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Abstract

Every two minutes, 3 people in the United States will have a stroke and every hour an
American baby is born with cerebral palsy. The only method available to recover from
motor impairments associated with these brain injuries is time-consuming labor in-
tensive physical and occupational therapy. Upper extremity rehabilitation robotics is
well established and recommended by the American Heart Association, the Veterans
Administration, and the Department of Defense; however, lower extremity rehabilita-
tion robots are still in their infancy, so far leading to inferior results when compared
to manual methods in the only available sizable randomized control trials. Thus,
there exists an urgent need for novel methods to augment gait rehabilitation. This
thesis outlines the design and development of a novel gait rehabilitation robot, the
MIT-Skywalker, that enables the exploration of new methods of gait rehabilitation
based on current understanding of the neuroscience of motor control.

Because each patient’s impairment is unique, the MIT-Skywalker system creates
a flexible environment that accommodates a wide spectrum of pathological gaits. It
can operate in three unique modes. The first promotes the rhythmicity of walking
by removing the floor constraint during the swing phase of walking. The second
mode fosters discrete start and stop movements and focuses on the accuracy of heel
placement. Finally, a balance program perturbs gait in the frontal plane to engage
balance mechanisms. A one-month feasibility study with the MIT-Skywalker demon-
strated positive outcomes for two adults with impairments due to cerebral palsy and
one person with chronic stroke and proved the safety and viability of each training
mode.

Thesis Supervisor: Hermano Igo Krebs
Title: Principal Research Scientist and Lecturer
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Chapter 1

Introduction

The work outlined in this thesis describes the design and feasibility of a novel robotic
tool, the MIT Skywalker, to be used to deliver locomotion rehabilitation to an adult
population with a static brain injury.

Injuries of the Central Nervous System often affect the victims ability to move.
This thesis is focused on two types of injuries, cerebral palsy and stroke. Cerebral
palsy is a catch-all term for brain irregularities or injuries resulting in a movement
abnormality that occur before the age of two. It is caused by a developmental defect
or by trauma. Of every 1000 children born, 2-3 will have cerebral palsy [11], which
accounts for about 8,000 cases per year in the United States. Low birth-weights are
associated with much higher rates of cerebral palsy and it is postulated that as medical
care is able to save more very-low-birth-weight infants, the number of surviving people
with cerebral palsy will increase [12].

Stroke, like cerebral palsy, is a static (non-progressive) brain injury. Each year,
795,000 Americans will suffer a stroke and it is estimated that 6.4 million stroke
survivors reside the US [13]. The prevalence of stroke increases with age and thus, as
the average age in the US will increase in the next 20 years due to the baby boomer
generation, so will the number of stroke victims and stroke survivors. The mean
lifetime cost due to an ischemic stroke is above $140,000 and the total direct and
indirect cost of strokes in the US was estimated at $73.7 billion per year in 2010

[13]. Thus the need for efficacious and economical methods to treat stroke patients is
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self-evident. Presently there is a scientific thrust for pharmaceutical neuro-protection
following an ischemic stroke but to date, none promote neuro-recovery [14]. Hence,
rehabilitation is the only available method to attempt to ameliorate motor deficiencies
associated with stroke, resulting in a degree of recovered motor abilities for most
patients [15].

Rehabilitation literature associated with cerebral palsy gait rehabilitation is gen-
erally focused on minors. Very little research is available for gait rehabilitation of
adults with Cerebral Palsy. Thus, rehabilitation studies presented in this chapter fo-
cus exclusively on stroke patients, however, the theory extends to adults with cerebral

palsy.

1.1 Stroke Etiology and Symptoms

A stroke’s etiology is limited to either ischemia or hemorrhage. The former is de-
fined as the insufficient blood flow to the brain and the later refers to ruptured blood
vessels in the brain. The primary mechanisms of ischemic stroke include an em-
bolism (a blockage that travels to the brain, often a blood clot, fat globule or gas
bubble), decreased perfusion (problem delivering blood to capillaries, often due to
abnormal narrowing of an artery) and thrombosis (formation of a blood clot inside of
an artery that blocks blood flow to the brain)[16]. Hemorrhages stem primarily from
an aneurysm (a blood-filled bulge in a blood vessel wall) or arteriovenous malfor-
mation (an abnormal connection between arteries and veins). Ischemia accounts for
between 80 and 90% of strokes while hemorrhagic strokes account for the remainder.
Of the ischemic strokes, the most common mechanism is thrombosis[17].

Both etiologies of stroke result in a loss of brain cells and thus the loss of brain
function. The most prevalent impairment due to stroke is of motor function (77-80%
of surviving stroke patients)[18]{19]. Other common afflictions include urinary incon-
tinence, impaired consciousness, dysphagia, dementia and impaired cognition[18][20].
The motor impairments due to stroke primarily manifest in hemiplegia (right or the

left half of the body will be impaired). This is in contrast to Cerebral Palsy patients
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who are primarily diplegic (having symmetrical impairment primarily of the lower

extremities)[21].

1.1.1 Early intervention

When a person suffers a stroke, the first step is to assess if the stroke is ischemic or
hemorrhagic via a CT or MRI scan. If the patient reaches the hospital quickly after
the onset of stroke, medical professionals can use emergency treatments to lessen the
severity of the stroke. For ischemic stroke, this may involve a tissue plasminogen
activator (a blood clot dissolving medicine) or aspirin. If the stroke was determined
to be hemorrhagic, efforts will be taken to control bleeding and reduce pressure to
the brain and in emergency situations, surgery will be performed to repair ruptured
tissue. It is important to note that damage occurs to the brain at the onset of stroke
and while these procedures are able to minimize damage to the brain by stopping
the ailing agent, brain function that is affected will be lost. Once stabilized in the

hospital, patients will receive some form of rehabilitative therapy until released.

1.2 Motor Function Rehabilitation Post Stroke

While common outpatient movement rehabilitation treatments vary (eg. range of mo-
tion therapy, mobility training, constraint-induced movement therapy, electrical stim-
ulation and robotic therapy), rehabilitative treatments after stroke are efficacious for
the vast majority of patients[15]. The success of stroke rehabilitation treatments lies
in the brains ability to reconfigure itself after injury. In 1949, Donald Hebb outlined
the concept of neural plasticity, summarized by the popularized phase, “neurons that
fire together wire together”, suggesting that the brain is capable of restructuring itself
by altering synaptic connections [22]. Prior to Hebbs work, the brain was believed
to be hard-wired, with little plastic capacity. Countless studies have corroborated
Hebbs theory. Randy Nudo showed that squirrel monkeys with targeted cortical le-
sions affecting hand control could regain the control of the affected hand with some

targeted rehabilitation training. The result of the training showed the control area
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of the motor cortex for the hand expanded into regions of the brain that previously
controlled the elbow and shoulder, explicitly showing the effects of plasticity in neu-
rorecovery [23][24]. The same effect of plasticity is seen in humans post stroke by use
of neuroimaging [25][26].

The mechanisms of supraspinal neural plasticity can be activated only if the proper
efferents (decending neuronal signals) match the proper afferents (ascending signals
from the periphery). In other words, to regain motor control, it seems that a person
must attempt to send motion commands to the subcortical feedback loop in order
for the network to reconnect. For effective rehabilitation, this means that patient
intention plays a key role in redeveloping motor control. A patient must intend to
move, activating the cerebral cortex at the same time that the movement occurs. If
a limb is passively moved without cerebral effort, no motor control network will be
developed and the activity will only have the benefits of stretching the muscle such
as improved joint stability[27]. Successful motor rehabilitation paradigms work by
gently assisting the patient to the motor goal without creating the motion for the

patient[28].

1.2.1 Upper Extremity Stroke Rehabilitation

Upper extremity therapy is well established and efficacious. The benefits observed far
outweigh the risks of treatment if done properly[29]. Constraint-induced movement
therapy (CIMT) is one of the most straightforward and beneficial ways to treat upper
extremity motor impairments due to mild stroke[30][31]. It works by constraining the
non-affected limb of hemiparetic stroke patients and forcing them to use the impaired
arm. Another prominent method of rehabilitation is therapist assisted movement
therapy which employs the help of a therapist for movement recovery. For example,
a patient will be instructed to reach to a certain location and the therapists job
is to guide (but not to define) the patients movement to the location. This type of
therapist assisted movement therapy was the basis for the creation of upper extremity

rehabilitation robots.
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Figure 1-1: MIT-Manus: figure from [1]

1.2.2 Upper Extremity Rehabilitation Robots

The advantage of the robots lies in their ability to work without tiring. This allows pa-
tients to use the robot continuously for far more movements in a given training session
than with a human therapist. In a recent study, therapist assisted UE rehabilitation
sessions consisted of 23 movements in the inpatient setting and 45 movements in
the outpatient setting[32]. This compares with 1024 movements in a recommended
robotic session[33]. An additional benefit of robotics is real time visual feedback given

to the patient during training.

The MIT-Manus is an upper extremity planar rehabilitation robot that was devel-
oped to replace the therapist in the therapist assisted movement therapy. The robot
(seen in figure 1-1) uses impedance control to either assist or provide resistance to
challenge a patient during a motion[1]. Performance based assistive mode uses a slot
controller. When presented with a target on the screen, the computer will set up
a movement slot between the current position and the final position. If the patient
deviates from this slot, the robot will gently move the hand back to the slot. If the
subject is not moving, the back of the slot will begin to move the joystick towards the

target by moving the back of the slot. In the progressive-resistance mode, the robot
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is set up to provide a force opposing the motion using an adaptive algorithm that
changes with the strength of the patient. The MIT-Manus has been tested extensively
with stroke patients in both the acute (< 6 months after stroke) and chronic (> 6
months after stroke) phases and has shown significant motor control improvements
that have been shown to be long lasting after therapy[32][33][34].

Upper extremity rehabilitation robotics encompasses more than the horizontal
plane. Interactive Motion Technologies (IMT)!, Watertown, MA developed com-
mercial versions of the MIT rehabilitation robots. This includes a version of the
MIT-manus, called InMotion ARM, the InMotion WRIST, the InMotion Hand and
the InMotion Anti-gravity. A large randomized study showed that the use of these
four robots yielded motor outcomes exceeding usual care and even an intensive com-
parison therapy (defined to mimic operation of robots using therapists) at 36 weeks
after the onset of therapy[33]. This, among other studies, leads to a strong American

Heart Association recommendation for the use of robotics for upper extremity stroke

rehabilitation [29].

1.2.3 Lower Extremity Stroke Rehabilitation

The overarching goal of lower extremity stroke rehabilitation is to restore gait and to
allow patients to accomplish daily mobility tasks. The most popular method of treat-
ment for locomotion impairments following stroke has changed over time. Developed
by Karel Bobath, neurophysiological treatment concepts dominated the international
methods by which people received therapy until the 1990s[35]. This method intended
to restore the most physiological gait pattern by applying tone-inhibiting exercises
and motor tasks while in a seated, standing or lying position. At the same time, a
new paradigm (task-specific repetitive concepts) began to emerge. This paradigm, as
applied to stroke locomotion, asserts that those who wish to walk must walk. And
thus, body weight supported treadmill therapy (BWSTT) was created. BWSTT (see
figure 1-2) suspends the patient in a harness over a treadmill while two therapists

take their positions, one sitting adjacent to the paretic leg and the other behind the

"http://interactive-motion.com/
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Figure 1-2: Body-weight supported treadmill therapy (BWSTT): figure from [2].
The picture does not depict the physical demands of the therapists, specifically the
therapist on the leg of the patient.

patient. The therapist at the leg assists in the swing phase of gait to ensure initial heel
strike, prevents knee hyperextension and attempts to control the symmetry of step
lengths between the two legs. The therapist to the rear assists in shifting the weight
properly between stance and swing phase while also encouraging hip extension and
supporting the trunk. In a landmark study, Hesse et. al showed that treadmill train-
ing with partial body weight support compared favorably with the Bobath method in
improving both gait ability and walking velocity[36]. Today, BWSTT is a benchmark
of gait rehabilitation. A review of 21 randomized controlled trials (RCTs) showed
that both gait speed and walking distance improved after gait-oriented training|37].
Increased brain activity has been observed after BWSTT in fMRI scans of stroke pa-
tients making ankle movements, indicating that the intervention has a cortical effect
for stroke patients[38].

The next logical question becomes: is BWSTT the best way to rehabilitate stroke
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patients to walk? The answer to this question is unclear. Meta-analysis indicated
that there were no statistically significant differences between BWSTT and other in-
terventions for walking dependent participants in multiple studies[39]. The confusion
regarding the advantages of BWSTT lies in the small size and differences in protocol
between all of these studies, most of which assess less than 30 patients. In order to
add substance to this question, a large RCT known as the Locomotor Experience Ap-
plied Post-Stroke (LEAPS) trial was conducted. The LEAPS study was run with 408
patients across the country at multiple facilities to provide an answer to two critical

questions:

1. Is a locomotion program superior to a home-based exercise (placebo) program?

2. Does sub-acute phase training provide greater results than chronic phase train-

ing?

To assess these questions, the patients were divided into three groups, an early (2
mo. post stroke) locomotor training group (LTP-early), a late (6 mo. post stroke)
locomotor training group (LTP-late) and a home based exercise group (HEP-early).
The locomotor training group training was meant to be the state of the art method
for locomotion rehabilitation and consisted of 20-30 minutes of step training using
the BWSTT method followed by 15 minutes of overground ambulation training. The
home exercise program was designed to improve upper and lower extremity strength,
balance while sitting and standing and coordination. It was expected to have little ef-
fect on gait speed and its design was meant such that it appeared as a credible training
program with equal number of sessions and duration as the locomotor training group
to avoid the placebo effect for the locomotor groups. Heart rate was determined to
be equal in both types of interventions to negate the effect of exercise and intensity.
Each of the groups received therapy 3 times per week for 12 weeks[40]. Surprisingly,
at one year after stroke, there were no significant differences in improvement between
either of the groups. 52% of all participants had increased functional walking ability.
All groups had similar improvements in not only walking speed but balance and qual-

ity of life[41]. The findings dispelled common beliefs that training in the acute phase
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of stroke would provide superior results to the chronic phase and more importantly
showed that the locomotor training paradigm is not as well understood as was once
thought. The result of the LEAPS study presents an opportunity for researchers to

develop the next generation of locomotion rehabilitation therapy.

1.2.4 Lower Extremity Rehabilitation Robots

As BWSTT’s popularity grew among the therapy community, interest was taken by
researchers on mechanizing the treatment. The strenuous supporting movements of
therapists during BWSTT spawned the development of robotic-assistive step training
(RAST) devices that could offer the therapy without the occupational hazards to
therapists. Two major classes of rehabilitation robots were originally developed:

exoskeletons and foot plate robots.

Exoskeletons

Among the exoskeletons, one of the first and certainly the most commercially suc-
cessful locomotion robot to date is the Lokomat[42]. The Lokomat (figure 1-3) uses
actuators at the hip and knee to move the patient through a neurologically healthy
kinematic path while walking with body-weight support. Initial clinical trials used a
PD controller within a position loop of exoskeleton joint angles which strictly defined
the kinematics of the limbs. This type of control ignores the activity of the human
subject, thereby bypassing Hebbs law of the requirement of supraspinal interaction
in motor recovery. In fact, allowing for variation in stepping has been seen to in-
crease the kinematic coordination (defined as the consistency of intralimb movements
of the paretic limb) of stroke patients[43]. Force sensors have been implemented into
Lokomat and control schemes that follow the MIT Manus slot controller have been
developed to implement more forgiving control architectures that allows patients to
influence the timing of their leg movements[44][45]. Additionally, visual feedback has
been incorporated into the system. Initial pilot studies suggested the potential for

efficacy[46][47], however, two recent large multicenter RCT's that compared a Lokomat
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A. Lokomat B. LOPES C. ALEX

Figure 1-3: Exoskeletons

training group to a conventional gait training group, found the conventional group
experiencing significantly greater gains in walking speed and distance that lasted at
a 3 month follow up examination in both subacute and chronic stroke groups[48|[49].

Other exoskeletons include LOPES[50], ALEX[51] and the HealthSouth AutoAm-
bulator 2. The LOPES is the newest of these and uses series elastic actuators in an
effort to apply natural feeling impedance control at the joints. There are not sufficient
RCTs to properly evaluate the efficacy of these machines. It is important to note that
each of these exoskeletons ignore or simply constrain the ankle, arguably the most

important joint for propulsion during human locomotion.

Foot plate robots

End effector robots include Lokohelp 3, Gait Trainer 1[52][53], Haptic walker[54] and
the G-EO system?[55] (figure 1-4). The later three were developed in Germany under

direction of Stefan Hesse. These systems stay with the foot during the full cycle of

Zhttp://www.healthsouth.com/experience-healthsouth /the-healthsouth-difference/leading-
technology /autoambulator

Shttp://www.fysiomed.cz/eng/medical-technologies /neurologic-stimulation /lokohelp-pedago-
gait-trainer/

“http://www.rehatechnology.com/en/home.html
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Figure 1-4: Foot plate robots

walking to simulate walking. The early systems such as the original gait trainer were
directly taken from an elliptical exercise machine but since have gotten much more
advanced. The Lokohelp system prescribes a motion trajectory but allows for foot
contact onto a treadmill, however, it does not resemble proper heel strike. The Haptic
Walker is a massive machine that allows precise control over the footplates. capable
of simulating different walking parameters such as walking up stairs in addition to
normal overground walking. The sheer size precluded it from use in the clinic. The
G-EO system is the newest of the machines listed here and it is meant to be a smaller
version of the Haptic Walker capable of being used in a medical setting and can

simulate stair climbing as well as walking.

For years, there were only small patient trials using the end effector type robots[56][5
however, in 2007, the DEGAS study showed that a group receiving locomotor training
with the Gait Trainer I along with physiotherapy improved significantly more in walk-
ing speed among other clinical scales over the group receiving only physiotherapy[58].
The G-EO system which was released to the public in 2010 has began the process of
testing with patients. In the first patient study, thirty patients were broken into two
groups. The first group received 30 minutes of training on the G-EO in conjunction

with 30 minutes of physiotherapy where the control group received 60 minutes of
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physiotherapy. A significantly larger improvement was seen by the robot group in
walking velocity and stair climbing ability among other measures tested[59]. While
this study is the first on this device, it was not randomized and the raters were team
members. The authors acknowledge that a larger multicenter RCT is in order to eval-
uate efficacy. It is important to note that in contrast to the large multicenter RCT's
done with Lokomat, these studies included physiotherapy in combination with the

locomotor group. There were no large studies that compared an end effector machine

vs. physiotherapy.

Other types of lower extremity robots

While the focus of locomotion robots has been on exoskeletons and end effector robots,
other machines have been developed that take new approaches to locomotion therapy.
Balance systems such as the CAREN have been developed to train locomotion while
perturbing balance[60].

The MIT Anklebot was developed in the Newman Lab at MIT. The system can be
used both during walking and in a seated position. In the seated position, an assort-
ment of games have been developed to train dorsi-plantarflexion as well as inversion-
eversion movements. As a low impedance device, the MIT Anklebot is capable of
providing impedance controlled slot controller training similar to the MIT-Manus for
toe pointing exercises. A pilot study showed that seated training with the Anklebot
alone was enough to increase the walking speed in stroke patients[61][62]. Despite a
significant weight (3.6 kg), it was shown that kinematics are only slightly disturbed
while healthy or stroke subjects don the device[63]. This allows for novel methods of
rehabilitation by actuating the Anklebot to modify gait via entrainment[64]. Only

small studies used the anklebot while walking to determine its efficacy.

1.2.5 Potential Design Shortcoming of Current Walking Robots

Lower extremity robots seem to have been designed to follow BWSTT in an effort to

decrease the heavy load on therapists. In doing so, the exoskeletons seem to violate
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the most important principle identified in upper extremity rehabilitation training,
the idea of self directed movements. The focus of exoskeletons is to move patients
towards a hypothetical healthy set of joint kinematics and in doing so, the exoskeleton
must be guided by a path (similar to the slot defined in the upper extremity robots).
It is widely known that no step is identical in healthy walking, thus it is impossible
to predict the exact motion and timing of the leg. Defining joint kinematics will
inherently interfere with self directed movements in an unpredictable way at unpre-
dictable phases of gait. Developing softer robots via series-elastic actuators or force
feedback controllers will likely help but will always distort self-directed movement.
The primary difference here between the undertakings of the upper extremity robot
is that the upper extremity movements are discrete in nature, such that there is no

disturbance of timing or natural rhythmic mechanisms.

Force plate robots, do not prescribe individual joint kinematics but they do pre-
scribe heel trajectories, potentially limiting self-directed movement. Additionally,
these robots stay with the foot through the whole walking cycle, disallowing an
ecological swing phase and heel strike (an important afferent to walking kinemat-

ics [65][66]).

1.3 Economic Considerations

Despite a large initial investment, robots have the potential to lower medical costs
associated with rehabilitation because they require less personnel resources. A large
study, done with three different upper extremity robots showed greater efficacy than
usual care [33] while decreasing overall healthcare costs [67]. To be economical, it
was estimated that a hospital needs to recruit more than 131 patients to offset the
initial investment. As technology matures and economies of scale are leveraged, the

break-even point will likely decrease.
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1.4 A Working Theory of the Sensorimotor Con-
trol of Walking

Human gait is an evolving field of research. We can observe kinematics, muscle
activity or end effector kinetics but for the understanding of how the nervous system
generates walking, we must rely on scientifically supported theories. One of the most
comprehensive theories is outlined by Hogan and Sternad, asserting that sensorimotor
control may be comprised of three building blocks: oscillations, submovements and
mechanical impedances [68]. In order to theorize the neural mechanisms behind
walking, we are interested in how the primitives combine to create discrete movements,
rhythmic movements and how the associated kinetics are generated.

