mount on or adjacent to a second foot of the
wearer and transmit loads to a second hindfoot segment or a second forefoot segment, or
both, of the second foot of the wearer;

a second actuator attached to the second foot module, the second actuator being
selectively actuable to transmit tensile forces to the second foot module; and

a second sensor operable to detect a second gait characteristic of the wearer and
output a second signal indicative thereof.

152.  The assistive flexible suit system of claim 151, wherein the controller is
communicatively connected to the second sensor and the second actuator, the controller being
configured to analyze the second gait characteristic signal output by the second sensor and,
based at least in part on the second analyzed signal, selectively actuate the second actuator to
thereby assist plantar flexion or dorsiflexion, or both, of the second foot of the wearer.

153.  The assistive flexible suit system of claim 151, further comprising a second
suspension anchor configured to mount to the body of the wearer and transmit loads to a

second predetermined load-bearing segment of the body of the wearer, wherein the second
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actuator is selectively actuable to generate tension between the second foot module and the
second suspension anchor.
154.  The assistive flexible suit system of claim 133, wherein the sensor includes a foot
switch, a gyroscope, an inertial transducer, or an accelerometer, or any combination thereof.
155. The assistive flexible suit system of claim 133, wherein the actuator includes a
Bowden cable assembly.
156. The assistive flexible suit system of claim 133, wherein the actuator is mounted on the
suspension anchor.
157. The assistive flexible suit system of claim 133, wherein the actuator is mounted on a
movable cart or a platform positioned adjacent the assistive flexible suit system.
158.  The assistive flexible suit system of claim 133, wherein the suspension anchor
comprises a thigh sleeve configured to wrap around and attach circumferentially to a thigh of
the wearer.
159.  The assistive flexible suit system of claim 133, wherein the suspension anchor
comprises a waist belt configured to wrap around and attach circumferentially to a waist of
the wearer over the iliac crest.
160. An assistive flexible suit system for generating assistive forces for aiding one or more
gait movements during walking of a wearer, the assistive flexible suit system comprising:

an assistive flexible suit comprising:

at least one suspension anchor configured to mount to the body of the wearer and
transmit loads to one or more predetermined load-bearing segments of the body of the
wearer, and

at least one foot module configured to mount to at least one foot of the wearer and
transmit loads to a hindfoot segment or a forefoot segment, or both, of the at least one foot of
the wearer;

at least one actuator mounted on or proximal to the assistive flexible suit and attached
to the at least one foot module, the at least one actuator being selectively actuable to generate
a tensile force between the at least one foot module and the at least one suspension anchor;

at least one sensor mounted on or proximate to the at least one foot module and
operable to detect a gait characteristic of the wearer and output a signal indicative thereof;
and

at least one controller communicatively connected to the at least one sensor and the at
least one actuator, the at least one controller being configured to analyze the gait

characteristic signal output by the at least one sensor and, based at least in part on the
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analyzed signal, selectively actuate the at least one actuator to thereby assist plantar flexion
or dorsiflexion, or both, of the foot of the wearer.
161. A method of manufacturing an assistive flexible suit system for aiding one or more
gait movements during walking of a wearer, the method comprising:

providing a suspension anchor configured to mount to the body of the wearer and
transmit loads to one or more predetermined load-bearing segments of the body of the
wearer;

providing a foot module configured to mount on or adjacent to a foot of the wearer
and transmit loads to a hindfoot segment or a forefoot segment, or both, of the foot of the
wearer;

attaching an actuator to the foot module and the suspension anchor, the actuator being
selectively actuable to generate tension between the foot module and the suspension anchor;

mounting a sensor on or proximate the foot of the wearer, the sensor being operable to
detect a gait characteristic of the wearer and output a signal indicative thereof; and

communicatively connecting a controller to the sensor and the actuator, the controller
being configured to analyze the gait characteristic signal output by the sensor and, based at
least in part on the analyzed signal, selectively actuate the actuator to thereby assist plantar
flexion or dorsiflexion, or both, of the foot of the wearer.
162. A system for modifying gait of an individual wearing an assistive flexible suit
comprising:

one or more sensors that measure one or more gait parameters of the individual;

one or more actuators, in mechanical communication with the individual through the
assistive flexible suit, that modify one or more gait moments of the individual; and