Discrete movements, in their most basic form, can be defined as movements with
a definitive posture at the beginning and end. It has been shown that discrete move-
ments can be further simplified as the superposition of submovement profiles[69].
Submovements are defined as a smooth sigmoidal end effector movement from one
position to another. We can define X = [z1, 3, ..., z,]" as a vector of foot positions,
in a Cartesian coordinate system. FEach submovement has the same speed profile
z;(t) = 0;0(t),j = 1...n where 0; is the peak velocity of the element j and o(t) is
the stereotyped velocity profile. Combining m submovements with independent start
and end times (b, dy) results in a discrete movement with the speed profile defined

in equation 1.1.

= b0 (tlbe,di),j = 1. (1.1)

k=1
In biological systems, precise repeatability is scarce, thus our definition of rhythmic
movements is quasi-periodic. Letting €; and J represent small constants, we can define

a rhythmic movement via equation 1.2.

lz;j(t) —zj(t + At +IT)| < Vt,1=0,1...,5=1...n (1.2)
where T is the average period and At is a small deviation from T s.t. |At| < 4.
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Note, that these definitions deviate from [68] only for clarity. The theory further
suggests that rhythmic and discrete movements are combined to form a virtual tra-
jectory denoted by z, such that z, = x4 + z, where z; and x, represent discrete
and rhythmic trajectories respectively. Anatomically, the virtual trajectory repre-
sents a time dependent set of coordinates [Z,;, Tog, - - - , Ton|® determined by the CNS.
Finally, the theory holds that kinetics are determined via the interaction between
the virtual trajectory (z,), the actual trajectory (z,) and mechanical impedances
Z(a,7,01,0s,...,0,) as shown in equation 1.3. Mechanical impedance is represented
as a nonlinear function function where a represents CNS muscle innervation, v repre-
sents muscle spindle levels and 6; represents the joint angles. Equation 1.3 represents
the lowest order definition of force derived from mechanical impedance, in this case

behaving as a spring.

F = Z(xq — ) (1.3)

1.4.1 Implications for Rehabilitation

When relearning to walk, highly impaired stroke patients resemble infants, using
discrete steps (steps with a definitive starting and stopping point). This contrasts
with healthy walking which seems to resemble pseudo-periodic oscillations (rhythmic
motion). It would be easy to estimate that these two types of movement are one
in the same; yet, brain scans clearly show the distinct brain mapping of these two
breeds of human motion [70]. Current methods of robotic walking therapy focus on
rhythmic walking but we can hypothesize that discrete stepping is a separate skill
that could allow patients to develop walking in a more natural way. Furthermore,
motor learning literature has shown that an adaptation to a discrete task was nearly
fully transferred to rhythmic movements. The same study found that the reverse was

not true, which suggests another potential benefit to discrete training [71].
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1.5 Thesis Goals and Organization

The goal of this thesis is to push the state-of-the-art in robotic gait rehabilitation for
stroke and cerebral palsy patients through the development of a novel rehabilitation
robot. Chapter 2 examines the front-end design process of concept generation and
the development of functional requirements. Chapter 3 outlines the detailed design
and features of our system. Chapter 4 details the design of the power electronics.
Chapter 5 explores the vision system hardware and algorithms. Chapter 6 outlines
the controls and characterization of the robotic system via models, dynamic system
analysis and step responses. Chapter 7 details the rehabilitation program algorithms
and the results of a month long feasibility study with three patients. Finally, in
chapter 8, we summarize the the thesis and make recommendations of future work

based on data collected from individual training sessions.
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Chapter 2

Skywalker Front-End Product

Design Process

The Skywalker system is very much a product and was seen as such during the design
process. This means that a full product development process was used such as the
one defined in [72] with slight modifications. Specifically, the general methods for
developing customer needs (or functional requirements) were unique to this product.
Interviews, focus groups or observing end-users were exchanged for a literature review
due to the novelty and uncertainty involved in the design.

Our goal was to define a set of user needs (see table 2.1) based on a set of scien-
tifically grounded hypotheses. Body weight supported treadmill therapy (BWSTT)
is successful just over half the time with stroke patients but as seen in the LEAPS
study [41], home-based strength and balance training yields similar results. Further,
it seems that exoskeletons are inferior when compared to manual body weight sup-
port treadmill training (BWSTT) [48][49]. The reasons can only be hypothesized.
In determining the functional requirements of our system, we are relying on the hy-
pothesis that balance is vital to walking and that current exoskeletons interfere with
self-directed rhythmic motions.

Skywalker-vy is tasked with pushing the state-of-the-art in neural rehabilitation,
thus we based our design on state-of-the-art human movement theories. Discrete

movements recruit a larger portion of the brain [70] and learning is unidirectionally
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transferred to rhythmic movements|[71]. Additionally, some humans learning to walk

(infants to stroke patients') seem to take individual steps when learning to walk, so

it is a reasonable hypothesis that discrete stepping is important to normal walking.
Finally, it has been said that stroke patients are like snowflakes, each is different.

It is important that the system is flexible to many major pathologies of impaired gait

outlined in table 2.2.

Table 2.1: Research Driven Functional Requirements

Research Hypothesis Functional Require-
ment
Exoskeleton outper- | Exoskeletons interfere | System not capable of

formed by manual
BWSTT

with movements

interfering with self-
directed movement

Plasticity Neurons
that fire together, wire
together

Use repetitive move-
ments

System to match ef-
ferent and afferent sig-
nals

Strength and balance
training = BWSTT

System to offer bal-
ance training

Discrete and rhythmic

Balance is vital to
walking
Discrete  movement

System to offer modes

movements are dis- | skill vital to walking | to train both move-
tinct ment primitives

Many different gait | Single machine can | Training modes must
pathologies train all pathologies support common gait

pathologies

Table 2.2: Post stroke control impairments and resulting pathologies: collected from
[8],]9]and[10]

Control Impairments
Spasticity
Selective Control
Primitive Locomotor Patterns
Inappropriate Phasing
Proprioception

Gait Pathologies
Drop Foot
Equinovarus
Genu Recurvatum
Stiff Knee Gait
Asymmetric Gait
Balance Problems
Slow Gait Speed

levidence from Youtube of stroke patients and infants https://www.youtube.com/watch?v=
iszPQK2_vOo, https://www.youtube.com/watch?v=qzWHgT66Tks
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2.1 Skywalker-y Mantra, concepts and specifica-

tions

2.1.1 Terminology

Skywalker-y is the most recent embodiment of the Skywalker machine at the time
this thesis is written. We refer to the device made by Bosecker [73] as the a prototype
or Skywalker-a. The (8 prototype of Skywalker was very similar to the v and was
used for an inter-limb coupling experiment. From that experiment, it was clear that
more frontal plane torsional support (section 3.3.2) was needed and once added, we

chose to name the system Skywalker-+.

2.1.2 Design of an environment

Summarizing all of the needs into a single statement, the mantra of Skywalker-y
became: to design an environment that fosters the redevelopment of self-directed
movement in three distinct modes (rhythmic, discrete and balance). This mantra
encompassed all user needs defined in table 2.1. The focus of the design mantra was
to encourage self-directed ecological movement while minimizing interference.

Susko and Krebs [3] describe the general methods of training to fulfill each of
the functional requirements (figure 2-1). Chapter 7 details the 3 modes and the
feasibility study with stroke and cerebral palsy showing the flexibility of the system

to train patients at different levels of impairment.

2.1.3 Concept Generation

Bosecker and Krebs developed the a prototype of the Skywalker (figure 2-2(a)) and
showed its promise as a horizontal implementation of a passive walker [74] via tests
with a wooden mannequin [73]. The a prototype was limited by underpowered actu-
ators and a design that was far too high off the ground (figure 2-2(b)) for patient use,
but it proved the rhythmic concept. The Skywalker paradigm (shown in figure 7-2)
provided a method to actuate rhythmic walking without attaching to the limb, thus
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(a) Rhythmic Training

(b) Discrete Training

(c) Balance Training

Figure 2-1: Proposed Training Paradigms from [3]
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(a) Skywalker a prototype (b) Height measurements of system with ra-
dial cam

Figure 2-2: Skywalker o prototype and height measurements

being incapable of interfering with the patients” movement. In developing the next
prototype of the Skywalker, we wished to use the same track-dropping paradigm.
The next task involved a look at some different configurations to produce the
same dropping effect (figure 2-3). Vertical actuation was initially attractive due to
the prospect of bringing the system all the way to the floor (some early concepts seen
in figure 2-4). The crank-rocker concept had the advantage of being able to conserve
energy through a continuous movement. The lever concept was ultimately chosen
because it was a tested design with the « model and had the advantage of lower
vertical velocities during heel strike with higher vertical velocities and accelerations
during toe-off as a consequence of the foot positioning in relation to the fulcrum.
Once the lever configuration choice was made, actuation methods were considered
(see figure 2-5). Skywalker-a used a radial cam which led to a system that was too
high off the ground. For this reason, I considered locating the actuator outside of
the tracks (see figure 2-5). This solves the height problem but induces a significant
frontal plane moment (figure 2-6(a)). In order to exploit the available geometry, I

considered having a wedge move underneath the tracks (figure 2-6(b)). The wedge
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Figure 2-5: Outside actuation options

allows us to solve both the height and moment problems by fitting within the space
provided by the system in both the horizontal and fully lowered position. The wedge

idea fully developed into a linear cam drive as shown in figure 2-7.

2.1.4 Target Specifications

The specifications set for the new design in comparison to the measured final Skywalker-
~+ parameters are shown in table 2.3. Skywalker-o had a maximum drop of 1.5 inches
underneath the foot after it was modified with its final trilobular cam, which operators
noted as being too shallow. The new maximum drop specification for our machine
was set at 6 inches to attempt to accommodate the 95% man [75] with healthy knee
and hip kinematics [76] and drop foot (limp ankle angle found to be 40 degrees in a
small lab experiment of healthy subjects), as seen in figure 2-8. Equation (2.1) repre-
sents the necessary track drop (d) in this extreme case. During our feasibility study,
outlined in chapter 7, we never needed to drop more than 2.6” underfoot (defined as

the medium drop in figure 7-3).
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Figure 2-6: Cam Exploration
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Figure 2-7: Linear cam drive sketch

d = 36.4 + 12sin(40) — [18.4cos(15) + 18cos(40) + 12sin(57)] = 5.84inches

(2.1)

Table 2.3: Skywalker- specifications

Metric Design Specifications | Skywalker-y measurements
Treadmill Tape Width 20 20
Treadmill Tape Length 60 59.5
Distance Between two tracks 1.9 1.8
Low Sagittal Plane drop 6 6.15
Low Sagittal Plane angle 11.3 degrees 11.6 degrees
Hi Sagittal Plane angle 2 1.82

Hi Sagittal Plane angle 2.7 degrees 2.5 degrees
Frontal Plane max angle 5 degrees 6 degrees
Time from horizontal to low 0.2s 0.2s
position

Time from low to horizontal 0.2s 0.2s
position

Frontal Plane horizontal to 5 0.5s 0.45s
deg and back

Minimum Treadmill Speed 0.2 mph 0.05 mph
Maximum Treadmill Speed 2 mph 4 mph

Artemiadis and Krebs first published the idea of adding a vertical displacement
to the leg prior to swing [77] and Osaki [78] shows that the toe raises approximately

2 inches in the early swing phase. The desired drop and return time was chosen to
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Figure 2-8: Diagram to calculate drop depth specification

be 0.4 seconds because this is the approximate healthy swing time. The minimum
treadmill speed was selected to be as slow as possible to support slow discrete steps
and the maximum treadmill speed was selected to be faster than healthy treadmill
walking (self-selected treadmill speeds are between 2-3 mph for healthy subjects).

Skywalker-a is 40” in length, which made subjects wary that the foot would exceed
the treadmill surface. For this reason, it was desired to create a much longer surface.
The most common treadmills on the market measure 60” in length and 20” in width
and because we wished to use a standard treadmill belt, each track was made to be
the common size. In a future design of Skywalker, I recommend a 55” long, 18" wide
track if the belt can be easily purchased.

As a long term vision, the Skywalker would allow patients in wheelchairs to as-
cend Skywalker’s tracks from the rear with a wheelchair (figure 2-9). The American
disabilities act? requires curbs and doorways to be at a minimum width of 32” which
will allow access for most wheelchairs. Spacing between tracks was minimized to 1.8”
and thus the standard sized treadmill tapes provide a surface that is much wider than
the disabilities guideline for wheelchair access and in fact will accommodate even the

widest wheelchair on the market. Section 3.2.2 details the design of the treadmill

2http://www.ada.gov/regs2010/2010ADAStandards/2010ADAstandards . htm
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Figure 2-9: Wheelchair access to hinged system

motors. Care was taken to ensure that the treadmill motor torque was sufficient to
carry a person to the top on its sharpest incline (11.6 degrees).

The toe off occurs at about 30cm behind the center of the gait or 41.8 inches
behind the axis of rotation. Thus, as a specification, we may determine the High
sagittal plane angle to be arctan(2/41.8) = 2.7degrees.

The frontal Plane range of motion (ROM) was chosen as a feasible degree of
rotation with the geometry of the rest of the system. The Skywalker’'s ROM does
not match the 18 degrees of the CAREN][60] system but is capable of both disrupting

balance and creating a noticeable tilted walking environment.

2.2 Body Weight Support Design

2.2.1 Functional Requirements

The body weight support became an important piece of the system design. Typical

body weight support systems support the patient from above (see figure 2-10(a)?).

3Biodex Medical Systems, Shirley, New York http://www.biodex.com/physical-medicine/
products
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(a) Typical overhead body weight support (b) Desired point of support below the cen-
ter of mass (from [3])

Figure 2-10: Body weight support concepts

This type of support violates our design mantra by creating an artificially stable
condition. If the person is to deviate by any angle, the overhead support creates a
stable pendulum. For this reason, we developed a design target to support the weight
in a location that would maintain the natural inverted pendulum type dynamics of
the standing human (seen in figure 2-10(b)). Of course, for safety, a separate device
is needed to prevent falls. We set the maximum patient weight at 300 pounds for the
design of the body weight support and the Skywalker and attempted to work with a

1.5 factor of safety.
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(a) Stroke patient using the body weight (b) Detailed BWS seat
support

Figure 2-11: Body Weight support features

2.2.2 Design Concept

The Skywalker body weight support system was completed by a series of undergrad-
uate researchers (specifically, Fareeha Safir, Marta Krason, Thuan Doan, and Simon
Okaine) under my supervision. All machine design calculations and models can be
found in Simon Okaine’s undergraduate thesis (June 2015). This section will serve to
explain its function and overall structure rather than to detail structural calculations.

Figure 2-11(a) shows a stroke patient using the body weight support system during
training. Notice that the vest fits loosely. Its only function is to catch the subject in
the event of a fall. A more detailed view of the seat can be found in figure 2-11(b).
The harness adjusts at the top to accommodate different heights. Body weight is
unloaded on a bicycle seat (rigidly attached to a shaft) which rides on a spring. The
motion of the seat shaft is guided by a linear bearing. The seat is allowed to vertically
translate and can rotate around the shaft axis. A linear potentiometer tracks the
position of the seat shaft, thereby creating a spring scale. The displacement readings
can be interpreted as a force due to the linear relationship via the spring constant

(112 pounds/inch). The subject is held onto the seat with a standard seat belt.
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2.2.3 Structure

Figure 2-12(a) shows the sagittal plane view of the body weight support. It was
important that the seat shaft and the back support maintain a vertical position, so
that readings from the potentiometer represented true force being offset from the
participant and to ensure comfort. A linear actuator is used to adjust the vertical
position of the boom, thereby increasing the preload on the spring (equal to the force
being offloaded from the subject). The data wire feeds into the PXI control box as
an analog signal between 0 and 5 volts to relay the information to a real time display
as the system is adjusted.

The linear actuator 4 utilizes a lead screw type of transmission. The nut serves as
the actuator carriage and sits below the boom. There is no rigid connection between
the actuator carriage and the boom. The boom simply rests on the carriage. Linear
bearings installed on the rear end of the boom resist the moment generated from
the subject’s force multiplied by the distance to the fulecrum. Detailed calculations
were done to ensure the moments could be supported by the bearings. Transverse
plane moments are offset via the two t-slot linear bearings on either side of the linear |

actuator (see figure 2-12(b))

2.2.4 Operation

Operation is very simple. The linear actuator moves at a single (very slow) speed and
is operated by the black remote control seen in figure 2-12(b). The remote control

contains only two buttons, up and down.

2.2.5 Modifications

During the study, our most severe participant (P2) used two canes to walk on the
machine. His canes did not allow us to drop the tracks because the drops would
perturb his canes as well. For this patient, we added hand rails (see figure 2-13(a)).

The hand rails simply slide into the vertical back support brace for easy setup. Tennis

4Firgelli Automations FA-450-TR-24-30 www.firgelliauto.com
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(a) Body weight support with rails (b) Rail assembly with tennis tape

Figure 2-13: BWS rails

racket grip tape was used to pad the ends of the hand rails (figure 2-13(b)). Before
installing the tape, P2 complained of the bare aluminum hurting his hands. The tape

solved the problem.

2.2.6 Kinematics changes induced by the BWS system

2.2.7 Patient feedback

An exit survey was given to our study participants. The full survey documents can
be seen in appendix F. We asked participants to rate the body weight support on
comfort and to assess the ease of mounting the robot.

P2 rated the body weight support as a 2 of 5 citing that it elicited spasticity
for him. Our stroke patient (P3) rated the comfort a 3 out 5, neither finding it
comfortable or uncomfortable. Our least impaired individual (P1) found it to be
extremely comfortable.

Mounting the device was a problem only for P2. Mounting should be considered

on the next version, focusing on the most impaired patients.



Chapter 3

Skywalker-v Detailed Machine
Design

3.1 Skywalker Mechanical Configuration

3.1.1 Frame

Figure 3-1(a) shows a full view of the Skywalker frame. All red pieces are made of
steel and are powder coated to prevent rust. The frame is bolted together using a
series of thick aluminum brackets. Slots allowed for the adjustment of members to
give freedom to adjust the location of the ring gear seen in figure 3-1(c). The front
ring gear is bolted to the frame and was chosen to provide the desired 90:1 gear ratio
for the frontal plane drive. A custom fabricated partial circle ring gear costs three
times that of the standard full ring gear chosen, and while we could cut the ring gear,
the look of a full ring gear was pleasing and cutting hardened steel is not trivial.
Plastic shields were laser cut to prevent injury on the exposed gear teeth. A notched
shaft was press-fit into the front of the frame to mount the front-end bearing of the
base assembly (figure 3-2(b)).

Two heavy duty cam-followers (figure 3-1(b)) were attached to the rear of the
frame to support the rear end of the base assembly (figure 3-2(c)). Removable alu-

minum track rests (figure 3-1(d)) support the tracks in the lowest position to allow
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(a) Full frame view (b) Cam follower

(¢) Front frame view showing ring gear, (d) Rear view showing the removable track
pressed shaft and aluminum brackets rests

Figure 3-1: Frame CAD images

the system to convert into a ramp for patients to mount the machine from the rear

as shown in figure 2-9.

3.1.2 Base assembly

Figure 3-2(a) shows the base assembly attached to the frame. The parts encompassing
what we term the base assembly include all 5 motors with appropriate pinion gears or
pinion pulleys (for the treadmill transmission belts). The belts, seen in figure 3-2(b),
are J-section V-ribbed belts which mate with the standard front rollers used in the
track assembly and provide proper torque and speed requirements for our use [79].
Figure 3-8 shows a close up of the motor-belt interaction and details the method used

for tensioning the belts. The sagittal plane motors (which actuate the track drops)
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are fastened to mounting plates. A helical pinion gear is pressed onto a keyed shaft.
To ensure even greater hold, a radial mechanical clamp is used to further clamp the
pinion gear onto the shaft. Helical gears offer quieter motion and higher load capacity
when compared to straight cut gears [79]. Linear bearing guide rails are fastened to
the outside of the base plate to locate the linear bearing carriages that are attached to
the linear cams (figure 3-3(c)). Figure 3-2(b) highlights the front bearing that mates
with the frame shaft and the pinion gear of the frontal plane actuator. The frontal
plane motor is attached to a 10:1 planetary gear box. The pinion gear is pressed onto
the gear box’s output shaft. This gear mates with the large ring gear on the frame.
The rear end of the base assembly (figure 3-2(c)) shows a partial circle. This arc
rests on the frame’s cam followers to support frontal plane motion. The virtual center
of the arc aligns with the center of the front bearing to ensure frontal plane system

alignment.