a control unit that controls the one or more actuators based, at least in part, on the one
or more gait parameters, and that accepts one or more inputs, from at least one of a medical
provider or a user external to the system and monitoring the one or more gait parameters, to
adjust the one or more actuators and improve the one or more gait moments.
163. The system of claim 162, wherein the one or more gait parameters relate to a single
gait event within a gait period of the individual such that the control unit controls the one or
more actuators based on the single gait event.
164. The system of claim 163, wherein the one or more gait moments apply to a first limb
of the individual, and the single gait event is of the first limb.
165. The system of claim 163, wherein the one or more gait moments apply to a first limb

of the individual, and the single gait event is of a contralateral limb of the first limb.
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166. The system of claim 162, wherein the one or more gait parameters relate to two or
more gait events within a gait period of the individual such that the control unit controls the
one or more actuators based on the two or more gait events.
167. The system of claim 166, wherein the one or more gait moments apply to a first limb
of the individual, and the two or more gait events are of the first limb.
168. The system of claim 166, wherein the one or more gait moments apply to a first limb
of the individual, and the two or more gait events are of a contralateral limb of the first limb.
169.  The system of claim 162, further comprising:

one or more attachment points between the one or more actuators and the assistive
flexible suit,

wherein a subset of the one or more sensors are located at the one or more attachment

points.

170.  The system of claim 169, wherein two of the one or more attachment points are
located at a shoe of the individual, a foot of the individual, or a combination thereof, two of
the one or more gait moments are with respect to plantar flexion and dorsiflexion of the foot,
and at least one of the two attachment points is an inside-the-shoe attachment point.
171.  The system of claim 162, wherein one actuator modifies two gait moments, and the
gait moments are of two limbs.
172. A method for modifying gait of an individual wearing an assistive flexible suit
comprising:

determining one or more gait parameters of the individual based on one or more
sensors connected to the individual through the assistive flexible suit;

monitoring, by a medical provider through a control unit, the one or more gait
parameters;

receiving, from the medical provider, one or more inputs based on the monitoring;
and

modifying the gait of the individual, through the assistive flexible suit, according to
the one or more inputs.
173.  The method of claim 172, further comprising:

controlling one or more actuators, in mechanical communication with the individual
through the assistive flexible suit, by the control unit based, at least in part, on the one or
more inputs,

wherein the modifying of the gait of the individual is based on the controlling of the
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on¢ or more actuators.
174.  The method of claim 173, wherein the one or more gait parameters relate to a single
event within a gait period.
175.  The method of claim 174, wherein the controlling of the one or more actuators
modifies the gait of the individual with respect to a first limb of the individual, and the single
event is of the first limb.
176.  The method of claim 174, wherein the controlling of the one or more actuators
modifies the gait of the individual with respect to a first limb of the individual, and the single
event is of a contralateral limb of the first limb.
177.  The method of claim 173, wherein the one or more gait parameters relate to two or
more events within a gait period.
178.  The method of claim 177, wherein the controlling of the one or more actuators
modifies the gait of the individual with respect to a first limb of the individual, and the two or
more events are of the first limb.
179.  The method of claim 177, wherein the controlling of the one or more actuators
modifies the gait of the individual with respect to a first limb of the individual, and the two or
more events are of a contralateral limb of the first limb.
180. The method of claim 173, wherein the controlling comprises control of two limbs of
the individual by a single actuator of the one or more actuators.
181. The method of claim 172, wherein the determining of the one or more gait parameters
occurs while the individual and the control unit move forward.
182.  An actuator system of an assistive flexible suit comprising:

a mobile cart comprising:

one or more motors; and

one or more drive shafts driven by the one or more motors;

one or more anchor elements configured for positioning at or near one or more body
parts of an individual on the assistive flexible suit; and

one or more force transmission elements connecting the one or more drive shafts to
the one or more anchor elements,

wherein operation of the one or more motors, through the one or more force
transmission elements, improves movement of the individual.
183.  The actuator system of claim 182, further comprising:

a first drive shaft and a second drive shaft of the one or more drive shafts;

a first anchor element and a second anchor element of the one or more anchor
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clements; and

a first force transmission element and a second force transmission element of the one
or more force transmission elements, wherein the first force transmission element connects
the first drive shaft to the first anchor element, and the second force transmission clement
connects the second drive shaft to the second anchor element,