3.1.3 Sagittal plane actuation assembly

Figure 3-3(a) shows the linear wedge assemblies installed on the base assembly. The
linear wedge is fastened to a helical rack gear. FEA was conducted on multiple
designs of the wedge. Thinner wedges with the cam path cut through the wedge was
attractive because it lowered the weight, however, the FEA showed stresses above
yield for loads occurring during quick drop profiles. For this reason, the wedge was
made slightly wider with material that closes the back of the cam path. Figure 3-3(b)
shows the sagittal plane motors mating with the rack. A clear view of the linear
bearing carriages (in green) can be seen in figure 3-3(c). Notice here that we also
introduce a torsion restraint linkage that mounts behind the motor. The purpose
of this linkage is to resist frontal plane torques that are created when subjects load
the inner portion of the treadmill. It attaches to the center support beam of the
treadmill assembly (figure 3-4(c)). Without these linkages, there is noticeable frontal
plane rotational deflection on the tracks with a 150 pound person loading the center
of the track. When installed, the deflection is unnoticeable. Detailed design and

calculations for the linear cams and linkages can be found in sections 3.2.3 and 3.3.2.
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(a) Base assembly mounted onto the frame

(b) Front end of the base assembly (¢) Rear view of the base assembly

Figure 3-2: Base assembly
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(a) Linear cam assemblies and one torsion restraint linkage assembled to the Base assembly

(b) Rear view (c¢) Side view

Figure 3-3: Sagittal plane actuation assembly
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3.1.4 Tracks

Completing the Skywalker assembly, the tracks are added to the model as shown in
figure 3-4(a). The treadmill tracks are custom built. Unlike standard treadmills, the
Skywalker treadmills must be as light as possible to accommodate high accelerations
during the sagittal plane motion. The only standard part on this treadmill is the
front roller. Standard treadmill frames are made of steel and the decks are made of
a 1” thick type of particle board. The Skywalker’s track frame is constructed of 6061
aluminum and the deck is made of 3/4” thick Okoume (a light type of hardwood
plywood). The Okoume track weighs only 15 pounds per deck, which saves 2 pounds
over the standard Oak and Birch plywood sold at common home improvement stores.
To obtain a smooth, low friction surface, a piece of adhesive-ready Teflon was laid over
the Okoume. The Okoume track was cut on a CNC router to ensure the necessary

tight tolerance, within 0.020”.

The front of the track employs ”offset” bearings, 1/2” thick pieces of stainless
steel that are carved with slots that are concentric with the axis of the front rollers.
Graphite impregnated journal bearings fit inside of these slots and form the hinge.
This configuration was chosen to minimize the width of the track assemblies, due to

the design specification limiting the space between the two treadmill tapes.

To improve frontal plane rigidity, aluminum cross-members were inserted to the
underside of the treadmill tracks to ”close-the-box” and increase the second moment
of area of the structure in the frontal plane (figure 3-4(b)). The central beam transfers
most of the subject’s weight to the base assembly via the cam follower. The central
beam also mates with the torsional restraint linkage. This beam was studied with

FEA (seen in figure 3-33) because of its importance to the structure of the system.

The treadmill tape tension is adjusted by two screws that set the position of the

rear roller similar to a standard treadmill.
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(a) Full assembly with tracks installed onto the base and actuation assembly

(b) Track structure without treadmill tape

(¢) Treadmill tape installed

Figure 3-4: Treadmill track assemblies
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3.2 Mechanical Drive Design

3.2.1 A Generalizable Mechanical Drive Design Guide

We will define a mechanical drive as the combination of a mechanical transducer
and a transmission to create useful motion for a given mechanical design application.
The Skywalker-y uses servomotors as the mechanical transducers and uses cams,
gears and pulley systems as the transmissions. The following section details the full
design process taken to determine proper motor specifications for Skywalker. A large
portion of this thesis focuses on the design of Skywalker-y and thus, the learnings
encountered along the way will be documented. In popular mechanical engineering
design textbooks, there is little or no information on designing mechanical drives
[80, 81]. The best book I have found in this area is Precision Machine Design by
Slocum [82] but it is really meant for designing machine tools. The following method
is easier to implement and will enable the selection of a mechanical drive for most
applications.

In developing specifications for a mechanical drive, the end goal is to generate
three quantities: required output torque (7), angular speed (w) and their product,

power (P).

P=7xw (3.1)

The output of a machine may very well be translational in which case:

P=Fxv (3.2)

The process below was used to design of each drive in Skywalker-y and can be
adapted to many other machines in order to define these three important specifica-

tions.

Determination of Drive Specifications

1. Generate a rough conceptual model (a drawing, a physical model, CAD, etc.)
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2. Think through the major types of mechanical impedances present

(a)

(b)

Masses or rotational inertias are the easiest to consider because they are
easily measurable, linear time invariant and predictable. If masses are the
only impedance present or they are dominant during normal operation,

simulations can be run with masses only.

Stiffnesses are the next simplest impedance that may exist. If a design has
a spring in it, chances are that there will be a published spring constant.
If there is a flexure, CAD packages can be used to estimate the stiffness.
Once the stiffnesses are known, the parameters can simply be added to a

simulation.

Damping components can be simple to estimate if the item is a precision
damper but friction is nearly impossible to estimate without access to
materials and running conditions. If a system has a significant amount of
friction, testing should be done to simulate the environment. Section 3.2.2
illustrates an example of determining the force of friction via tests with a

standard treadmill.

3. Consider external loads.

4. Create an analytical model OR in cases of high friction, generate a test, re-

membering that the end goal in either case is to determine the desired output

torque, speed and power.

Drive Selection

The system drive selection is often an iterative process, but iterations can be limited
if the designer considers first the types of transmissions available and suitable for use
before looking at transducers. This will give the designer certain limits to then browse

mechanical transducer options. The drive selection process should look as follows:

1. Search through transmission options (it is recommended to engage in a concept

generation / concept selection process such as the process described in [72].
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Specific questions specific to transmissions are:

(a) Can the system tolerate backlash? If not, consider preloaded, friction or

other commercially available transmissions as outlined in [83].

(b) How much force and at what speed must the transmission operate? This in-

formation should be now available from the specifications developed above.

(c) What are the geometrical constraints? Drawings and models help to un-

derstand space.

(d) Does the machine need to be backdrivable?.

2. Generate limits of transmission ratios available from the chosen solution(s). It

will then be possible to define limits that the transducer needs to operate within.
3. Search for acceptable transducers

(a) Mechanical transducers all have a torque-speed relationships. In brushed
electromechanical motors, this relationship is often inverse and linear.
Brushless motors, however, can have an intermittent duty zone, shown in
figures 3-7, 3-14, and 3-25 during which max torque is available. Based on
the transmission ratios being considered, choose a motor that can output
more than the desired Torque / Speed requirements at all required oper-
ating conditions. It is generally recommended that chosen motor power

stays at least 25% higher than the specification value [82].

A Note on Brushless Servomotors and Motor Drivers

When designing a servo system, it is important to consider not only the motor but
also the motor driver (see section 4.1.1). Each driver will operate with a bus voltage
or in other words, the DC voltage accessible by the motor. Skywalker-a was flawed
because the design was done without consideration of this voltage, thus the drive was
speed limited by the back EMF generated during motor operation. The motor specs
were assumed at the listed value of 640 Volts when only 60 Volts were accessible by

the motor [73]. The motor bus voltage accessible by Skywalker-y’s motors reads 324
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+/- 0.5 VDC. All motor curves were generated using this voltage and the current
limit of the selected motor drivers. Without these considerations, the designer can

be creating something that will not perform as expected.

Skywalker Motors and Transmissions

All motors used in Skywalker are from the Kollmorgen AKM series of servomotors®.
Motors for the sagittal plane and frontal plane actuation were chosen based on simu-
lations (section 3.2.3 & section 3.2.4). The treadmill track motor requirements were
established by studying a Sole F80 treadmill as seen in section 3.2.2. The process
outlined in section 3.2.1 was used to determine the proper transmission requirements
of the system. In a commercial version of Skywalker, consideration may be taken to

study the efficiencies but for the purposes of a prototype machine, it was omitted.

3.2.2 Treadmaill Drive

Specifications

In determining specifications for a treadmill motor, simulation is a fairly difficult
method to use because estimating friction in a treadmill belt is challenging and friction
is a large component of the system impedance. The following procedure was a based
on experiments and commercial motor data. A Sole F80 treadmill? available in the
lab was studied to generate the treadmill motor specifications. It is equipped with
a large 3hp brushed dc motor with a sizable flywheel attached to the output shaft
(see figure 3-5(a)). The reason for the high power motor is that these treadmills
are equipped to support running up to 12mph. The treadmill was run in a loaded
condition (160 lb adult walking on the belt) and an unloaded condition at various
speeds while monitoring the voltage and current reaching the motor. Current and

voltage data was recorded using a magnetic current probe and a voltage probe. The

!AKM series ~ motor  information  available  at: www.kollmorgen.com/en-
us/products/motors/servo/akm-series/akm-series-ac-synchronous-motors/akm-series/
2Treadmill specifications available at www.soletreadmills.com/treadmills/f80-treadmill-2013
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RMS value of the data was computed by a Lecroy Waverunner LT2243 oscilloscope.
The data is shown in the table 3.1. The peak amperage was always approximately

1.5x the RMS value during loaded condition tests.

Table 3.1: Sole F80 test data at various track speeds

Treadmill Voltage Unloaded RMS Loaded RMS Loaded RMS Elec. Loaded RMS Mech.

Speed (mph) (V) Current (A) Current (A) Power (W) Power (W)
0.5 5 7.5 15 75 63
1 10 9.0 16 160 127
2 20 9.75 17.5 350 276
3 30 10.5 17.5 525 428
4 40 11 20 800 638

The Sole treadmill motor was marked and thus discoverable online as a motor
from Ya Cheng Electrical Engineering Co.*. The Ya Cheng motor curve can be seen
in figure 3-5(b). The motor curve shows a value of torque at each level of current,
however, knowing the speed of the motor, the level of torque that is shown in figure
3-5(b) would be creating mechanical energy so it is unusable. In order to tease out
the estimated torque from the motor, first electrical power was computed using the
recorded voltage and current and equation (3.3). The electrical power for each track

speed is listed in table 3.1.

P=VxI (3.3)

It was then possible to convert the electrical power into mechanical power by
using the efliciency curve at the specified current level in figure 3-5(b). While we
know the motor diagram is incorrect, these charts usually embellish actual behavior.
Being that we are concerned with the amount of torque being delivered by the motor,
using a high value for the efficiency () will give us a conservative number for the
mechanical power and thus a high torque estimate. The last column in table 3.1

shows the estimated mechanical power in the system using equation (3.4).

3Specifications can be found at http://www.tequipment.net /LecroyLT224Specifications.html
“Curve taken from http://yacheng.imb2b.com/
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Figure 3-5: Ya Cheng 3hp motor

B, =n%P, (3.4)

It was determined that the front roller of the Sole F80 would be used in Skywalker
and thus the output power of concern was the speed and torque at the front roller
(seen in figure 3-5(a)). The speed of the roller was computed by using a stopwatch
to time 60 rotations of the front treadmill roller. Speed of the front roller (w,) was

simply:

wy = 2% *x 60/t (3.5)

Finally, now that we have speed of the front roller and the mechanical power of

the system, the roller torque (7,) was calculated as:

Ti" = Rn/wr (36)

As a simplification, the belt transmission was assumed to be 100% efficient being
that belts typically have 98% efficiency. The mechanical power, speed and torque at
the front roller of the treadmill are shown in table 3.2. Peak torques were assumed to
be 1.5x the RMS torque value because peak current was 1.5x the RMS current level.

The system max speed specification (table 2.3) was originally set at 2mph. The
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Table 3.2: Front roller speed and torque requirements at various treadmill speeds

Treadmill Speed (mph) Mech RMS Power (W) Roller Speed (rad/s) Roller Torque (Nm) RMS/Peak

0.5 63 6.1 10.3/15.4
1 127 12.3 10.4/15.6
2 276 24.5 11.3/16.9
3 428 36.8 11.6/17.4
4 638 49.0 13.0/19.5

summary of the drive specifications can be seen in table 3.3.

Table 3.3: Treadmill drive design requirements at the front roller
Mech Power RMS/Peak (W) Roller Speed (rad/s) Roller Torque RMS/Peak (Nm)
276/414 peak 24.5 11.3/16.9

Transmission Design

The majority of standard treadmills use a belt transmission from the motor to one
of the treadmill rollers. Some medical grade treadmills such as the Woodway ° are
chain driven, but for the purpose of Skywalker, weight was a driving factor and thus
a belt drive was chosen. The transmission ratio (R) of belt transmissions can be
approximated by equation (3.7) where D,, refers to the diameter of the motor pulley
and D, refers to the front roller pulley diameter. However, in a real belt system, it is

necessary to use equation (3.10).

R=D,/D, (3.7)

D, is fixed because Skywalker will be using the Sole F80 front roller. The variation
in the transmission ratio arises from only the motor pulley. Figure 3-6 shows the
geometry of the drive. The belt needs to fit between the vertical struts of the front
beam and thus the motor pulley has a maximum diameter of approximately 50mm.
The lower limit of the motor pulley was defined by Machinerys Handbook[79] as 0.8

inches, however, due to the motor shaft size, the minimum outer diameter of the

"medical.woodway.com/gait_rehab/
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Figure 3-6: Skywalker treadmill drive

motor pulley was deemed to be 1 inch. Table 3.4 shows the limits of the transmission

ratios based on these constraints.

Table 3.4: Max and min treadmill transmission ratios
Motor Pulley Diameter (mm) Transmmission Ratio
R,, max 50 2:1
R, min 25.4 3.93:1

In systems that require absolute precision in track velocity, the belt system has
caveats. Both the ribbed V-belt and the treadmill track belt have viscoelastic proper-
ties. The treadmill track feedback occurs at the motor and not the track, thus small
errors in velocity may be present in the belt during load. See section 6.3.1 for a more
detailed look at the treadmill dynamic system analysis.

Now that the range of transmissions is specified, it is possible to define a maximum
speed and maximum torque condition for a motor. Table 3.5 outlines these two
conditions. Equations (3.8) and (3.9) are used to define the motor torque and velocity

specifications.

Tm — Tr/R (38)

Iy 1=l % R (3.9)
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Table 3.5: Range of motor specifications

Transmission Ratio Motor Torq RMS / Peak Motor Speed
Max Speed Condition 2:1 5.7 Nm / 8.5 Nm 49 rad/s = 468 RPM
Max Torque Condition 3.93:1 29 Nm / 4.3 Nm 96 rad/s = 917 RPM

The next step is to find a motor that can operate within the ranges listed in table
3.5. Most motor charts use RPM as a measure, thus it is a nice unit to use when

specifying motor velocity.

Motor Selection

The sole F80 motors were certainly powerful enough to run Skywalker-ys tracks,
however, their minimum speed was 0.5 mph on the Sole treadmill. It was never
tested but, in general, brushed motors have a problem when operating at low speeds.
This is due to friction and relatively coarse commutation. To use this motor for track
speeds below 0.2 mph, the transmission ratio would need to be increased. However,
this would mean decreasing diameter motor pulley below feasible dimensions or using
another front roller; both of which were unattractive options.

Brushless Servomotors can operate at low speeds due to their precise field direction
and high resolution feedback. Skywalker-vy’s treadmill tracks were therefore actuated
using the Kollmorgen AKM43E servomotors originally used to actuate Skywalker-a’s
sagittal plane motion. These motors fit the requirements to drive the treadmills.
Their small size was also seen as an advantage. Figure 3-7 shows the motor curve for
the AKM43E using the P-003006 Kollmorgen motor driver.

The AKM43E motor can far exceed the speed specification but the transmission
ratio must be chosen carefully to support the required torque. Therefore, a transmis-
sion was designed near the maximum torque condition. A motor pinion was custom
designed to mate to the AKM43E output shaft. The minimum outer diameter (D,,)
for the motor pinion was specified by the manufacturer at 1. The transmission ratio
was experimentally observed at 3.72 because the pitch circles of pulley system also
includes half of the belt thickness that lies outside of the pulley OD (4). This is not
to be confused with the thickness of the belt. Because Skywalker uses ribbed v-belts,
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Figure 3-7: Kollmorgen AKM43E servomotor with the AKD-P00306 motor driver

the groves that protrude into the pulley do not add to the pitch circle. The pulley

increases the diameter of the pulleys by 4mm and thus the calculation becomes:

Ra(:fual = (D1 + 5)/(Dm + (S) (310)

It is then possible to determine the motor to track transmission ratio (R,,;) by
equation (3.11) , where r is the radius of the front roller. Ultimately, the value of
R, was validated experimentally to be 102 radians per meter. Theoretical torque
estimates were taken from figure 3-7 and equation (3.12) was used to estimate output
linear force capabilities (f;) of the treadmill track. The efficiency (7,) is estimated
at 0.98 for both the treadmill track and the transmission belt. d;,...q 18 the treadmill

belt thickness.

Rmt = (Ract?tai)/(r + 5#1'(:(1([) (31 1)

f! = Tm * Rmt * 7]5 (312)
With the 3.72:1 transmission ratio, the Skywalker treadmill belts are theoretically
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capable of supporting the following parameters as seen in table 3.6.

Table 3.6: Skywalker treadmill theoretical performance

Performance Metric Theoretical Performance
Continuous RMS torque at roller 16.4 Nm
Peak torque at roller 50.0 Nm
Peak speed at roller 51 rad/s
Peak torque at roller 50.0 Nm
Peak speed of the treadmill track 4.14 mph
Peak motor torque 13.4Nm at 9A
RMS motor torque 4.7 Nm at 3A
Peak force of the treadmill track 1312N
RMS force of the treadmill track 460N
Rt 102 rad/m

Other Belt Drive Design Considerations

In all belt drives, there needs to be a method for tensioning the belt while still being
able to assemble the whole system. In some applications, belt system designs incor-
porate mechanical tensioners that either use weight or a spring to apply tension. In
other systems, such as treadmills, tensioning the belt requires some sort of mechanical
advantage, usually via a screw. Figure 3-6 shows the belt / motor interaction point
on Skywalker. In order to apply tension, the motor is fixed to its mounting plate that
surrounds its output shaft. It is then slid into the main front beam and is loosely
attached to the upper two holes (highlighted in blue in figure 3-8). The belt is placed
into the correct groves and then the assembler can raise the rear of the motor in order
to assemble the lower two mounting holes. In doing so, tension is created in the belt.
Slots were cut into the mounting plate so that the motor height could be adjusted,
thus applying the correct amount of tension on the belt, which was determined to be
approximately 35-40 lbs at installation of a new belt. That tension settled to 30 Ibs
after a few months of use as the belt stretched out. The tension was tested with a
HMC belt tension gauge®. The level of tension was acceptable for continuous running
of the AKM43E motor bearings which are rated to run with up to 112 lbs of radial
load.

6 Additional information at www.hmec-international.com
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Figure 3-8: Method of tensioning the drive belt

3.2.3 Sagittal Plane Actuation

Section 2.1.3 outlines the determination of the hinged track design as a method of
dropping the track underneath the subjects foot. In this section, we explore the
development of the drive used to create the sagittal plane drop.

The sagittal plane drop selected parameters suggested a drop greater than 5.2
inches under the foot and drop time of 0.4 seconds. These parameters were determined
by investigating the time and kinematics of the human swing phase of walking. At
2mph, there is approximately 1 stride per second. The average human gait cycle is
characterized by 60% in stance and 40% in swing. For this reason, the sagittal plane
drop was designed to support a 6 inch drop in 400 ms. The hinged track length is
60 inches with the subject standing 30 inches from the front axis and thus the track
drop angle needs to be —11.3° in order to reach the 6 inch under foot distance. The

mass of the system necessitates significant power to accomplish these specifications.

Drive Specifications

In order to determine the proper drive for the sagittal plane motion of the Skywalker,
a series of simulations were developed. The first simulation, as seen in figure 3-10,

was developed to understand the general specifications at the track’s rotational axis
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necessary to create a drop and rise of the track within 0.4 seconds. Because the rising
motion will need to drive the weight of the track as well as accelerate the mass of
the track, the simulation was run to view the level of torque and power necessary for
the rising operation within 0.2 seconds. These estimates were done prior to the final
track design, so it was necessary to estimate the track inertia. Initial estimates of the
mass of the treadmill system were developed by weighing the Sole F80 treadmill track
and the Skywalker-a’s track and scaling these numbers by the size of the Skywalker-y
track. This number was then compared to CAD models of potential track structures
to estimate the Skywalker -+’s track weight. The track was estimated to weigh 70
pounds for this simulation. The track length (L) was specified to be 60 inches, and
thus the rotational inertia was estimated as a rod using equation (3.13). Table 3.7

shows the simulation parameters.

J =1/3mL? (3.13)

A simple differential equation was used as shown in equation (3.14) to define the

simulation.

d’0 1t mgLcos(6)
w7 2 (314)

From here, the following system of equations was simulated using the ODE23

solver in Matlab :

d |0 0 1] {60 N 0 (3.15)
T —mgLcos(0 ) T )
dt (g ng @ ol | z

As depicted by figure 3-9, the torque (7) was applied in the clockwise direction to
accelerate the track upward from 6; to 6, and an equal 7 was applied to the track in the
counterclockwise direction to decelerate the track. The simulation was run iteratively,
each time tweaking the Torque value and the time of torque direction change until the
correct position trajectory was reached by the track. This simulation output resulted

in a first order approximation of the torque, speed and power required by the sagittal

76



Figure 3-9: Sagittal Plane Simulation diagram
plane drive as seen in table 3.7.

Table 3.7: Sagittal Plane Specification Simulation Parameters

Parameter Value
Track mass (m) 31.8 kg
Track length (L) 1.52 m
Moment of inertia (/) 24.5 kgm?
Low angle (6) -0.197 radians
High angle (6),) 0 radians
Track torque (1) 575 Nm
Max rotational velocity 1.95 rad/s
Max Power 1,120 W

Transmission Design

Section 2.1.3 shows the different options considered as a transmission. A single linear
cam was ultimately used. Figure 3-11 shows the components of Skywalker-v's trans-
mission. The motor (A) is directly attached to a helical pinion gear. The pinion gear
(B) drives a helical rack gear (C) which is fastened to a linear cam (D). The linear
cam is supported by a linear bearing system (E). The treadmill track (F) is rigidly
attached to a cam follower assembly (G) which rides inside of the nonlinear cam path
of the linear cam (D). The transmission ratio of the Skywalker-y's transmission is the
product of the linear ratio of the rack and pinion (R;) and the linear motion of the
cam to the rotational motion of the track (R;). This is shown in the block diagram
in figure 3-12.

(R,) is calculated by equation (3.16) where rpinion is the pitch radius of the pinion

gear and (R;) is calculated by equation (3.17) where dx; is the change in cam travel
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Figure 3-10: Simulation to determine sagittal plane specifications

Figure 3-11: Sagittal plane drive components
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Figure 3-12: Block diagram of the sagittal plane transmission ratios

and 06, is the change in track angle . The simplest method for calculating dx; and

06, is to use measure the CAD model at different sagittal plane angles.

R = 1/'rpin-ion (316)

The transmission ratio of Skywalker-vy (R;) then becomes:

R, = R,R, (3.18)

Table 3.7 shows the estimated required torque and speed necessary to move
Skywalker-ys track in the appropriate fashion. From Kollmorgens motor catalog’,
it is easy to see that the level of continuous torque producible by most of the motors
is two orders of magnitude lower than the required torque but speed is much faster.
Thus, the design activity is to explore the maximum transmission ratio possible using
the mechanical architecture shown in figure 3-11.

The slope of the campath is the main driver of R, and because the height of the
cam travel is fixed by the required 6” drop of the track, the slope is limited by the
length of the linear cam (the lower the slope, the greater the R;). There is a limitation
on the length of the linear cam because the base plate that supports the linear cam
must be shorter than the track to allow the track end to lower to 1 off of the ground.
The pinion gear pitch diameter was chosen to be at the smallest manufacturing limit
to maximize R;.

Figure 3-13 shows Skywalkers linear cam. The cam path is split into three regions.

7 Available at www.kollmorgen.com
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Figure 3-13: Skywalker-v's sagittal plane campath

Region A was designed to perform the main action of dropping the track. Region B is
the resting position of the tracks in the horizontal position. It is designed to minimize
the torque reflected to the motor when a subject is standing on the Skywalker tracks
while still providing smooth motion. Region C is designed to raise the subjects leg at
the toe off position to be able to inject positive vertical motion into a patients gait
before dropping. This region needs to have an increased slope in order to fit within
the length requirement of the linear cam as mentioned above. The three regions are
connected with fillets that ensure the cam follower will never get restricted by the
transitions in the cam path. The cam path is designed to be 0.55mm larger than
cam follower throughout operation. The three gear ratios are not constant due to the
geometry of the linear cam path and the rotational track; however at each point in
the cam path, changes in R are at most 0.5% different than those mentioned in table

3.8 so we will assume them to be constant for future calculation.

Table 3.8: Sagittal Plane

Parameter Value
Pinion gear radius ("pinion) 0.0212 m

Linear transmission ratio (R;) 47.1

Track transmission ratio of section A (Ry,) 1.84
Skywalker motor to track rotation transmission ratio A (Rs,) 86.7
Track transmission ratio of section B (Ry;) 4.38
Skywalker motor to track rotation transmission ratio B (Ryp) 206
Track transmission ratio of section C (Ry.) 1.13
Skywalker motor to track rotation transmission ratio C (Ry..) 53.2
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Motor Selection

As mentioned in section 3.2.1, all motors used in the design of Skywalker-vy are from
the AKM series of brushless servomotors from Kollmorgen. These motors are capable
of operating at high torques for intermittent periods as seen in figure 3-14. Selecting
a motor for the sagittal plane requires consideration of the motor size such that it
fits into the Skywalker-+'s design, the radial load capacity to be able to withstand
the amount of force generated during operation and finally and most importantly, the
speed and torque characteristics required to complete the sagittal plane tasks. From
the Kollmorgen catalog, it was determined that AKM53H motor would meet all of the
qualifications for the motor. A simulation was developed to confirm the assumptions.
The AKM53H motor curve with the AKD-P00606 motor driver is shown in figure
3-14 and key values can be found in table 3.9. The published torque constant (k)
is 1.75 N*M/ Amp and holds until the AKMS53H reaches 13.2 amps. Above 13.2
amps, k,, will begin to decrease, thus torque can only be estimated up to 23.1 Nm .
The AKD-P00606 motor driver that the Skywalker uses for the Sagittal plane motion
has a maximum current output of 18 Amps and a continuous rating of 6amps, which
slightly limits the listed torque values. Table 3.9 shows the Skywalker-v’s operating
condition changes from the AKM motor specifications sheet based on the available

electrical power.

Table 3.9: Sagittal Plane motor published ratings vs. operating conditions

Parameter AKM53H Published Motor Ratings Skywalker Operating Conditions
Peak Torque (7,) 30.0 Nm 27.7 Nm
Continuous Torque (7¢) 10.5 Nm 10.1 Nm
Peak Current (i) 19.8 Amps 18 Amps
Continuous Current (i) 6.6 Amps 6 Amps
Peak Speed (wp) 1970 RPM 2000 RPM
Bus Voltage (V3) 320 VDC 324 VDC

Figure 3-15 shows the results of the full Skywalker-y sagittal plane motion sim-
ulation considering all of the real components used in Skywalker-y. The system of
equations used in this simulation (equation (3.19)) is slightly different than the first

simulation as this simulation is translated to the motor. Masses are based on the
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Figure 3-14: Sagittal Plane motor, the Kollmorgen AKM53H

actual components and all masses and forces are reflected to the motor through their
respective transmission ratio. The inertia of the system was much higher than sim-
ply the track itself in this design®. The linear cam adds considerable inertia to the
system and the motor and pinion gear also contribute. The linear components were
reflected by equation (3.20) and the rotational components were reflected to the mo-
tor through equation (3.21). All reflected inertias were added together to calculate
the total inertia J,,;o; as seen in equation (3.22). Table 3.10 shows the breakdown of
masses and their value when reflected to the motor. The purpose of the simulation is
not to generate a perfect motion profile, rather to confirm that the motor can produce
the desired motion with a reasonable safety factor. The torque profile chosen for this

simulation is shown as the piecewise function defined in equation (3.23).

4 e, 0 1] e, 0
AP — s S+ (3.19)
4 —MYGTem COS(Um sa T
Bm Jmitot Rsa 0 gm Jmtot

8The actual systems inertia came to 2.13x the initial estimate used to generate specifications
for the motor. The use of the intermittent zone torques allowed the Skywalker to operate with a
reasonably sized motor
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Jlm = ml/(Rl)2 (320)

Jim = Ji/(Rsa)? (3.21)

Jmtot - Jm + Jlm ‘+‘ Jtm (322)

—20.5Nm if t < 0.03s,
ONm if 0.03s <=t < 0.146s
Tm(t) = ¢ 23Nm if 0.146s <=t < 0.231s (3.23)
2.09Nm if 0.231 <=t < 0.306
—7Nm if 0.306 <=1t < 0.4s

Table 3.10: Sagittal plane simulation parameters with final components

Parameter Value

Track mass (m) 25.5 kg

Track center of mass from rotational axis (r¢m ) 0.725 m

Track length (L) 1.52 m

Rotational Inertia of Skywalker track (J;) 23.2 kgm?

Track inertia reflected to motor (Ji.,) 0.00309 kgm?

Limear mass of cam, rack, linear bearings (m;) 5.95 kg?
Linear mass reflected to motor (Jy,,,) 0.00268 kgm?
Inertia of motor, brake, coupler, pinion gear (J,,) 0.00121 kgm?
Total inertia seen by motor (Jtot) 0.00694 kgm?

Brushless motors are capable of operating at the intermittant torque levels but

only for a short period of time. Kollmorgen recommends that the RMS torque value

of the motors is kept below the continuous torque level of the motor. The continuous

duty torque level (7.) of the AKM53H motor is fixed at 10.05 Nm for all speeds that

are reached in the simulation (as seen in figure 3-14), thus it is necessary to calculate

to the total torque RMS during operation. During walking, the motors will be enabled

the entire time with the mechanical brakes released so that movements of the track

can be smooth and respond quickly. Thus when the track is not dropping, it will be

required to withstand the amount of torque the subject is applying to the track as
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Figure 3-15: Full Skywalker-y motion simulation

well as the weight of the track itself. Most operating conditions will include a body
weight support system for the subject but as a worst case scenario for the motors,
this simulation assumes a 3001b person standing in the center of one track during the
remaining 0.6 seconds of the walking cycle. The body weight will create a moment of
1017 Nm of torque on the track which will add to the 181 Nm from the weight of the
track to create a moment of 1198 Nm. At the horizontal position the transmission
ratio (Rg) is 206 and thus the motor will need to support 5.8Nm at the motor. Figure
3-16 shows the torque profile of the full Skywalker rhythmic walking training program
with a 300 pound patient. The RMS torque value for the simulation is 9.09Nm which
leaves 10.6% more capacity in the motor during operation. This is below the desired
25% factor of safety originally desired, however, during most use case scenarios, the
patient will not be walking at a standard 2mph and thus the drop times can be slower
and the motor will have more time to rest between drops. Additionally, as mentioned,

a BWSS will be used to offset some of the patients weight.
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Figure 3-16: Skywalker training cycle torque profile

Efficiencies were not considered in the drive train simulation. The rack and pinion
gears are hardened helical gears made for efficiencies greater than 98%. The linear
bearings'’ and cam follower!! also have fairly low friction. While these efficiencies
may increase the necessary torque while the track is moving, they will also decrease
the projected load to the motor when a persons weight is on the track in the horizontal

position. For this reason, the efficiencies were not modeled.

3.2.4 Frontal Plane Actuation

Specifications

The frontal plane rotation drive in Skywalker-y must be able to support all body
weight that will generate frontal plane torques on the system and must be able to move

between -6 and 6 degrees at a speed that may invoke human balance mechanisms.

?Atlanta drives Module 2 gears www.atlantadrives.com
10Schneeberger BM S 15 system, www.schneeberger.com

"Ultra quiet cam followers from Memaster-carr www.memaster.com, item number 7803k17
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Figure 3-17: Frontal plane torques induced by body weight

Training may include two people on a single side of Skywalker-y at one time, a
therapist and a patient. In the worst case scenario, both people will be standing on
the edge of the track, generating torque in the frontal plane as seen in figure 3-17.
The weight of patient and therapist could be up to 500 pounds and the maximum
radius from the center of rotation is 54cm, which creates a moment of 1200Nm around
the axis of rotation.

In an effort to affect a patient’s balance, two simulations were run to understand
the torque required to tilt the whole frontal plane assembly (shown in figure 3-18).
The first simulation was run to move the assembly to 6 degrees of rotation in 0.25
seconds, a perturbation that seems fairly violent and the second simulation, an eas-
ier, more sustainable perturbation rotating the track in 0.5 seconds. The results of
these simulation are shown in figures 3-19(a) and 3-19(b). The parameters of the
simulations are shown in table 3.11. In these simulations, no external forces were
considered because their onset and specifics are difficult to predict. The simulations
only considered the moment of inertia of the rotational track assembly and a person
standing on the track. The frontal plane assembly inertia was measured by the CAD
model and the estimation of a 6ft, 200 pound person was determined as a uniform
rod as seen in figure 3-20 using equation (3.13). The simulation can be fully defined
by the system of equations seen in equation (3.24). The torque profile applied to
the simulation was a constant value of 7 for one half of the simulation and 7 for the
second half. Table 3.11 lists the design specifications of torque, speed and power for

both cases. Notice that in order to make this movement twice as quickly requires
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Figure 3-18: Frontal rotation assembly

8x more power and 4x more torque, a simple result of Newtons second law and the

second order nature of kinematics.

d | ¢ 0 1| (¢ 0
— || = |+ (3.24)
dt |4 0 0| |6 T—

Table 3.11: Frontal plane simulation parameters and design specifications

Parameter Value
Max torque of static body weight (73,,) 1200 Nm
Frontal plane assembly inertia (Jy,) 27.9 kgm?
Inertia of a subject as a rod (.J,) 101 kgm?
Total frontal plane inertia (Jri) 128.9 kgm?
Reversing torque of the fast simulation (75) 860 Nm
Max speed of the fast simulation (wy) 0.834 rad/s
Max power required for the fast simulation (Fy) T17TW
Reversing torque of the slow simulation (7y) 215 Nm
Max speed of the slow simulation (w,) 0.417 rad/s
Max power required for the slow simulation (F;) 89.7 W

Frontal Plane Transmission Design

Similar to the sagittal plane motion, the frontal plane motion will require very high
torques to support both the static condition seen in figure 3-17 and the dynamic
cases seen in figures 3-19(a) and 3-19(b) and thus a high transmission ratio needed
to be designed once again. The static loading torque (7,,) must be constrained by
a mechanical brake on the AKM motor. The power required for the movements
resulted in the examinations of two classes of Kollmorgen motors, the AKM4 and the

AKMb5. The AKM4 brake can hold 5.3Nm of torque and the AKMS5 brake is capable
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Figure 3-20: Frontal plane inertia schematic

of holding 14.5 Nm of torque. In order to support 7, the transmission ratio of the
frontal plane rotation transmission for the AKM4 and AKM5 motors would need to
be greater than 227 and 83 respectively.

Many methods of transmission were considered including belts and cable systems
which all presented attractive low or zero backlash properties, however, the high
ratios precluded a simple pulley system and thus gears were settled upon despite
their backlash properties. The chosen method of transmission for the frontal rotation
assembly is shown in figures 3-21(a) and 3-21(b). The motor (A) is attached to a
gearbox (B). A pinion gear (C) is pressed onto the output shaft of the gearbox (B)
and mates with the ring gear (D) which is securely fastened to the frame (E). In order
to support the rotation of the assembly, the rack gear needs to be curved with the
same center as the rotation of the frontal rotation assembly. A partial circular gear
is not a standard item at any of the gear companies contacted and thus a full ring
gear was purchased. Instead of cutting the gear, for aesthetic purposes, the gear was
used in the machine. It is fixed to the frame, thus the mass and weight of the gear is
not a concern for the operation of the machine.

The gearbox'? was chosen to have a 10:1 transmission ratio because it was the

maximum ratio producible by a single stage of gears in the series of gearboxes chosen.

X TRUE XT120 Planetary Gearhead from Micron - designed to mate with the standard Koll-
morgen
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(a) Rear view of the frontal drive (b) Front view of the frontal drive

Figure 3-21: Frontal plane drive components

A two stage gear box could have been used to increase that ratio to 100:1, however,
length was a limiting factor in the frontal rotation drive design of Skywalker-v as seen
in figure 3-22. Additionally, the efficiency of a two stage gearbox drops to 88% from
the 93% efficiency of a single stage gearbox. The ring gear and pinion were chosen
to maximize the transmission ratio using standard components. The ring gear'® has
a 500mm pitch diameter (D,) which was necessary to mate with the position of the

1 was chosen to have the smallest

Skywalker gearbox output shaft. The pinion gear!
pitch diameter (D,) possible to mate to the gearbox output shaft. The gear ratio from
the pinion to rotational motion of the frontal plane assembly (R,) was calculated using
equation (3.25). The gear ratios of the frontal plane transmission are shown in table

3.13.

R,=D,/D,+1 (3.25)

Table 3.12: Frontal plane transmissions

Parameter Value
Ring gear pitch diameter (1,.) 500 min
Pinion gear pitch diameter (D)) 62.5 mm
Transmission ratio, pinion gear to frontal rotation (R,) 9
Transmission ratio, motor to gear box output (Ry) 10
Transmission ratio, motor to frontal rotation (Rj) 90

13Quality Transmissions Components part SSR2.5-200 module 2.5
MQuality Transmission Components part MSGB2.5-25 module 2.5
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Figure 3-22: Top view of Skywalker’s motors

Frontal Plane Motor Selection

The frontal plane transmission ratio (Ry) exceeds the specifications of the AKM5
series motor brake but is not large enough for the AKM4 series of motors as mentioned
above. For this reason, a motor within the AKMS5 series of motors was chosen, namely
the AKM51E (motor curve seen in figure 3-25). This motor has a short length which
allowed it to fit nicely into the Skywalker assembly (seen in figure 3-22) but also has
the torque and power necessary to perform the two types of perturbations shown
above. The motor was simulated to power the fast perturbations, shown in figure
3-23. In order for the torque RMS to stay under the continuous duty (7}) line, a
perturbation which drives the track to 6 degrees and back to zero requires at least
3 seconds between perturbation onsets (the torque profile is seen in figure 3-24 and
has a torque RMS value of 4.49 Nm). The AKM51E can easily support continuous
0.5s perturbations with the 90:1 transmission ratio. The system of equations used
for this simulation can be seen in equation (3.26). Efficiencies were modeled because
they were well understood and significant. Table 3.13 shows the important values of

this system.
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Table 3.13: Frontal plane motor simulation parameters

Parameter Value
AKM 51E continuous torque rating at 640 RPM (7,) 4.54 Nm
AKMS51E Peak Torque (7,) 11.6 Nm
Motor, gearbox, pinion, brake inertia (J,,) 0.000757 kgm?
Reflected frontal rotation assembly and subject inertia (Jy,) 0.0159 kgm?
Total inertia seen by the motor (J) 0.0167 kgm?
Reversing motor torque in simulation (7,,) 11.03 Nm
Minimum time between perturbations (¢,i») 3s
Efficiency of the pinion, ring gear (1) .98
Efficiency of the gear box(ngs) .93
Efficiency of the frontal rotation assembly (7;) 911

3.3 Risks and Countermeasures

A step defined by the FRDPARRC method[84], the assessment of risks and counter-
measures is essential to a robust mechanical design. In this section, we will explore

the largest risks for Skywalker as well as the measures taken to mitigate them.

3.3.1 Personal injury

Skywalker’s motors are extremely powerful and capable of dangerous forces. Safety
was the primary concern in the design of Skywalker, in both the electronics (section
4.1.4) and the mechanical design (section 3.1). The body weight support provides
safety by being able to support the patient in the case of a machine failure or a fall.
The sagittal plane travel is limited mechanically by the linear cam path. This acts to
house the mechanical motion between the two desired maximum angles, ensuring that
the track can never enter a dangerous angle to the patient. Frontal plane rotation
is halted at 6 degrees by the front beam which will contact the main frame and
more protection is added by the base plate which will contact the floor at about
6.5 degrees. In addition to the hard mechanical stops, software limit switches are

configured inside each motor driver to disable the drives if the motor angles were to
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Figure 3-25: AKMb51E motor curve

exceed those permitted by normal operation. Because the treadmill tracks motion is
continuous, no precautions were taken to limit the motion of these tracks. This could
present a dangerous condition if the track motors go unstable, but, as long as body

weight support is provided, it should not induce injury.

3.3.2 Frontal Plane Track Torsion

The Skywalker track, supported only by the front offset bearings and the cam (see
section 3.1.3) is susceptible to torsion caused by a subjects foot stepping on the
inner edge, as depicted by figure 3-26. The offset bearings in the front of the track
restrict this moment to a degree, however, there are three factors that lead to sizable
deflections on the rear inside corner of the track. First, the offset bearings are designed
with a small gap between the arc grooves and the outside diameter of the journal
bearings. The gap was included in the design as a measure to ensure assembly and
to reduce the friction in this joint. Secondly, the offset bearings themselves have non-
negligible torsional deflection associated with frontal plane moments. Lastly, the track

structure was designed to withstand greater moments in the sagittal plane rather than
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Figure 3-26: Torsional moment induced in track from offset position of foot

the frontal plane due to the larger potential moment arm in the sagittal direction.
Efforts were taken to close the box of the treadmill track structure (see section 3.1.4)
to maximize the second moment of area of the track in the frontal plane, however, the
upper member of the box is a fairly flexible piece of plywood, which deflects under
frontal plane moments. Each of these areas of compliance added together as springs in
series and Abbe error propagates these small angles to the rear of the track, creating
more than 1”7 of deflection on the rear inner point of the treadmill tracks, something

that if not addressed, would most likely fatigue the wooden track to failure.