wherein a first operation of the one or more motors drives the first drive shaft to apply
tension to the first force transmission element between the first drive shaft and the first
anchor element, and a second operation of the one or more motors drives the second drive
shaft to apply tension to the second force transmission element between the second drive
shaft and the second anchor element.
184.  The actuator system of claim 183, wherein the second operation of the one or more
motors drives the first drive shaft to apply slack to the first transmission element between the
first drive shaft and the first anchor element, and the first operation of the one or more motors
drives the second drive shaft to apply slack to the second force transmission element between
the second drive shaft and the second anchor element.
185.  The actuator system of claim 183, wherein the first anchor element is at or near a first
body part of the individual, the second anchor element is at or near a second body part of the
individual, and the first body part and the second body part are of a same body part type on
opposite limbs of the individual.
186. The actuator system of claim 183, wherein the first anchor element is at or near a first
body part of the individual, the second anchor element is at or near a second body part of the
individual, and the first body part and the second body part are on a single limb of the
individual.
187.  The actuator system of claim 182, wherein the one or more force transmission
elements connect the one or more drive shafts to the one or more anchor elements selected to
improve one or more of plantar flexion, dorsiflexion, supination, pronation, inversion,
eversion, adduction, or abduction about one or more body parts of the individual.
188.  The actuator system of claim 182, wherein a first force transmission element of the
one or more force transmission elements connects a first drive shaft of the one or more drive
shafts to a first anchor element of the one or more anchor elements for modifying plantar
flexion about an ankle of the individual, and a second force transmission clement of the one
or more force transmission elements connects a second drive shaft of the one or more drive
shafts to a second anchor element of the one or more anchor elements for modifying

dorsiflexion about the ankle.
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189.  The actuator system of claim 182, wherein a first force transmission element of the
one or more force transmission elements connects a first drive shaft of the one or more drive
shafts to a first anchor element of the one or more anchor elements for modifying supination
about an ankle of the individual, and a second force transmission element of the one or more
force transmission elements connects a second drive shaft of the one or more drive shafts to a
second anchor element of the one or more anchor elements for modifying pronation about the
ankle.

190.  The actuator system of claim 182, wherein a first force transmission element of the
one or more force transmission elements connects a first drive shaft of the one or more drive
shafts to a first anchor element of the one or more anchor elements for modifying inversion
about an ankle of the individual, and a second force transmission element of the one or more
force transmission elements connects a second drive shaft of the one or more drive shafts to a
second anchor element of the one or more anchor elements for modifying eversion about the
ankle.

191.  The actuator system of claim 182, wherein the one or more body parts include an
ankle of the individual, further comprising:

a first anchor element and a second anchor element of the one or more anchor
elements located about the ankle, wherein a first force transmission element of the one or
more force transmission elements connects a first drive shaft of the one or more drive shafts
to the first anchor clement, and a second force transmission element of the one or more force
transmission elements connects a second drive shaft of the one or more drive drafts to the
second anchor clement,

wherein a first operation of the one or more motors drives the first drive shaft to apply
a plantar flexion force about the ankle, and a second operation of the one or more motors
drives the second drive shaft to apply a dorsiflexion force about the ankle.

192.  The actuator system of claim 191, wherein the plantar flexion force and the
dorsiflexion force are applied out of phase with respect each other during the movement of
the individual.

193. The actuator system of claim 182, the mobile cart further comprising:

a terminal for entering one or more inputs, by a medical provider, for modifying
control of the one or more motors, the one or more drive shafts, or a combination thereof to
modify the improvement of the movement of the individual.