Many options were considered to combat the track torsion including a second
passive linear cam, planar bearings between the two tracks, yoke bearings as a re-
placement for the offset bearings, increasing the torsional stiffness by closing the box
further and using a telescoping linear bearing in combination with radial bearings on
the underside of the tracks; however, a two member linkage added to the underside
of the track (see figure 3-27) was developed because it offers a simple design that
restricts the moment near the place of foot contact during walking. This removes
the need for the offset bearings and track structure to withstand the torsion created
during walking. It was also fairly easy to add to the design within the free space to
the inside of the cam. The linkage offers a solution with lower effective mass and lower
cost than adding a second linear cam and uses parts that are more readily available

and customizable than a telescoping linear bearing,.
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Figure 3-27: Torsional Restraint linkage: zoomed out view

Detailed Linkage Design

The design was constructed to handle the moment created by a 300 pound person
walking at up to the maximum speed of the device. At 2m/s (4.47 mph), the max-
imum ground reaction force was shown in [85] and [86] to be about 1.42x the body
weight of males and 1.362 the body weight of females. [85] shows a linear correla-
tion between speed and ground reaction force which yields a ground reaction force at
4mph of 1.34x the body weight of males. Thus the linkage should support 300%1.34
lbs at a radius of .296m from the cam support for a total moment (M) of 530 Nm.
Figure 3-28 shows a zoomed in view of the linkage system. The wider the linkage,
the more moment capacity the linkage system can handle. However, geometrical
constraints of the rest of the Skywalker system limit the total width. To ensure
structural soundness, it is necessary to consider the static load rating of the bearings,
the load carrying capacity of the shaft supports, the fasteners that will be used, and
finally to choose a shaft that can handle the moments created in the shaft due to
the bearing and support locations. In order to do this, it is necessary to first define
the forces present in the components. Fj, and F, represent the radial force taken
by the bearings and the shaft supports respectively (see figure 3-29). R,, Ry and

R, represent the distance between the bearings, shaft supports and the bearing to
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Figure 3-28: Torsional Restraint linkage: zoomed in view from underneath

support respectively. The forces and maximum moment of the shaft (Mgp,p) are
defined by equations (3.27), (3.28) and (3.29). Table 3.14 lists the values associated

with this design.

F, = M/R, (3.27)
F, = M/R, (3.28)
-r\'[sn‘mff = F’)Rm (32())
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Figure 3-29: Schematic of each shaft in the torsional restraint linkage

Table 3.14: Torsional restraint linkage: parameters and values

Parameter Value
Moment from subject’s weight (M) 530 Nm
Distance between bearings () 161 mm
Distance between shaft supports (R,) 102 mm
Radial force on the bearings (I,) 3290 N
Force on the shaft supports (F}) 5190 N
Distance between the bearing and shaft suport (R,,) 29.5 mm
Max moment in the shaft (Mgpayse) 97.0 Nm

Bearings

Bearings were chosen based on their load rating. The chosen bearings are offered by
Misumi'® under part number B6202zz. These bearings have a static load rating of
3,600 N and a dynamic rating of 7,750 N. Bearing ratings in static load are generally
lower than the dynamic load due to the galling of material under a static load. During
loading, the bearing will be static and thus under the most extreme load possible on
Skywalker-v, there will be a 1.09 factor of safety (FOS) for the inside of the bearings
to resist gulling. The bearings were ordered pre-mounted in housings to reduce the

amount of precision machining necessary in house.

5 . -
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Figure 3-30: Shaft mount FEA

Shaft Supports

FEA analysis was conducted for the shaft supports as seen in figure 3-30. 5190 N
was applied to the upper side of the shaft hole. The holes are constrained on the
lower half of the surface. The factor of safety to yield is 1.2 with the concentration of
stress existing at the counterbored surface of the supporting holes. When the shaft
support is fastened to the square beam, the friction on the non-counterbored surface
will aid as a constraint to relieve this point to a degree but this point will remain

highly stressed.

Shaft Support fasteners

The fasteners chosen for the shaft support are also of concern. The shaft supports
were stock and thus the design was limited by the holes supplied. Opening up the
holes was an attractive idea but the position of the holes precludes the idea. Another
idea considered was adding another fastener between the two holes, but this left less

aluminum to withstand the forces so the design was unchanged. The holes are 4.5mm
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Figure 3-31: Shaft mount distances

in diameter and thus M4 fasteners are used with a pitch diameter of 3.5mm. The
fasteners chosen were made from high strength alloy steel with a tensile stress of 1220
MPa. Because the thickness of the shaft support, the fasteners will take both a sheer
and axial loading from the bending moment. Assuming both fasteners split the load
from the shaft (Fy), the force taken by each fastener (Fy) becomes Fy = F;/2. The
following equations were used to determine the principle stresses in the fasteners. The

moment seen by the bracket is calculated as:

Figure 3-31 shows the thickness of the shaft support (t,,) and the distance from
the fastener to the end of the shaft support (R;).

Axial force (F,) will result due to the moment on the fastener as a lever with the
fulerum at the lower edge of the shaft support, thus the axial force on the fastener

will be:

F, = M;/R; (3.31)

The axial stress (o,) will then be:
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0o = 4F, /7 D} (3.32)

Of course, we must still consider the sheer stress (7) which will simply be:

T = 4Ff/7rD12c (3.33)

From Mohr’s circle for plane stress, the prinicple stresses are:

01,09 = 04/2 + \/(0,/2)% + 72 (3.34)

Table 3.15 shows the values for these fasteners. Because there was no published
yield stress value for the fasteners, the factor of safety was calculated using the tensile
strength (ultimate stress parameter) specified by the manufacturer. No other fasten-
ers on the linkage were analyzed because the size of these fasteners and the innermost

location of the shaft supports create the most highly stressed area in the linkage.

Table 3.15: Torsional restraint linkage: parameters for most highly stressed fasteners

Parameter Value
Force on the fastener (FY) 2,595 N
Thickness of the shaft support (tss) 12 mm
Moment seen by the shaft support (Mjy) 15.6 Nm
Distance from center of the fastener to end of shaft support (Ry) 5 mm
Axial force in the fastener (F,) 3114 N
Pitch diameter of the fastener (Dy) 3.5 mm
Axial stress of the fastener (o) 324 MPa
Sheer stress of the fastener (7) 270 MPa
Principal stress 1 (o1) 476 MPa
Principal stress 2 (o3) -153 MPa
Ultimate stress of the fastener steel alloy (04) 1,220 MPa
Factor of safety (Ultimate) (FOS) 2.6

Shafts

The major stressing element in the shaft is the moment (Mnase as defined above)
that is developed between the bearing and shaft supports. Sheer loads on the shaft

are orders of magnitude smaller and thus neglected in the calculation.
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Os = Mshaftc/l (335)

where ¢ is the radius of the bar (D/2) and I is the second moment of area. For a

round shaft, I becomes:

I =7D"/64 (3.36)

In order to define the minimum shaft diameter (D,,;,), mathematical manipula-
tions yields equation (3.37) where o, is the yield stress of the chosen shaft mate-

rial(1045 carbon steel).

D in > \3/ 32Mshaft/7ray (337)

Table 3.16 shows the parameters chosen for this shaft design. The diameter of
the shaft (D) must be greater than 13.5mm. Therefore a 15mm shaft was chosen.

The factor of safety for yielding can then be calculated using the result from equation

(3.35) and oy:
FOS,=0,/0 (3.38)

Table 3.16: Torsional restraint linkage: parameters for shaft design

Parameter Value
Max moment of the shaft (Mspqy¢) 97.0 Nm
Yield stress of 1045 carbon steel (o) 405 MPa
Minimum shaft diameter (D,,in) 13.5 mm
Bending stress of a 15mm diameter shaft under load (o) 292 MPa
Factor of safety (FOS) 1.38

Bearing and shaft tolerances

All bearings used were of the same type and size to make use of a single calculation
and single part numbers. The bore and shaft nominal size was 15mm. The shaft has a

G6 tolerance, with the range of 14.983 14.994 mm while the bearing ID was specified
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Figure 3-32: CAD: Center beam of the track assembly as seen from the rear

Figure 3-33: Center beam FEA loads

under the JIS B 1514 Class 0 standard to have an 1D of 14.992 15.000 mm. This
yields a locational transition fit which is ideal in this case because the linkages design
cannot accept a gap between the hole and shaft. Interference fits seem attractive but
have the potential to decrease the life of a bearing. The locational transition fits also

allow fairly easy assembly without the need for a press.

Loading of the center beam

The last step was to check the strength of the middle track beam (figure 3-32) for
soundness with the new forces and holes. An FEA was run as shown in figure 3-33
and figure 3-34. Of concern were the areas around both bearing mounts. Load values
are consistent with table 3.14. A 1.88 factor of safety was calculated at the circle of
material on which the inner-most mounted bearing fasteners are located.

This concludes the design of the torsional restraint linkage. The two weakest
points on the linkage are the interface of the fasteners on the shaft mounts and the
bearings, each with a factor of safety below 1.25 for the most extreme condition of a

300 pound person walking at 4 mph. Under more normal conditions of a 180 pound
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Figure 3-34: Center beam FEA loads

person walking at 2 mph, the factor of safety for these areas of concern moves above

2.
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Chapter 4

Electronics

4.1 Power Electronics

Power Electronics Design involves the manipulation of electricity for high power use.
This contrasts to electronic signal design in that it often deals with higher currents and
thus safety is more of a concern, all components become larger and electromagnetic
interference derived from the device becomes more noticeable. In our application,
power electronics design refers to the conditioning of the wall AC power to produce

controllable movement of the Skywalker robotic system.

4.1.1 Motor Drivers

Motor drivers are devices that send the appropriate amount of electrical power into
a motor to produce a desired mechanical output whether that output is speed or
torque. The term motor driver is a general term. In its simplest form, a motor driver
may be a simple H-bridge device that opens and closes channels controlled by a pulse
width modulated signal to control speed in a brushed DC motor. This operation can
be built into small integrated circuits and for low power motors (9 Watts), they can

be purchased for less than $2.50.! At their peak, motor drivers are a large integrated

IThe Sanyo LB1836M Motor Driver IC sells for $2.49 from Pololu Robotics & electronics in the
quantity of 100
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motion control system that can power motors in excess of 60,000 Watts.? They may
include a power supply, processing power to command current into brushless dc motor
coils or even built-in firmware to program control algorithms and act as a full motion

control suite.

4.1.2 Skywalker’s Motor Drivers

Skywalker uses 5 brushless servomotors as electromechanical transducers to create
the desired mechanical motion. As shown in Figure 4-1, inside each of these motors
is three stator coils with a permanent magnet rotor. The motor creates a magnetic
field in the direction specified by the superposition of the three stators magnetic fields
and the rotor responds accordingly. In order to control the stators, Skywalker uses
independent integrated Kollmorgen AKD motor drivers for each motor. The AKD
drivers have circuitry that will send the proper amount of current to each one of
the coils to generate the desired amount of torque in the motor. The control of the
current in each stator coil is smooth and precise. The AKD drives are advertised
as being AC servo drives, meaning that each one of the coils produces a continuous
sinusoidal current profile to generate torque rather than a trapezoidal current profile
as was the standard when DC brushless motors first came into existence. While it is
important to understand what the drive is doing, as an engineer, we can simply rely
on the drive to produce the correct amount of current in each coil without the need
to think any further. To interact with the drive, the engineer needs to simply think
of the Driver as a black box which accepts motion commands and outputs the desired

mechanical behavior.

Drive Power Supply

Before the drive can send accurate power to each of the coils, power must be converted
from AC power into DC power. Inside of each of the drives, there exists a switching

power supply that generates and stores a bit of DC power. In a commercial product,

2The Kollmorgen AKD-09607 is rated to supply 64,000 Watts of continuous output power
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a designer may wish to consider the option of using a single power supply to create
the DC power required to run each of the motors but for the brevity of this prototype
design, Skywalker makes use of the built in power supplies in the AKD drives, feeding

each drive with conditioned AC power from the wall socket.

4.1.3 Design of Skywalker’s Power Electronics

While the motor drives provide a great deal of functionality that the system needs
to run, in order to operate a full system, there must be other supporting devices of
the power electronics system. Figure 4-2 shows a full schematic of Skywalkers power

electronics system designed for Skywalker.

Power Distribution

Starting from the lower left side of Figure 4-2, wall outlet power comes into the
system. The black, white and green traces represent the hot, neutral and ground wires
respectively. Power enters the ground fault circuit interrupter (GFCI, see section
4.1.4) and then the main power switch. Next, power travels into a 1:1 isolation
transformer (see section 4.1.5) before going into the main enclosure of the control
box represented by the light gray rectangle. Once inside of the box, power travels
into the surge protector which will protect all the equipment from an external power
spike. Power is then delivered to three power buses, which deliver power to the rest
of the system. 5 independent two pole circuit breakers distribute the AC power to
each Kollmorgen AKD drive (shown in the orange rectangle) which allows for certain
drives to be shut off while others run. Each breaker is rated at 20Amps, adding an
additional level of over-current protection. It was important to use two pole circuit
breakers (Hot and Neutral) rather than just a single pole hot line breaker because
neutral was not a flat 0V signal. Power from the transformer at MIT came into
the wall socket in the following fashion: hot-ground = 136VAC, neutral-ground =
117VAC. Hot and neutral are at nearly opposite phases, combining to form hot-

neutral voltage of 226VAC. This 240 Volt“ power scheme is fairly common in the
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United States so just cutting off the hot line may not completely remove power from

the drive and may create an imbalance from capacitive coupling to the ground line.

24 Volt DC

The buses also directly power a 24 Volt direct current power supply which can be
seen at the bottom right of figure 4-2. This supply is necessary for the firmware logic
power within the drives and provides two levels of safety, a direct electrical power
control and an enable function. In the absence of a 24 Volt signal to the Safety
Torque Off (STO) pin on an AKD drive, the power stage of the drive is disabled,
disallowing power to be sent to the motors. Likewise, without 24 Volts being sent
to the enable pin, the connected motor will not be able to run. Thus, an emergency
switch is connected at the output of the 24 Volt supply. When the switch is depressed,
it maintains an open circuit between the 24 Volt supply and both safety pins of the
drives. The STO and the Enable pins on the AKD drives are pulled down to ground
in the absence of input voltage, causing all of the motors to deactivate once the switch
is pressed. The fan is connected after the switch as an audible signal to the operator

that 24 Volt power is absent from the drive.

Communication

Each of the drives has its own motor power cable (shown in orange) and motor
feedback cable (shown in purple). The drives are capable of integrated feedback
control and take higher level control commands from a control suite. The control
suite sends both digital and analog signals to each of the drivers to create motion.
Digital signals can be used to initiate various functions in the drives, such as to begin
a homing procedure or other motion profile stored in the firmware of the drivers.
Analog signals can be sent to the drive as a reference signal which, depending on how
the drive is programed, can correspond to position, velocity or torque. The control
suite can receive emulated quadrature encoder data from each drive as digital inputs.
The AKD drives can be set up to emulate the encoders at any resolution from 1 line

per rev to the motors individual encoder resolution limit. The control suite can also
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Figure 4-2: Full Skywalker Power Electronics Schematic

gain feedback from other sensors such as a video camera, shown in magenta, EMG

or accelerometers via analog input or specialized input cards.

4.1.4 Safety

There are many levels of safety in the power electronics of Skywalker II. The emer-
gency button can be depressed to cut all operation of power to the motors. Addi-
tionally, all of the drivers have software limits to set the limits of position, current,
voltage and speed of the motor. If exceeded, the drivers will cease operation and
report a code corresponding to the error.

To protect people from possible shock, a ground fault circuit interrupter (GFCI)

was implemented into the design of the power electronics. The GFCI? will trip the

STRC 26000 016-3 GFCI http://www.trei.net
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electrical circuit if the line current differs from the neutral current, a condition that
will occur in the case of electricity flowing through a person during an electric shock.
GFCiIs typically trip with a 5mA difference between L and N, however, based on our
tests, the GFCI was tripping above 2.6mA of AC current in the ground line. The
tripping will occur in less than 25ms.

To further prevent the possibility of electric shock, close attention was paid to
proper grounding of the main electrical box chassis and lid, the isolation transformer
chassis, the motor drivers and all other peripheries inside of the box. The locations
inside of the main box where all the drivers and ground buses are attached were
sanded to be free of paint in order to make a direct electrical connection between
these items and the grounded box.

As an added measure of electrical safety, an isolation transformer was used before
electricity was delivered to the main box. The isolation transformer removes a direct
connection between the main box and the wall power which breaks a common mode
current loop which is described further in the next subsection. This improves the
safety in the case of a person touching an exposed L or N line with one hand and a

ground line with the other.

4.1.5 Isolation Transformers

When running more than 3 Kollmorgen servo drives, the GFCI tripped due to an
excess of ground current measureable at 0.8mA per servo plus 0.2mA for the power
supply. Including an isolation transformer after the GFCI fixed the problem. Incom-
ing power often times has a common mode current path between Line (L in figure
4-3) and Ground (G in figure 4-3) as well as between Neutral and ground, caused
primarily by capacitance (Ceopn,) between the power lines. Our motor drivers are all
outfitted with switching power supplies and because ¢ = C %, the switching operation
created current through the stray capacitance shown in figure 4-3 as C,. This current
that flowed created a continuous conductive loop between both the Line - ground
path and the Neutral - ground path. In an attempt to decrease C,, all connection

points between the motor drivers and the electrical box were sanded and cleaned.
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Figure 4-3: Power circuit without isolation transformer

This decreased the ground current marginally but not enough to stop the GFCI from

tripping.

To fix the problem, a 1:1 transformer was added to the system as shown in figure
4-4. The transformer creates a second L and N that are coupled to L and N via
the magnetic field of the coils, however, the transformer breaks the conductive path
between the primary circuit and the secondary circuit. Therefore, the continuous
conductive loops between Line-Ground and Neutral-Ground are broken such that no

current can flow in these paths anymore.

Placing a GFCI before this isolation circuit still provides safety in case of an
electric shock because if a person were to become part of the circuit, the energy is
still leaving the system through conduction through the body. It is for this reason

that a GFCI is still necessary while using the isolation transformer.
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Figure 4-4: Power circuit with an isolation transformer

4.1.6 Regen Resistors

When operating the Sagittal plane drive at high accelerations, specifically decelera-
tions, the driver was faulting and allowing the treadmill to slam to the ground. Upon
inspection, it was deduced that the cause was the regeneration of mechanical power
during deceleration into electrical power which was boosting the bus voltage on the
drive to an unsafe level. To protect the electronics, the AKD driver is outfitted with
overvoltage protection. Under normal circumstances the bus voltage is held to 320
VDC. The overvoltage protection will disengage the driver from the motor when the
bus reaches 420VDC. The motor is then able to freewheel to rest or in our case, it is
allowed to slam to the floor.

To address this problem, 500 Watt 33 ohm power resistors were wired into the
Sagittal plane drives. The resistance of 33 ohms was recommended by Kollmorgen
and the power of 500 Watts was determined with a factor of safety by estimating the
RMS kinetic energy over time dissipated during deceleration. The firmware internal

to the drive can be programmed such that during deceleration, the resistor will be
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wired in line of the motor terminals. In this condition, all the power being generated
by the motors will be converted into heat by the resistors instead of charging the bus
voltage. In order to test the results of wiring in the regen resistors, a motion profile
that ultimately sent the treadmill freewheeling to the ground (figure 4-5) was rerun
with the resistors in place (figure 4-6). The results show that the resistors are capable
of handling the generated power to keep the bus voltage under the 420V limit. In
further testing (section 6.2.3), the drivers were able to support the treadmills in the
most harsh step response conditions making them a final solution to the regeneration

problem.

4.2 Fabrication and communications

4.2.1 Electronics Implementation

The implementation of the power electronics follows the schematic very closely. The
component layout is shown in figure 4-7. All cables and drivers are color coded to
match with each motor for easier troubleshooting. The full view of the whole power
electronics system is shown in figure 4-8. The isolation transformer is kept outside of
the electronics box because it weighs 75 pounds and is very large. Figure 4-9 shows
the method for strain relief on all of the cables. Notice that D-sub connectors require

an adapter for strain relief while cables with flying leads can use standard cord grips.

4.2.2 Methods of Communication

The AKD drivers are capable of communicating through several ports which can be
found in the Kollmorgen AKD User Guide!. Programming the drives is done over
an ethernet connection using the Kollmorgen AKD Workbench software. Within
this environment, it is possible to configure controllers, motion profiles, feedback
options and to setup the input ports that will be used for control. Skywalker uses

digital signals to initiate motion profiles programmed into the drivers for both the

4User guide at: www.kollmorgen.com
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Figure 4-9: Motor cable strain relief
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sagittal plane and frontal plane drives. The treadmill operates using analog input
voltage commands that are scaled to represent either a torque command or a velocity
command depending on what mode Skywalker is operating under. More detail on
how Skywalker is set up in different operation paradigms can be found in section
6.1.2.

Feedback transducers are integrated into each of the motors. The treadmill motors
use 5000 line incremental encoders. The other three motors use a Kollmorgen SFD
(Smart Feedback device) which is based on a resolver. These signals come into the
driver boxes through 15 pin d-sub connectors, which also carry information such as
motor temperature. The drivers are programmable to send an emulated encoder

signal then to a control suite such as our National Instruments PXI control suite.
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Chapter 5

Vision System

The vision system developed for Skywalker tracks infrared emitting diodes attached
to a subject’s legs in order to autonomously determine the machine’s behavior and

to simultaneously record the subject’s kinematics.

5.1 Hardware

The hardware required for a vision system are a camera and a computer with an

appropriate interface to capture images.

5.1.1 Computer and interface

The Skywalker control system includes a standard host computer (used to write code)
and a National Instruments PXIe-8135 controller (real time computer)!. The National
Instruments PXI environment is a modular system that allows easy integration with
an assortment of input/output cards. For vision, we are using the PXIe-1435 image
acquisition card which accepts Camera Link Cables (very high speed cables for fast

transmission of high resolution images).

INational Instruments Corporation, Austin, TX www.ni.com
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Figure 5-1: Skywalker camera locations

5.1.2 Cameras

Two Basler? acA2000-340kc cameras (figure 5-2) are used on the Skywalker system,
located on either side of the subject (as seen in figure 5-1) to record sagittal plane
kinematics of the hip and knee on each leg. The maximum frame rate supported by the
camera is 340 frames/second at a maximum resolution of 2046x1086pixzels(2.22M P).
This is a very high rate of data, accomplish-able only by the camera link interface
which includes 15 LVDS pairs (15 signal wires). Spectral Analysis for this camera is
shown in figure 5-3. The important quality we're looking for in the spectral analysis
is sensitivity in the infrared region. Many commercially available cameras employ an

infrared cut filter (most SLR cameras, webcams, etc.), which blocks infrared light.

?Basler AG, Ahrensburg, Schleswig-Holstein, Germany, http://wuw.baslerweb.com/en
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Figure 5-2: Basler camera used on the Skywalker
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Figure 5-3: Basler acA2000-340kc spectral analysis
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Standard camera view With 720nm filter

Figure 5-4: Image from the Basler camera before and after installing the 720nm
transmitting filter, from [4]

5.1.3 Infrared Marker System

Motion tracking can be done by looking for certain colors or brightness but the
advantage of using infrared markers is that infrared sources are only available at low
intensities in natural environments, thus there’s less risk of confusing a certain color
or bright reflectance. Our cameras are outfitted with a infrared transmitting filter
(figure 5-2) which removes all visible light and passes waves above 720nm. As an
example, figure 5-4 shows the effect of looking at an environment of 850nm emitting
diodes through our 720nm transmitting filter. Notice that all of the background is
gone, leaving only two white dots, a much easier image to analyze for our software.
The infrared marker system, developed by Krithika Swaminathan, can be seen
in figures 5-6(a) and 5-7(a). It was designed to minimize the time that it takes to
don the marker system and to minimize power. A green light illuminates when the
infrared markers are powered on. In previous renditions, the infrared markers, which

are barely visible to the naked eye, were often left in the on position overnight which
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Figure 5-5: Raw camera image of the marker system during a training session
(o] W

drained the battery. Each system runs on a single 9 volt battery which illuminates
all four IR markers and the green LED. The two IR markers on the thigh are used to
estimate the angle of the hip and the two markers on the shin are used in conjunction
with the hip angle to estimate the knee angle. Figure 5-5 is an example image of the

camera observing a subject’s gait via the infrared markers.

5.2 Software

As shown in figure 2-1, the machine operates in three distinct modes. In the rhythmic
and balance modes, the vision system is set up to estimate the heel position of each
leg by tracking the hip and knee angles as seen in figure 5-6. In the discrete mode,
the vision system estimates the heel position solely based on the two lower markers.
The advantage of the rhythmic method is that it bases the estimation of heel position
on the thigh (L;) and shin (L) lengths of the subject measured once before the study
began. It was acceptable for deciphering the position of toe off (to actuate the sagittal
plane drop). The discrete program (described in detail in section 7.1.2) relies on more
precise heel measurements and so we estimate it based on the position of the lower
markers (figure 5-7) which negates the effect of hip translation (not observed in the

rhythmic estimation) in the sagittal plane during training. The marker location (L,,)
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(a) Picture of study participant during (b) Marker numbers,
rhythmic training lengths and angle defini-
tions

Figure 5-6: Rhythmic method of vision

must be measured each time the subject is fitted with the IR markers.

5.2.1 Vision Loop

Image acquisition and processing occurs in a single timed loop at 100Hz. Figure 5-8
depicts the vision loop. An image is grabbed from the camera, it is then converted
to a binary image via a brightness threshold (assigning 1 to light spots and 0 to
dark spots). Once the image is mapped into binary, partical analysis is conducted to
measure the position of each infrared marker (z,,y,|n = 1...4). Finally, appropriate
trigonometric math is applied to the location of the four markers to estimate the

position of the heel by the methods described below.

5.2.2 Angle offset programs

It is difficult to accurately align the infrared emitters with the bones of the thigh and
the shin. To account for the error (and to record the initial position of sensor 3 for the

discrete case), angle offset programs were run prior to running the main Skywalker
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(a) Picture of study participant during dis- (b) Marker numbers,
crete training lengths and angle defini-
tions

Figure 5-7: Discrete method of vision
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Figure 5-8: Vision loop
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programs.

Rhythmic and balance offset program

Subjects were asked to stand straight with their feet directly underneath the hips.
Equations (5.1) and (5.2) were used to compute the angle errors of the hip (;) and
shin angle with respect to the vertical (6;) so that we can offset this error during
Skywalker training and data analysis. The rhythmic offset angle loop can be seen in

figure 5-9.

O = tan™! Z : ;1 (5.1)
0y; = tan~! Z : zj (5.2)

Discrete offset program

Because we ask participants to point their heel at targets, it is necessary to get a zero
position of the heel before running the experiment. For this step, a target is displayed
on the track 30mm head of the body (so that subjects can see it). Once the subject
moves his heel to the target, the angle offsets and the x-pixel location of marker 3

(x3;) are recorded. Code for the discrete offset program is shown in figure 5-10.

5.2.3 Measuring angles during training
Rhythmic and balance mode

As previously stated, the rhythmic and balance mode estimates the heel position
based on the measured hip and knee angles. The hip angle (6;) is calculated as
seen in equation (5.3). The knee angle (0 as defined in figure 5-6(b)) is relative to
the axis of the thigh, which is a measure of pure knee bend, calculated by equation
(5.4). Finally, z,, the x-position (position of the heel along the fore-aft axis of the

treadmill) is calculated in real time via equation (5.5), where L, is the length of the
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Figure 5-9: Rhythmic angle offset program
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Figure 5-10: Discrete angle offset program
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thigh measured from the hip joint to knee joint and Lg is the length of the shin
measured from the knee joint to the lateral malleolus. Notice here the origin and
coordinate system defined at the top of figure 5-6(b). Code for the rhythmic vision

loop is shown in figure 5-11.

x, = Lysin(0y) + Lssin(6y, — %) (5.5)

Discrete Mode

The discrete program utilizes only the lower two markers as seen in figure 5-7(b). Here
we calculate the x-position (z4) as seen in equation (5.6), where L,, is the distance
from marker 3 to the lateral malleolus, x5 is the x-position of infrared marker 3, k
is the real world conversion factor (0.4mm/pixel - not shown here), and 30 mm are
added to the position to account for the zero position being taken 30mm ahead of
zero as mentioned above. The shin angle (6;) is calculated via equation (5.7). Notice
in figure 5-12, that we still record both hip and knee angles during discrete training.

All Labview algorithms shown negate the final x-values. This is because Labview
partical analysis sets a coordinate system at the top left corner of the picture. For
simplicity in this chapter, the coordinate system for the equations presented is shown

in figure 5-7(b), positive x in the direction of a forward step.

g = k(xg — 1[,'3,-) -+ Lmsin(Hl — 91,) + 30 (56)
0, = tan~' (422 (5.7)
Ya — Y3
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Figure 5-12: Discrete real-time vision tracking algorithm




Figure 5-13: Digital Protractor used for angle accuracy measurements
5.3 Characterization

To determine the maximum loop rate of the vision loop, the non-specified (run as
fast as possible) loop completion time was recorded. Over 300 ms of recorded loops,
the mean loop time was 7.35ms with a standard deviation of 1.43ms. Because we
wanted the loop to be mostly repeatable but also to run as fast as possible, a loop
time of 10ms was chosen. The system proved that it was capable of sustaining the
100Hz rate through all of our programs.

To test the accuracy of measured angles, a digital protractor® with a published
accuracy of +0.2degrees was mounted at the position of the subjects legs in front of
the camera (figure 5-13). The protractor was moved from -80 to 80 degrees and 100
measurements at each position were taken by the vision system. Figure 5-14 shows
the angles measured by the cameras, most of which stay within the accuracy band of

the digital protractor. Thus, our vision system’s accuracy is +0.3degrees.

3igaging digital protractor 35-408 http://www.igaging.com/
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Chapter 6

Controls and Characterization

Skywalker-y has 5 independent active degrees of freedom (as shown in section 3.1)
which can be broken into 3 unique drives because the system is symmetric across the
center sagittal plane. This chapter provides more detailed dynamic models of each
drive system and highlights the design of each feedback control system.

In characterizing Skywalker-, care was taken to follow the steps taken by previ-
ously designed rehabilitation robots to properly characterize the system|[52, 53, 42,
50, 60, 87, 54, 55]. While literature varies surrounding the introduction of a new
rehabilitation robot, a typical path for characterizing a system can be defined by the

following steps.

1. Define the technical capabilities of the machine

2. Compare EMG and relevant kinematic profiles between healthy subjects with

and without the machine

3. Conduct a feasibility study with patients using the new hardware

Figure 7-10 shows the kinematic differences of walking on Skywalker with and
without the body weight support system. Chapter 7 details an initial feasibility
study conducted with 3 impaired individuals and this chapter focuses on the the
technical characterization of the MIT-Skywalker-y to fully understand the hardware.
Specifically, we observe the capability of track drops, the speed and bandwidth of the
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Figure 6-1: High Level Controls System Architecture

treadmill tracks, and the ability of the machine to create frontal plane perturbations

that disturb balance.

6.1 High Level System Controls

6.1.1 Control System Architecture

The full control system is shown in figure 6-1. The high level controls are programed in

Labview!

via the graphical user interface. The controls are then sent to the National
Instruments real-time PXI control module, a modular device that can easily add
functionality via a large assortment of input/output cards. The PXI module will
receive and issue real-time analog and digital commands to the Kollmorgen AKD
motor driver?. The driver will receive an appropriate signal and shape that signal
into a current to provide torque to the motor. The motors are outfitted with either
Smart Feedback Devices (SFD), a proprietary method of feedback from Kollmorgen
which is based on a resolver or 5000 line incremental encoders (in the case of the
treadmill motors). The feedback device will send information about motor position
and velocity to the Driver.

Integrated motion controls can be set up within the motor driver using the Koll-

morgen AKD workbench, a graphical user interface that acts as a compiler for the

! National Instuments, Austin, TX - www.ni.com
2Kollmorgen, Danaher Business Systems, Radford, VA - www.Kollmorgen.com
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firmware inside of the AKD motor driver. There is also the option of using the driver
as a current controlled amplifier while handling the controls within an external de-
vice, in our case the National Instruments PXI box. The drivers are capable of being
programmed to output the position of the motor, operating in an emulated encoder
mode. This information is sent to a PXI card which incorporates a counter to obtain
position information. The PXI box will then close the feedback loop and output an
analog voltage output corresponding to the current command to the drivers.

Two high speed cameras are used for feedback on the positions of the upper thigh
and shin of the subject on the treadmill track to estimate the phase of gait. The
vision data is processed by the PXI system to output the position of the foot on the

track for use in generating control outputs.

Integrated Motor Controls

Integrated Controls inside of the Kollmorgen motor drivers offer a single solution for
motion control, which allows novices the ability to work with motion control. It also
scales up with customizable filters and controllers for those with a more acute controls
understanding. Specifically, the Kollmorgen motion controllers can be set up in one

of four ways:

1. PST, Automatic Tuning There is the PST (performance servo tuner) which

supplies noise to the system, defines the system and then applies gains and
filters to define a system with 0.6 or 0.7 damping ratio. As a side note, in all
three of the different types of drives used in Skywalker, I was unable to get the
PST to work properly. In the sagittal and frontal plane drives, the backlash in
the gears made the system unidentifiable by applying noise. The treadmill track
has resonances at somewhere near 100 Hz and thus noise in this range made the
drive sing considerably, to the extent it was highly disturbing to surrounding

labs and thus it was stopped before completing the sweep.

2. Bode Plot, Manual Tuning Similar to the PST, the system can manually be

run through a sinusoidal sweep to generate a bode plot. This function is fairly
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powerful and allows the controls designer to then shape the loop with internal
controls manually. The advantage of this method is the freedom to define the
excitation frequencies which allows the user to avoid the high frequency reso-
nances that became pronounced in the PST. This method was used to define

the frequency characteristics of the treadmill drive.

. Sliding Tuner, Automatic Tuning There is a sliding tuner that can be used

to make the system stiffer or softer (essentially scaling the bandwidth). The
drive will then define PI gains that will create the desired drive feeling. Koll-
morgen recommends observing the machines operation and if a faster response
is needed, the tuner should be moved higher. Alternatively, if the motor begins
resonating, the tuner should be moved lower. This is the crudest way to define
controls but could work in some applications, specifically those without multiple

resonamnces.

. Inertia Approximation, Automatic Tuning The final method of sytem tun-

ing is to input the inertia projected onto the motor from which the drive software
will determine initial gains. Based on the performance, the controls designer
can then modify these controllers as needed to get better performance. A step
response can be used to validate the understanding of the loop dynamics and
improve the system performance. This method was used with both the frontal

plane and the sagittal plane controls.

The full controller loop defined by the Kollmorgan AKD drivers is shown in figure

6-2. A motion profile is given to the position loop as a series of positions in time.

This profile can be internally defined by a trapezoidal profile or a customized set of

points given to the driver or can be specified by an external analog voltage input.

The output of the position loop is the input to the velocity loop. Finally, the output

of the velocity loop is the input to the current loop.
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Figure 6-2: Kollmorgen Integrated Control Loops
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Custom Motor Controls

While the integrated controls offer the ability to create motion faster, it is often
difficult to understand the low level functions of the drives. I will give three examples

run into during this thesis:

1. When using the automated homing functions inside of the motor driver, it
requires setting up very specific parameters, which the user may not understand.
In our case, I used a homing mode that looks for mechanical stops, upon finding
the stops, it will reverse direction. However, as I found out, if the current limit
is set too low for the stops, it will not be able to complete the full drop of
the sagittal plane. The result was that the full homing motion could not be
performed with the set torque. When the homing timed out, the current limit
was set back to the maximum of the motors which created a huge surge of torque
and pushed the track back to horizontal in a very fast manner which was not
only scary but dangerous. This is an example of a conceptual bug in the plug

and play controls system that can have potentially dangerous consequences.

2. Tt is difficult to discern technical concepts such as delays within the control
loop because the internals are hidden from the designer. We know that delays
in control systems both compromise stability and increase the oscillatory nature

of systems.

3. Using the integrated bode plot function was somewhat unclear. Even when
switching to position mode, the plant bode plot would always result in a current
in velocity out which took time to understand. In this case, I found myself
having to reverse engineer the system to understand what was happening. It is
still unclear if the bode pot shows current-in or torque-in. My model agrees with
torque-in but is that an error in my model? These are the types of uncertainty
associated with integrated functions. It is important to note that Kollmorgen
outsources its support to the salesmen that sell the machines who are versed in
the basics of motion control but do not fully understand the in-depth engineering

to aid in issues such as these.
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Writing custom controls is not completely transparent because were still using
the drivers as a current controlled amplifier, which in itself is a closed loop control
system. However, it is generally assumed that electronic dynamics are far faster than
mechanical dynamics so it is usually a safe assumption to ignore these.

The advantage of custom controls is the ability to write a controller that is well
understood by the designer and capable of being started from scratch. The down-
side of custom controllers is that it will take far more time upfront to write custom
controllers and will require fast hardware. Skywalker-y will use a custom position
controller for the treadmill tracks during the discrete training paradigm. This is be-
cause the analog input to the motor drivers and from the PXI box is -10 to 10V. In
implementing fine control of the tracks, we will run out of position points because the
drivers are sensitive to millivolts not microvolts meaning that we can only command a
maximum of 20,000 points if the resolution is perfect for millivolts which was not ob-
served to be the case in tests. In fact, the voltage read in by the drivers was observed
to have an error of approximately 0.8% of the PXI voltage out. If this is the case, the
resolution drops by a factor of 10 so we can command 2,000 position points. Using
custom controls inside of the PXI box allows an infinite number of position points for
the motor so we never have to worry about the position of the track reaching a limit.

We simply output an analog signal between -10 and 10V that corresponds to current.

6.1.2 Drive Controls of the Different Training Paradigms

In designing Skywalker-vy, it was important to be able to quickly switch between
training paradigms in order for a patient to be able to use each mode within the same
therapy session. For this reason, care was taken to carefully consider the methods
by which each drive would interact with the PXI box. The sagittal plane and frontal
plane drives are only used in one mode in which motion profiles (MPs) are defined
within the AKD motor drivers but the treadmill drive needs to switch between velocity
mode and current mode for the rhythmic and discrete training paradigms respectively.
Details about the training paradigms themselves can be found in section 7.1. Table

6.1 shows a summary of the methods of closed loop motor control in each training
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Table 6.1: Summary of control modes for each training paradigm

Paradigm
Rhythmic Discrete Balance
Treadmill Controls | Driver Integrated | Custom Labview | Driver Integrated
Type | Analog/Velocity | Analog/Current Analog/Mode

Sagittal Plane Controls | Driver Integrated N/A Driver Integrated

Type Digital/MP N/A Digital/MP
Controls N/A N/A Driver Integrated

Frontal Plane 1—-c N?A N?A Digital /MP

paradigm. In this table the type refers to the actual voltage signal type reaching the
motor driver from the PXI control box. In the case of analog voltages, they can be
programmed in the drive to correspond to velocity, position or current. The balance
paradigm can be used to augment both the discrete and rhythmic training paradigms
and thus the type of treadmill control will vary depending on the mode selected.

Digital voltage types will correspond to saved MPs within the firmware of the drive.

6.2 Sagittal Plane Technical Characterization and

Controls

The sagittal plane motion was designed primarily to accomplish the Skywalker rhyth-
mic training paradigm (ie. to drop during swing phase) but can also be used for
practice walking at a ascending or descending slope or for perturbations. This the-
sis focuses on training, and thus characterization of the sagittal plane focuses on

unloaded drops.

6.2.1 Sagittal Plane Modeling

The sagittal plane drive can be modeled as shown in figure 6-3. This lumped param-
eter model reflects the inertias of the treadmill track including the torsional restraint

linkage into a single rotational inertia (J). Section 3.2.3 explores a similar model that
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Figure 6-3: Sagittal plane model for control

was used to determine a proper drive during design. The current model is developed
to aid in the development of a controller. A linear representation of the system al-
lows us to use the many simplistic linear control methods including bode plots, step
responses and root locus visualization tools.

The equation of motion for this simple system is shown below:

JO + b0 + mgreos(8) = T (6.1)

Linearizing this equation about # = 0 yields the equation:

JO+ b = (1 — mgr) (6:2)

Equation (6.2) is linear, however, because of the constant mgr term, it fails the
homogeneity requirement of a linear system. The mgr term can be thought of as a
torque input to the system which will add to the input torque when torque is in the
negative direction and subtract from the net torque in the positive direction. This is
one of the nonlinearities within the system. The final homogeneous linear model to

be used for control is shown in equation (6.3).

JO+ b =7 (6.3)

Finally, we can take the Laplace Transform of equation (6.3) to arrive at the

transfer function:
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Other nonlinearities not modeled in this mechanical system include the backlash
between the motor pinion gear and the linear rack and the backlash between the
cam follower and the linear cam. It is important to note that the cam path on the
linear cams is nonlinear with a significantly higher transmission ratio in the horizontal
position. Additionally, the sagittal plane angle introduces another source of nonlinear
behavior considering the torque generated by the weight and the angle between cam

path and the track.

6.2.2 Sagittal Plane Controls

The PST was very rough on the sagittal plane and due to backlash in the gears, could
not accurately measure the sagittal plane drives. In order to get a starting place for
control, the reflected inertia seen in table 6.2 was entered into the AKD Workbench
software. The software then defined appropriate gains. The linearized control loop
that was generated can be seen in figure 6-4. The current loop is defined as simply
K, because is not modifiable and assumed to be much faster than the mechanics of
the system.

This type of control is known as full state feedback, implementing a velocity loop

inside of the position loop. The closed loop transfer function of the inner loop is:

144



6 _ KupKi(s + Kui)
Vemd ~ J$2+ (b+ KypwKy)s + (KupKi Koi)

(6.5)

To utilize a bode plot for stability and transient behavior prediction, the return

ratio (R.R.) is developed below:

0 Ky

Uernd S

RR. =

(6.6)

Table 6.2 shows the parameters used within this model. The inertia (J) was
calculated from the Skywalker 3 calculations from section 3.2.3 while adding on the
reflected inertia due to the Skywalker~y linkage. Motor damping (b,,) is published and
the system damping (b) was determined with a course estimation of the remaining
friction elements taken through the transmission ratio associated with that damping.
The torque constant (K;) is published and the remaining gains were determined by

the AKD drive based on the reflected inertia of the system.

Table 6.2: Sagittal plane control simulation parameter values

Parameter Value
Skywalkery reflected motor inertia (J) 0.007 kgm?
Published motor damping (b,,,) 0.00052 Nm/(rad/s)
System reflected motor damping () 0.001 Nm/(rad/s)
Torque constant (K3) 1.75 Nm/Amp
Position loop proportional gain (kpp) 50
Velocity loop proportional gain(k,p) 0.164
Velocity loop integral gain (k,;) 1

Using these parameters with the return ratio specified by equation (6.6), we end
up with return ratio poles at 0, -1 and -40 with a zero at -1 radians per second. The
corresponding bode plot and simulated step response is shown in figure 6-5. From the
bode plot, we can observe a bandwidth (magnitude crossing -3dB) at 47 radians per
second with a phase margin of 47 degrees. These theoretical values will correspond
to a system natural frequency (w,) of 7.5 Hz with a damping ratio of approximately
0.47, which is ultimately shown in figure 6—5(b)..