194.  The actuator system of claim 182, wherein each of the one or more force transmission

elements modifies the movement of the individual with respect to a distinct degree of
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freedom of a body part of the individual.
195. The method for configuring an assistive flexible suit according to claim 1,

wherein the assistive flexible suit comprises at least one transmission element
connecting an output of the at least one actuator to an attachment point at or about the second
body part, the attachment point allowing the assistive flexible suit to deliver a torque to the at
least one joint along a non-sagittal plane.
196. The method for configuring an assistive flexible suit according to claim 9,

wherein at least one of said attachment points allows the assistive flexible suit to
deliver torques to the at least one joint with a tunable degree of coupling between two or
three different joint rotation planes.
197.  The assistive flexible suit system of claim 133, wherein selectively actuating the
actuator generates tension between the foot module and the suspension anchor to deliver a
torque to an ankle joint along a sagittal plane.
198.  The assistive flexible suit system of claim 133, wherein selectively actuating the
actuator generates tension between the foot module and the suspension anchor to deliver a
torque to an ankle joint along a non-sagittal plane.
199.  The method for configuring an assistive flexible suit according to claim 9,

wherein one or more transmission elements of the plurality of transmission elements
connects an output of the at least one actuator to a first attachment point of a plurality of
attachment points, each of the first attachment point and the plurality of attachment points all
being located on the same body segment, and

wherein the method further comprises the act of selecting one or more of the first
attachment point and the plurality of attachment points to deliver a torque to the joint
corresponding to the body segment along a plurality of different joint rotation planes.
200. An assistive flexible suit system for assisting motion of a wearer, the assistive flexible
suit system comprising:

a suspension anchor configured to mount to the body of the wearer and transmit loads
to one or more predetermined load-bearing segments of the body of the wearer;

a foot module configured to mount on or adjacent to a foot of the wearer and transmit
loads to a hindfoot segment or a forefoot segment, or both, of the foot of the wearer; and

a tensioning element attaching the suspension anchor to the foot module, the
tensioning element being configured to generate tension between the foot module and the
suspension anchor to thereby assist plantar flexion, dorsiflexion, inversion, eversion,

pronation, supination, or any combination thereof, of the foot of the wearer.
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201. An assistive flexible suit system according to claim 200,

wherein the tensioning element comprises at least one of an elastic element or an
inextensible element.
202. The method for configuring an assistive flexible suit according to claim 6,

wherein the unilateral assistive flexible suit is reversible such that the unilateral
assistive flexible suit can be configured for use on either an individual.
203. A method of manufacturing an assistive flexible suit system for aiding one or more
gait movements during walking of a wearer, the method comprising the acts of:

providing a suspension anchor configured to mount to the body of the wearer and
transmit loads to one or more predetermined load-bearing segments of the body of the
wearer;

providing a body segment module configured to mount on or adjacent to a respective
body segment;

attaching an actuator to the suspension anchor and to the body segment module, the
actuator being selectively actuable to generate tension between the body segment module and
the suspension anchor;

providing at least one sensor to detect a gait characteristic of the wearer and to output
a signal indicative thereof; and

communicatively connecting a controller to the sensor and the actuator, the controller
being configured to analyze the gait characteristic signal output by the sensor and, based at
least in part on the analyzed signal, selectively actuate the actuator to thereby assist
movement of the body segment relative to at least one joint.
204. The method of manufacturing an assistive flexible suit system according to claim 203,

wherein the at least one joint comprises a hip joint, a knee joint, or an ankle joint.
205. The method of manufacturing an assistive flexible suit system according to claim 203,
further comprising the acts of:

providing a plurality of body segment modules configured to mount on or adjacent to
respective body segments;

attaching an actuator to the suspension anchor and to the plurality of body segment
modules, the actuator being selectively actuable to generate tension between the body
segment modules and the suspension anchor;

providing at least one sensor to detect a gait characteristic of the wearer and to output
a signal indicative thereof; and

communicatively connecting a controller to the sensor and the actuator, the controller
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being configured to analyze the gait characteristic signal output by the sensor and, based at
least in part on the analyzed signal, selectively actuate the actuator to thereby assist
movement of the body segment relative to at least one joint.
206. The method of manufacturing an assistive flexible suit system according to claim 203,
further comprising the acts of:

providing a plurality of body segment modules configured to mount on or adjacent to
respective body segments;

attaching a plurality of actuators to the suspension anchor and to the plurality of body
segment modules, the plurality of actuators being selectively actuable to generate tension
between the body segment modules and the suspension anchor;

providing at least one sensor to detect a gait characteristic of the wearer and to output
a signal indicative thereof; and

communicatively connecting a controller to the sensor and the plurality of actuators,
the controller being configured to analyze the gait characteristic signal output by the sensor
and, based at least in part on the analyzed signal, selectively actuate the plurality of actuators

to thereby assist movement of the body segment relative to at least one joint.
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