It is important to note that the control gains from table 6.2 are a starting point

set up by the software of the Kollmorgen AKD Workbench and by no means optimal.
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Figure 6-6: Simple full state feedback sagittal plane control loop

The integrator term, K,; in the velocity loop does little for the response of the system,
making it respond a little bit faster but with a lower damping ratio, leading to a more
oscillatory system, especially at higher integrator gains. To improve the response of
the system, we can take advantage of the pole placement nature of full state feedback
by placing the second pole further negative. To illustrate this point, consider a
simpler control loop as shown in figure 6-6. In this loop, the integrator term (K,;) in
the velocity loop and the torque constant (which can simply be considered as part of

K,,) are removed. The closed velocity inner loop will now be:

é K,
= E (6.7)
Vemd JS + (b + Kvp)
The return ratio of the position outer loop will become:
b K
R.R. = it £ 2 (6.8)
VUemd S

Thus, increasing the value of K,, sends one of the two poles in the position loop
further negative. This action will make the system response more damped because
the phase margin will increase. The further the pole is pushed left, the greater K,
can be made while keeping the system optimally damped. Of course, this is at the
expense of control effort and for large accelerations of the track, the system will run
out of torque capacity. Theoretical responses are shown in figure 6-7 for various values
of K,,, holding all other values constant as shown in table 6.2, except K; which is

now set to zero corresponding to the control loop in figure 6-6.
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To test the controls and to define the bandwidth and damping ratio, a step re-
sponse of the Skywalker-y hardware was observed in order to compare it to the linear
model. Figure 6-8 shows the behavior of the the system for a small drop step response
(200° motor angle corresponds to 2.3° drop of the track). Notice that the Kollmorgen
drivers do not allow infinite acceleration, thus the motion profile resembles a ramp
rather than a step. In order to compare this response to the model, the model was
run using the ”‘ltisim”’ function in Matlab® to test the theoretical response to the
same input. The red line in figure 6-8 corresponds to the input command, the black
to the actual response of the Skywalker hardware, the blue to the theoretical response
to that input, and the green line shows a theoretical step response of the model. The
peak time of the actual plot is 10ms slower than that of the actual model, with the
same general response, showing a close resemblance between actual and simulated re-
sponse. It should be noted that a 20% increase in the theoretical mass and damping

within the model makes the response match closer.

The homogeneity property of LTT systems tells us that as we scale the input, the
output will scale to the same degree. To test the level of Skywalker’s conformance to
this property, another step response was run, this time, lifting the track from 400° to
800° as referenced to the motor or a range of about 4.6° as referenced to the track
angle. Figure 6-9 shows the response to this motion profile. The peak time of the
actual system is 15 ms behind that of the theoretical model this time, showing small

signs of nonlinearities in the model.

There are several properties of the actual sagittal plane drive that violate the
requirements of a linear time invariant system, for example, the backlash in the
gears, the operating condition in the vertical plane and friction. Additionally, at
higher torque values, the torque constant (K;) becomes nonlinear ie. it takes more
incremental current (d7) to produce an incremental torque(d7). This happens at 13.2
Amps according to Kollmorgen*. The current plot when performing the step response

in figure 6-9 is shown in figure 6-10. Notice that when performing the lifting step

3MathWorks www.mathworks.com
4Kollmorgen AKM selection guide
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response, we spend 20 ms or so in the nonlinear range. Some combination of these

nonlinearities is likely the cause of the increased peak time.

6.2.3 Sagittal Plane Characterization

The primary purpose of Skywalker is to encourage gait rehabilitation for stroke pa-
tients. In doing so, it is important to know the "‘track drop”’capabilities of the
machine, ie. how fast and how far the track may drop. Once known, it is important
to know what drop profiles will feel comfortable to a patient. The step responses
above, while very fast, were very intense, resulting in high acceleration that would be
felt by the subject. Finally, in previous Newman Lab robots such as the Anklebot,
force could be estimated precisely using the motor current. This capability was tested

briefly, showing the effect of loading the track at various locations. This section will
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be broken down into four smaller sections: range of motion, technical system response

characteristics, practical drop profiles and current / force estimation.

Range of motion

The cam-path is capable of dropping the track to —11.6°, however, the Skywalker-y
will rest on hard stops at —11°. It is important to know the low position in order
for the tracks to come down for a person to mount as well as to know how deep to
drop during training. When homing the tracks, we use a magnetic reed switch on the
rack gear that finds a zero position corresponding to a track position of about —10.3°.
Reed switches will recognize the magnetic field at a fairly wide range, therefore, we
want it to catch one of the ends of travel to know we hit the same boundary of the
magnetic field each time. The Skywalker will then move to a motor position of 920°
which corresponds to the horizontal position of the tracks. In order to command the
Skywalker to move to the resting low position, we can encode the motor to drop to
position —63° which corresponds to a track position of —11°. The upward position
is limited only by the cam which has a 2.5° gain in angle over the horizontal. In

summary, table 6.3 shows the obtainable range of motion for the sagittal plane drive.

Table 6.3: Sagittal plane range of motion
High Angle Horizontal Position Low Angle

Track Angle 2.5° 0° —11°
Motor Angle  unknown 920° —63°

Technical system response characteristics

Step responses and bode plots permit understanding of the capabilities of hardware,
telling us the bandwidth (ie. the natural frequency of a step response - the fastest
frequency the system can follow), the phase margin (ie. the damping ratio - the char-
acteristic oscillatory behavior) and how close a linear model corresponds to the actual
hardware. This information lets us know how fast we can perturb a subject when
mounted on the device, something that may be useful in future studies if Skywalker

is used to deduce the mechanical impedance of the body during walking. It could
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also be used for studies that we are not considering at the moment. For immediate
use, this information allows us to know the limit of how fast we can move the tracks

for use with the rhythmic paradigm.

To determine the the damping ratio (¢) of the sagittal plane system, we will use
equation (6.9), a common equation that can be found in any controls textbook (where

%OS is the percent overshoot).

—In(%05S/100)

¢ = /T m2 (%05 100)

(6.9)

Figure 6-8 shows the step response of both the simulation and the actual skywalker
tracks. Notice that equation (6.9) corresponds only to a true step response, not one
of the profile that the actual system was given. However, we can see from figure 6-8
that the simulation has approximately the same overshoot as the real system with
the given input. Because of this, we can make the statement that the real system has
approximately the same %OS of the simulation. In the true simulated step response,
the %O Ssimutation = 20%, which corresponds to a damping ratio of Csmutation = 0.46
and thus (.. =~ 0.46 . We can now estimate the natural frequency of the system

using equation (6.10).

T
CT/1-C

Again, equation (6.10) corresponds only to a true step response. We can use it

Wn (6.10)

to estimate the simulation step response natural frequency which comes to wy step =
48rad/s. In order to find the real system’s w,, we can estimate the peak time that the
real system would have (7},,.q) to a true step input as equation (6.11) because the
real system’s peak occurred 10ms behind that of the simulated system to the same

input.

Tyreat = Ty 51ep + 10ms (6.11)

We can then use equation (6.10) with T}, ,., to estimate a real system natural
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frequency of wy, req = 42rad/s ~ 6.7H z.

Using the same method, we can then estimate the damping ratio and natural
frequency of the raising step response seen in figure 6-10. Notice this time that the
real system has slightly higher overshoot, (%OSgeai = 1.1 * %OSgcq). We can then
use equation (6.9) to conclude that in this situation, (.t = 0.43. To find the natural
freqency of this response, we use the same approximation as before, this time with a

15 ms delay on the peak time:

T, reat = Tp.step + 155 (6.12)

This leads us to estimate a peak natural frequency of wy, yeq =~ 397ad/s ~ 6.2Hz
for this case. Table 6.4 shows the summary of this section. It can be noted that
the natural frequency decreases a bit with the higher amplitude step response in the
upward direction. It can be reasoned that the natural frequency of the system will
decrease further if the step response was done on the full length of travel for the drive
but it will not be tested because of how violent these drops are to the hardware. Slow
motion video shows the system nearly jumping off of the floor during the upward step

respomnse.

Table 6.4: Sagittal plane damping coefficient and natural frequency
Damping Ratio (¢) Natural Frequency (wy)

Simulation 0.46 48rad/s ~ 7.6H z
800° to 600° Step 0.46 42rad/s ~ 6.THz
400° to 800° Step 0.43 39rad/s =~ 6.2Hz

6.3 Treadmill Technical Characterization and Con-
trols

The Skywalker treadmills must be able to be controlled with respect to both position
and velocity to support the discrete and the rhythmic training paradigms. Much like
the other two drive axes, a position loop was closed around a velocity loop, however,

in this situation, the velocity is closed within the Kollmorgen AKD motor driver while
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Figure 6-11: High level treadmill control schemes

the position loop is closed within the National Instruments PXI box. In doing so,
a Labview Virtual Instrument (VI) running within the PXI box outputs a velocity
command in the form of an analog voltage to be read in by the AKD motor driver.
The Labview VI can be switched between velocity and position modes. In velocity
mode, the VI ignores the position feedback and simply outputs a velocity command
(figure 6-11(a)). In position mode, the VI will compare the position command to the
position feedback from the motor encoder in order to generate an error which will be
scaled as the velocity command to the inner velocity loop (figure 6-11(b)).

The ultimate goal in the design of the most aggressive treadmill controls was a
bandwidth above that achievable by a human in the position loop (above about 4
Hz) with zero overshoot in a realistic motion profile such that the controls move fast
without oscillation. This would be a condition for perturbation. For the discrete

paradigm, it is more advantageous to have a lower bandwidth for the soft feel.

6.3.1 Treadmill Modeling

The treadmill mechanical drive differs from the other two drives on the Skywalker
because it employs a belt drive rather than gears. The advantage of the belt drive is
that it relies on friction for transmission, thereby eliminating backlash. The disad-
vantage of the belt drive is that it introduces a fairly low resonant frequency between
the motor and the front roller due to the viscoelastic properties of the transmission
belt. Therefore, in order to determine a representative 4th order model, a dynamic

system analysis (DSA) tool within the AKD motor drivers was used to generate a
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bode plot of both the right and the left plants (figures 6-12(a) and 6-12(b)). The bode
plot shows a resonance beginning to develop for the treadmill at around 500 rad/s,
something that is audibly observable and potentially destructive, thus the bode plot

data collection was stopped here.

Analytical models were developed in an attempt to match the bode plot of the
plants. Figure 6-13(b) shows a full linearized schematic of the treadmill drive as-
suming the subjects’ foot to be a mass. The desired output of the full system is
of course the coordinate of the mass, however, in order to reduce the model’s order
that describes the dynamics of interest for control, the schematic in figure 6-13(c)
was built. This schematic lumps the friction and mass of the treadmill belt and the
rear roller into a single mass and damper at the front roller (Js,b,), assuming the
treadmill tape to have zero compliance and its transfer function from current-in to
rotational velocity-out can be seen in equation (6.13) (R is the transmission ratio of
the drive, 6, refers to the angle of the motor and 6, refers to the angle of the lumped
front roller in the model). In doing so, we reduce the order of the model from 8th to
4th order considering only the compliance in the drive belt. As seen in figure 6-12,
this model is capable of describing the resonance that begins to build at 500 rad/s
quite nicely, however it can not reproduce the low frequency rising slope nor the pole

pair at around 30 rad/s.

o1(s) ki[J2s2 + (R?b + b,)s + R2K]

im(s)  [J1J25% + (J1bR2 + J1by + Jabm + J2b)s2 + (J1KRZ + bbm R2 + b by + bbr. + J2k)s + (bmkR2 + kb{)]
6.13)

Equation (6.14) shows the transfer function of the rotational velocity of the lumped
front roller, which, by our model is the transfer function of the treadmill track to the
input torque, our true concern, however feedback in the drive is limited to the motor

encoder, so for controls purposes, we will consider 6.

6a2(s) _ ki [R(bs + k)]
im(s)  [J1J253 + (J1bR2 + J1br + Jobm + Jab)s2 + (J1kR2 + bbm R? + bmbr + bbr + J2k)s + (bmkR? + kb(%)]m)

In order to account for the apparent pole pair at approximately 30 rad/s and the
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rising slope at low frequencies, we must consider what creates such a phenomenon.
An initial rising bode plot slope indicates a zero gain at DC, in other words, in our
transfer function when torque is steadily applied, the velocity of the system will be
zero. Mechanically, this occurs when system is coupled to ground by a spring. The
constant torque term will be equaled by the spring force and thus held in equilibrium
with no velocity. Figure 6-13(d) shows the schematic by which to match the model
and equation (6.15) shows the transfer function with a spring to ground on the load
roller. We know this cannot be the case because with a DC current of magnitude
enough to break the static friction, the treadmill belt will be continuously moving.
Thus, I call this an ”imaginary spring” that shows up on the bode plot due to static

friction (or stiction) of the treadmill track on the sliding surface.

b1(s) keslJzs? + (R2b+ br)s + (R2k + k,.)]

im(s)  [J1Jdzs% 4 (J1(bR2 + by) + J2(bm + b))s3 + (J1 (KR2 + ky) + by (bRZ + by) + bby + J2k)52 + (b (KR2 + kr) + kby + kyb)s + kkr|
(6.15)

Stiction, as characterized in figure 6-14(a), refers to the extra friction at zero
velocity[5]. When the DSA was running, a sinusoidal current profile was injected into
the motor and the phase and amplitude output was read by the encoder. In order
for the track to move, it first had to break through the stiction. This leads to a
lower amplitude. The DSA was limited to a low frequency of 1Hz in the AKD driver

software and thus all we could see was an increasing slope.

Stiction, at the microscopic level, will behave like a stiffness as seen in figure 6-
14(b), as the small imperfections (asperities) in each of the sliding surfaces, catch on
each other and deflect with their own stiffness before yielding. Therefore, the type
of model in 6-13(d) seems like an appropriate model describing the behavior in the
lower frequencies of the DSA. We can see in figure 6-12 that the magnitude of the
bode plot of this model more closely resembles that observed from the actual track
during the DSA testing. However, there is still sizable differences in the phase. This
is consistent with other more in-depth studies that show an amplitude dependent
resonance as a result of friction[88]. Mechanical reasoning tells us that the spring is

an artifact due to the nonlinear static friction and was discarded in the development
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of the controls.

Determination of model parameters

The plant has 9 total variables to match. The motor inertia (.J,), damping (b,,) and
constant (k;) are published by Kollmorgen, the motor manufacturer. The belt trans-
mission ratio (R) was determined experimentally as seen in section 3.2.2. Varying the
load inertia (.J») alters the bode plot magnitude, and thus can be honed by matching
the model to the bode data (figure 6-12). The transmission belt stiffness (k) and
damping (b) are determined next by matching the zero pair as well as considering the
upward slope in the magnitude plot after the zero pair. Finally, the load damping
(b,) is determined observing the velocity step responses seen in figure 6-19. Tables
6.5 through 6.10 show the model parameters used to create the bode plots in figure
6-12. For the system controls, the reduced order model parameters will be used.
When measuring the dynamics of the system with a subject standing on a single
track, it is assumed that all parameters will remain constant with the exception of
the load inertia (J;) and the load damping (b,.). To match the loaded data, the model
assumes the same parameters as table 6.5 and table 6.6 with the modifications shown
in table 6.10. Figures 6-15(a) and 6-15(b) were used to match the parameters. A 6°0”
tall 190 Ib. subject stood on one foot on the track being tested while holding on to
the back of the body weight support for balance during testing. The poles and zeros

for the three usable reduced order models are shown in table 6.11 .
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Table 6.5: Fixed treadmill model parameters across all models

Parameter Value
Motor inertia (J;) 2.1e7* kgm*
Motor damping (b,,) 1.62¢™* Nm/(rad/s)
Transmission ratio (R) 3.72
Motor constant (k;) 1.72 Nm/ARMS
Load inertia (J3) 90e~* kgm?

Table 6.6: Right track reduced order model parameters

Parameter Value
Load damping (b,) 0.08 Nm/(rad/s)
Transmission Belt stiffness (k) 52 Nm/rad
Transmission Belt damping (b)) 0.04 Nm/(rad/s)
Stiffness to ground (k) 0 Nm/rad

Table 6.7: Right track imaginary spring model parameters

Parameter Value
Load damping (b,.) 0.4 Nm/(rad/s)
Transmission Belt stiffness (k) 52 Nm/rad
Transmission Belt damping () 0.03 Nm/(rad/s)
Stiffness to ground (k,) 9 Nm/rad

Table 6.8: Left track reduced order model parameters

Parameter Value
Load damping (b,) 0.07 Nm/(rad/s)
Transmission Belt stiffness (k) 66 Nm/rad
Transmission Belt damping (b) 0.032 Nm/(rad/s)
Stiffness to ground (k) 0 Nm/rad

Table 6.9: Left track imaginary spring model parameters

Parameter Value
Load damping (b,) 0.3 Nm/(rad/s)
Transmission Belt stiffness (k) 68 Nm/rad
Transmission Belt damping (b) 0.025 Nm/(rad/s)
Stiffness to ground (k) 12 Nm/rad

Table 6.10: Treadmill subject-on model parameter modifications
Parameter Value
Load inertia (J3) 100e=% kgm?
Load damping (b.) 0.45 Nm/(rad/s)

6.3.2 Treadmill Controls

As shown in figure 6-11, the controls for the treadmill track must be able to function

in both position and velocity mode and do so by closing a velocity loop inside of a
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Table 6.11: Treadmill poles and zeros
Poles Zeros
Right Track Unloaded —127 + 558i,-6.91 —35.2 + 281:

Left Track Unloaded —102 + 6364, —6.07 —28.5+ 3173
Right Track subject-on  —128 4+ 5504, —35.1 —50.2 + 2641

position loop. Thus a controller for the velocity loop must work for the velocity loop
but also must be approriate for accepting commands from the position loop. Design
was done in a two step process. First, the velocity loop was developed, then before
being implemented, the position control was overlayed to determine proper operation.
The simulated controls were compared to the feedback from the motor encoders to

double check the control loop and to verify the modeling done in section 6.3.1.

Figure 6-16 shows the complete control scheme used for both position and velocity
control. During velocity control, the outside loop is replaced by a velocity command
as seen in figure 6-11. Table 6.12 lists the gains used and tables 6.13 and 6.14 show
the bandwidths and phase margins. The low pass filter frequency was chosen to be
high enough such that the associated phase did not effect the return ratio, but low
enough that it canceled out the system’s audible noise. Additionally, the low pass
filter decreases the magnitude of the resonance slightly. The integrator in the velocity
loop is necessary to remove steady state error in the velocity loop and the proportional
gains were picked to make sure that the resonance did not cause problems while trying
to maximize the bandwidth of the system. The return ratio bode plots of both loops
are shown in figure 6-17. Notice that, even though the poles and zeros are slightly
different between the left and right track models, the bandwidth and phase margin
remain fairly consistent when using the same control gains. This is desirable because

we want to be able to move both tracks in unison.

Figure 6-18 shows the return ratios for the subject-on condition. Notice that
when a subject is loading the track, the bandwidth decreases in both the position
and velocity loops. The phase margin in the velocity loop increases while in the

position loop it decreases slightly.

To confirm the controls, velocity pseudo-step responses were run for the unloaded
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Kollmorgen AKD driver

Figure 6-16: Full treadmill control scheme

Table 6.12: Control loop gains

Parameter Value
Position loop proportional gain (k) 25
Velocity loop proportional gain (k) 0.032
Velocity loop integral gain(k,;) om
low pass filter frequency (p) 2507 rad/s

Table 6.13: Treadmill velocity loop return ratio bandwidth and phase margin

Parameter Value
Right track unloaded return ratio bandwidth 85.0 rad/s
Right track unloaded return ratio phase margin 78.0°
Left track unloaded return ratio bandwidth 85.3 rad/s
Left track unloaded return ratio phase margin 77.3°
Right track subject-on return ratio bandwidth 72.5 rad/s
Right track subject-on return ratio phase margin 106°

Table 6.14: Treadmill position loop return ratio bandwidth and phase margin

Parameter Value
Right track unloaded return ratio bandwidth 354 rad/s
Right track unloaded return ratio phase margin 68.6°
Left track unloaded return ratio bandwidth 35.7 rad/s
Left track unloaded return ratio phase margin 68.4°
Right track subject-on return ratio bandwidth 25.9 rad/s
Right track subject-on return ratio phase margin 67.5°

right track (figure 6-19(a)), the unloaded left track (figure 6-19(b)) as well as the
loaded right track (figure 6-15(b)). As can be seen in all of these responses, the
control model and the feedback from the motor match nicely, confirming both our

models and controls for the velocity loop.

To confirm the position loop, step responses were recorded in a similar fashion,
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however, the exact motion profile can not be simulated this time because, the posi-
tion loop is receiving a pure step command, which is later filtered within the AKD
motor driver’s acceleration and velocity limits. An acceleration limit of 1 million
rpm/s (black trace in figure 6-20) was used such that the acceleration limit did not
significantly alter the motion trajectory. A velocity limit of 185rad/s is in place by
the control scheme that limits the maximum speed of the treadmill track to 4mph.
The limit effect is smaller on small amplitude step responses as seen in figure 6-20(a)
but becomes more pronounced for step responses of longer length (see figure 6-20(c)).
The blue profiles marked in figure 6-20 show how the profile is affected by lower-
ing the acceleration limit to 50,000RPM /s (5235rad/s* or about 51m/s? in track
coordinates), which still very high acceleration.

Figure 6-20(b) shows a zoomed in view of the settling profile of both the high accel-
eration limit and the low. The difference in these plots is that friction compensation
torque was applied in the black trace. Friction compensation torque is applied in the
following manner as written in Kollmorgen’s AKD user guide : “the velocity com-
mand derivative sign is multiplied by the friction compensation value to be injected
to the current command”. With this setting on, any noise in the analog input signal
is amplified, resulting in high frequency ringing when setﬂing, observable audibly and
tactically as a vibration. From my experience, friction compensation should only be
used with zero noise reference signal such as those generated internally by the AKD
drives. The blue plot removes the friction compensation scaling factor and produces
a smooth settling trace. A small steady state error without friction compensation
results as small deviations in the position error are not enough to break stiction but

the error amplitude is so low that it is of no consequence for our application.

6.3.3 Treadmill Technical Characterization
Operating torque

The current from the velocity step profiles seen in figures 6-15 and 6-19 are shown in

figure 6-21. When loaded, the current in steady state with the subject on the track
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Figure 6-21: Current plot for treadmill velocity steps

is nearly double than when the system is unloaded. The torque constant (/) for the
treadmill motors (Kollmorgen AKM43E) is 1.72 Nm/ARMS. During these profiles,
the peak torque is approximately 3 Nm with a constant operating torque under load
at 500RPM of 1.4 Nm if we estimate that the steady state current is 0.8 ARMS.
500RPM at the motor corresponds to 1.15 mph at the track which is in the range of
what we would expect when Skywalker is working with a patient.

The AKM43E has a continuous torque rating of 4.70 Nm with a peak torque of
13.4 N'm as seen in figure 3-7. At 1.15 mph track speed, the system has 5.9 times the

torque capacity while staying under the continuous rating.

Soft controls

The step responses seen in figure 6-20 are excellent for disturbing balance. While
standing on the track, the feeling is similar to slipping on ice. This control scheme is

strong enough to elicit startle reflexes and without the body weight support, can be

15



Subject-on position step responses - limited by gain and velocity coerce
250 ! ; ; ; r ; ; ; ;

200
oot Ty W i s i o b S g st e a0 A S R e Y R N S TR e R A R R -
e 150
)
=
723
o
(=%
a2 100F i A i
&)
&
—
= : : ; :

/ : 5 — Simulated kpp=25
SOH A R — Simulated kpp=2.5 Al

—— Actual, vlim=0.45m/s, alim=49.3m/s*

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time(ms)

Figure 6-22: Subject-on soft control position step responses

dangerous.

For the discrete paradigm, the system must feel a bit “softer”, ie. it should
respond with lower accelerations and should be speed limited. During the feasibility
study described in section 7.1.2, K, was changed from 25 to 2.5 which lowers the
crossover frequency of the return ratio, making the system response slower. Figure
6-22 shows the simulated step response with a subject on the track using a K, = 25
(red) and K,, = 2.5 (black). The blue trace is actual loaded position data when a
50,000 RPM /s motor acceleration limit (49.3m/s* treadmill limitation) is in place
within the AKD driver and a Imph (0.45m/s) treadmill speed limit is implemented
within the Labview position control program. The blue plot was run with a 190 lb.
subject. The gain was experimentally chosen by dialing down K, until the profile

felt comfortable for our study participants.
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6.4 Frontal Plane Technical Characterization and

Controls

The frontal plane rotation drive was designed to be able to disrupt balance with the
goal of providing a safe environment for patients to practice balance. The Skywalker
system relies on the body weight support system for safety while the frontal plane

drive provides different lateral angles and perturbations for patients to practice.

6.4.1 Frontal Plane Modeling

As shown in figure 6-23(a), Skywalkery’s frontal plane axis of rotation is coincident
with the walking surface on the frontal rotation assembly (figure 3-18). Figure 6-
23(b) shows a graphical model of the unloaded system. The center of mass is located
below the axis of rotation and thus the system acts as a pendulum. The action of
the pendulum sets an equilibrium point for the system when the torque due to the
pendulum equals the torque due to the springs (figure 6-23(c)) For small angles, the
torque due to the pendulum can be linearized to be a constant stiffness term. To
show it in a simpler context, figure 6-23(d) shows the system represented by a mass
between two preloaded springs, whose rates add as springs in parallel(eq.(6.16)). At
the equilibrium point, or about 5°, the preload forces from each spring will cancel

each other and thus the linear stiffness model will hold.

k= kypr + Kpend (6.16)

Thus the model becomes a simple second order mass-spring-damper system seen
in equation (6.17), where 6, is about 5 degrees from the horizontal. All terms are
reflected to the motor through the transmission ratio (Ry) of the frontal gear set as
seen in equation (6.25).

0(s) 1

= 6.17
Tm(s) Js2+bs+k (6.17)
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Determination of model parameters

The model parameters can be seen in table 6.15. The inertia of the frontal plane
assembly was determined using the solid model generated in Solidworks®. This was
reflected similar to equation (6.25) and added to the mass of the motor and gear
train to estimate the total system inertia (J). Damping (b) was estimated by tripling
the published motor damping coefficient which is 0.000315Nm/(rad/s) seeing as the
damping coefficient was not given for the gear box but it is likely higher than that of
the motor®.

In order to estimate the rotational stiffness due to the spring (k;), a simple ap-
proximation was used. The conical springs” have a published spring rate (k) with a
free length (Iy). At the horizontal position, the distance between the ground and the
underside of the base plate (h;) was measured with digital calipers. The compressed
length (;)at the horizontal position was determined by equation (6.18). Figure 6-24

shows a diagram for these parameters.

=1y —h (6.18)

The force of a single spring becomes simply:

F, = Kpudy (6.19)

The effective torque due the four springs used in the frontal plane assembly (75)

becomes:

Ts = 4Fs(w/2) (6.20)

If we assume that the bottom of the spring is able to slide in the x-plane without
friction (ie. we care only about the y-component of displacement), the angle at

which the spring is at its free length (6,4) can be found via equation (6.21) after

5Dassault Systmes SolidWorks Corp, Waltham, Massachusetts, www.solidworks.com
8Gear box: Micron XT120-10, Danaher co., Washington, D.C., www.thomsonlinear.com
"Part no. CX-52, Reid Supply, Muskegon, MI, www.reidsupply.com
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Figure 6-24: Angle schematic

some geometric manipulation where r is the radius of the spring end’s center to the

rotation axis.

0,51 = ¢ — cos™! (ﬂ + cos(¢)) (6.21)
,

If we assume the both ends of the spring to be fixed, the angle (6,7) can be

estimated by a simple arc equation:

0y

The actual situation is likely in the middle of both of these estimations, and thus
for the spring rate, we will use 0, as the average of 6,5 and 6,;.
Thus the spring rate due to the conical springs on the load side of the gear train

becomes:

k'sprfaut - TS/HUS (623)
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In order to estimate the total stiffness, as shown in equation (6.16), we then have
to calculate kpend—out, which can be estimated simply in equation (6.24) where m is
the mass of the frontal plane assembly and r., is the radius of the center of mass
from the axis of rotation. This equation makes use of the assumption that sin(f) = 6

for small angles.

k:pend—out = Mmygrem (624)

Reflecting the mass and stiffness into the motor is done by simply dividing by the
transmission ratio (Ry) squared. For example:

kpend = kpend—out / R?f (625)

Once both stiffnesses are reflected through the transmission ratio, they are added

together as shown in equation (6.16) to arrive at the stiffness as seen by the motor

(k).

Table 6.15: Frontal plane model parameters

Parameter Value
Motor side inertia (J) 0.0042 kgm?
Motor side damping (b) 0.001 Nm/(rad/s)
Published spring stiffness (Kpyp) 4240 N/m
Free length (Iy) 74.6 mm
Initial height (h;) 36.5 mm
Compressed length (6;) 38.1 mm
Individual spring force (Fs) 162 N
Spring width radius (w/2) 310 mm
Torque at 6 = 0° (75) 200 Nm
Spring to axis radius (r) 469 mm
Equilibrium 0 - sliding assump (6,s;) 7.6°
Equilibrium 6 - fixed assump (6,y) 4.7°
Equilibrium 0 of the spring (6,s) 6.2°
load side spring stiffness (kspr—out) 1848 Nm/rad
frontal assembly mass (m) 172 kg
center of mass radius (rem) 175 mm
load side pendulum stiffness (kpend—out) 295 Nm/rad
Frontal plane transmission ratio (Ry) 90
motor side total stiffness (k) 0.265 Nm/rad
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6.4.2 Frontal Plane Controls

For the sake of experimentation with the AKD control options, the slider tuning was
used to define an initial control loop. This is done by selecting a bandwidth. This
led to an unstable system initially, but by lowering the slider and the gains, it was
acceptable for a slow command. This initial control scheme included a PI controller in
the position loop and a P controller for the inner velocity loop. The gains chosen by
the slider can be seen in table 6.16. A simulation using our model (shown in equation
(6.17)) with this initial controller is shown in figure 6-27(a) for a step input.

A final controller was developed via the loop shaping technique (figure 6-25). The
basic control loop is similar to the default controller but also makes use of a low pass
filter at 300 Hz to reject audible noise. Without this filter, the gains chosen excite
some higher frequencies that are an annoyance. To fix the original loop, the integral
term was divided by 10, pushing a zero closer to the origin and the velocity loop
gain was increased by an order of magnitude to push one of the system poles further
negative, in essence, shaping the loop to have a higher bandwidth with increased
phase margin for increased stability. The gains for this controller can be seen in table

6.16.

Table 6.16: Frontal plane control gains

Parameter Value
Initial k,p 30
Initial kp; 6.28
Initial k., 0.04
Final kp, 30
Final k,; 0.628
Final k,, 0.5

Motor Constant (k;) 1.72

The inner loop transfer function is shown in (6.26). Notice that increasing K,
will increase the damping ratio of the natural response of the velocity loop, which
will take care of any oscillation from the high stiffness of the system.

9 KvpKtS

= 6.26
Vema (S8 +bs +k)(s/6007 + 1) + kypkis ( )
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Figure 6-25: Frontal plane closed loop control
The return ratio of the position outer loop will then become:
0 K Kpi
R.ER.— oo+ Fi) (6.27)

Vernd S

The poles of the return ratio are at 0, 0, -0.287, -234 and -1650. The zeros are
located at 0 and -0.628. The bode plot of the return ratio can be seen in figure 6-
26(a) and the step response of the closed loop system can be seen in figure 6-26(b).
This controller yields a theoretical bandwidth of 42 radians per second or a natural

frequency (w,) of 6.7 Hertz and a phase margin of 78 or a damping ratio (¢) of 0.78.

In order to test the simulated model, the model was simulated with the same
position command given to the actual hardware system. The simulation was run
from 450° motor coordinates to zero because 450° motor coordinates corresponds to
5° Skywalker coordinates, which is the system’s equilibrium point. Figure 6-27(a)
shows a series of step or ”"pseudo” step responses. The drives define a maximum
acceleration and thus profiles are not simple step responses. The red line shows the
position command given to the controller. The black line shows the position feedback
directly from the feedback device on the motor and the blue line shows the simulation
position. The hardware response is remarkably similar to the simulation, validating
the control and system model. The green line shows a theoretical step response of
the frontal plane if given a true step response and the pink line shows the theoretical

step response from the original controller that was discarded.

Figure 6-27(b) shows the current feedback from the motor, the velocity command
(simply a location within the control loop), the velocity feedback and the position

feedback. As can be seen in all of the velocity feedback and current feedback plots,
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there is a non-linearity that occurs at about 4.8° Skywalker angle. Watching the
physical system, this looks as though the motor gear is slipping between ring gear
teeth, however, at this point, current spikes and velocity lags the velocity command.
Therefore, it seems that the system may be cocking a bit in yaw, causing the frontal
plane gears to bind. The motor responds by sending a pulse of torque to rectify the
situation and the motion profiles are unscathed with respect to the simulated model

which tells me that the non-linearity is not too harsh.

6.4.3 Frontal Plane Technical Characterization

The controls section of the frontal plane motion was done without a subject on the
track because it closely resembles a linear time invariant system. However, the frontal
plane motion of the system will always be loaded by an unpredictable subject during
operation. When designing the drive (section 3.2.4), the most extreme system inertia
was considered, assuming a 6’07 tall, 200 1b. subject as a rigid rod fixed to the
tracks. As can be seen in figures 3-23 and 3-24, this assumption limits the 0 — 6 — 0°
perturbation time to be greater than 0.5 seconds using maximum motor torque during
both acceleration and deceleration. In reality, the human body more closely resembles
a double inverted pendulum coupled to the track with springs and dampers (figure
6-28).

Instead of modeling the inverted pendulum system in an attempt to match the
dynamics, we observed the variations in the motion parameters of the loaded and
unloaded situations. A fast perturbation, capable of significantly affecting balance
was run from 0 — 5 — 0° Skywalker degrees with a large subject (6’, 190 lbs), a
small person (54” 130 lbs) and with the system unloaded to compare the motion
profile, current and velocity feedback. The subjects’ height and mass were used to
calculate the rod inertia assuming the subject was fixed to the track (J = 1/3ml?)
for comparison purposes. The body inertias were approximately 96kgm? and 50kgm®
respectively. Figure 6-29 shows that the addition of a subject only increases the
current marginally (current RMS values seen in table 6.17). The motion profile was

identical in all cases and the velocity feedback showed only very small changes. This
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Figure 6-28: Frontal plane closed loop control

motion profile was saved as the starting point for the standard perturbation to be

used with subjects in an effort to disturb balance.

Table 6.17: Frontal plane RMS current for the 0 — 5 — 0° in figure 6-29
RMS current (A)

96 kgm? large subject 1.59
50 kgm? small subject 1.69
Unloaded 1.41

Acceleration and velocity limits

The AKD servomotor drivers set an initial acceleration limit based on the motor being
used. For the frontal plane drive, the driver set an acceleration of 10,000 RPM/s as
the acceleration limit and the profile seen in figure 6-29 was run with a velocity limit
of 500 RPM. The acceleration limit acts to create a softer movement profile but also
limits the system’s performance. Releasing the velocity limit, yields a max velocity
of approximately 700 RPM, which also decreases the time of perturbation (see figure

6-30). Notice, that the current now peaks around 5 Amps. Releasing the acceleration
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Motion parameters for 0.45s frontal plane motion profile
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Figure 6-30: Frontal plane 5 — 0 — 5° profile without velocity limit

limit will allow for faster profiles limited only by the torque capacity of the motors.

Frontal plane torque capacity

The Kollmorgen AKM51E motor used in the frontal plane drive has a continuous
current rating of 2.56 ARMS. The current to torque relationship (K}) is linear up to
5.5 Amps and it is capable of reaching up to 8.2 Amps at peak. The RMS current of
the motor during operation must be kept below that of the continuous current rating.
All motion profiles run in this section are well below that limit. Above 5.5 Amps, the
current - torque relationship will become nonlinear and thus for faster perturbations,
it is likely that the achievable bandwidth of the system will decrease due to current
saturation.

It is also worth noting that the frontal plane drive is in constant pre-load by the

conical springs. When not enabled, the electromechanical brake, capable of a holding
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torque of 14.5 Nm at the motor, restrains the frontal plane rotation through the gear
reduction of 90:1. The preload due to the springs is calculated to be approximately 200
Nm from the published spring constant and thus the motor is holding approximately
2.2 Nm of constant torque. Observing the enabled motor current to be 1.2 Amps at
the horizontal position and using the published motor constant of 1.72 Nm/Amp, the
torque at the motor can be estimated to be 2.06 Nm via equation (6.28). This loosely

confirms both the spring rates and the motor constant.

Range of motion

The range of motion of the frontal plane is 6.0° when rotating away from the pre-load
springs, limited by the interference between the front support beam and the steel
frame. In the direction of the pre-load springs, the the maximum reachable angle is

2.8° limited by the solid height of the springs.
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Chapter 7

Feasibility Study

The first-ever patient study was conducted on the Skywalker system with persons with
gait impairments due to cerebral palsy and stroke. The primary purpose of the study
was to evaluate the feasibility and safety of the Skywalker system when working with
persons with disabilities. A secondary focus of the study was to observe the effects of
training with system. The training programs, including the algorithms and machine
kinematics are described in section 7.1. The study itself will be represented as case
studies, following each of our very unique participants in section 7.2. One of the
greatest features of the Skywalker-y system is its versatility which was made evident
by our ability to tailor the training to each of our unique participants, a characteristic

that stands out in comparison with all rehabilitation robots available commercially.

7.1 Rehabilitation Training Programs

The study made use of three classes of rehabilitation training programs (Rhythmic,
Discrete, and Balance). The rationale for developing these three programs can be
found in chapter 2. This section explores the intricacies of each program. For details
on the setup and running procedures for each training program, see appendix A.
Before and after each training program, a diagnostic program observed the par-
ticipant’s gait. The purpose of the diagnostic program was to record the kinematics

of the participant at the comfortable walking velocity (determined on the first day

187



file Edit View Project Operate Tools Window Help

Bl i1l —

file path
l c\9rd910.tdms

Figure 7-1: Diagnostic Program Graphical User Interface

of the trial). The graphical user interface (GUI) for the diagnostic program, seen
in figure 7-1, displays the average step length of each leg so that the operator could

immediately assess symmetry and the overall step lengths before and after training.

7.1.1 Rhythmic Training Program

The rhythmic training paradigm used by the Skywalker-vy was originally conceptual-
ized by Caitlyn Bosecker and Hermano Igo Krebs using the alpha prototype version of
the Skywalker|[73]. Figure 7-2 depicts the basic structure of this paradigm. The first
phase is a heel strike on a moving treadmill. The treadmill then moves the foot to the
toe off position. When the participant initiates a forward movement, the track will
drop, allowing gravity to assist the swing phase of gait in a pendular fashion. This
training method relies on a split belt treadmill and can be done on one or both sides
of the body depending on the impairment of the patient. The work was furthered by
Panagiotis Artemiadis[89], who first introduced a machine vision system as a way to
determine the gait phase. Various tests were done with the alpha prototype includ-

ing a demonstration of a passive mannequin ambulating via the rhythmic paradigm
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1) Heel Strike 2) Toe Off 3) Gravity Assisted Swing

Figure 7-2: Depiction of the Skywalker Rhythmic Training Paradigm

and an early study of healthy subjects walking on the device. The alpha prototype
provided a bed to test the rhythmic paradigm but was not fit for further research.
Hardware limitations (lack of power in both the treadmill motor and the sagittal
plane actuators) necessitated the development of new hardware which became the
Skywalker--.

The Rhythmic Program developed with the Skywalker-v differs in multiple ways.
It makes use of its independent treadmill track motors to smoothly set both treadmill
speeds, sometimes to the same speed and other times at different speeds to alter
gait asymmetries. The linear cam system grants us to programmatically define the
track drop profiles, adding versatility in the hands of the operator depending on the
patient’s impairment level. The final major difference of the rhythmic program is
the addition of an interactive game that allows patients to view and consciously alter

their step length and gait symmetry.

Drops

As shown in Chapter 7, the Sagittal plane drops are capable of being made up to
6 inches under-foot (11.6°), though in our trial we did not need to drop to that
extent. For this trial, three drop depths (figure 7-3) were programmed via the AKD

Workbench application with parameters shown in table 7.1. Notice that the speed of
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Figure 7-3: Feasibility Study Rhythmic Drop Profiles: in system coordinates. Plots
are generated from the data collected from the sagittal plane motor encoders divided
by 90 to estimate the angular position of the track. See 3.8 for more details on the
transmission ratio.

these drops is far below the capabilities of the machine as defined in chapter 7. This
is because at high accelerations and decelerations, the machine’s movements appear

violent, making a booming sound and can make the Skywalker system jump from the

floor.
Table 7.1: Drop profile parameters (Trapezoidal profile)
motor pos[deg] motor vellrpm| motor accel[rpm/s] motor decel[rpm/s]

Small Drop Down —200 950 2000 1000
Up 0 950 1000 500

Medium Drop Down —470 950 3000 1000
Up 0 950 1000 500

Large Drop Down —770 950 4000 2000
Up 0 950 1000 500
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Software Algorithm

The algorithm used for the rhythmic drops is shown in figure 7-4. The purpose of
this algorithm is to locate the time in which the patient initiates swing phase and
to quickly send a signal to the motor drivers to initiate a drop. The chosen method
for doing so is to locate a minimum in the estimated heel position (assumed toe-off
position). A valley finder algorithm (1) was written as a sub vi (Labview-speak for
a user defined function) that looks for valleys below an entered threshold (9) in an
array built from estimated heel positions (2). Additional features were built into the
algorithm for operator control and safety. An enable toggle switch (3) must be in the
true position for drop signals to be sent and the four infrared emitters representing
the subject’s legs must be correctly identified (4) to prevent errant drops due to a
failure in the IR emitters or if the patient’s position exceeds the camera’s field of
view. Figure 7-5 shows an early plot of the drops while monitoring the state of each

of the inputs to the AND gate (Fig. 7-4 (6)).

Notice, as marked by (1) in figure 7-5, that the valley finder algorithm incorrectly
identifies a valley in an area of xpos where there appears to be no valley. This would
cause a second drop in this case. A time check was implemented (marked as (5)
in figure 7-4). This time check ensures a certain amount of time to exist between
each drop. This solves the problem of double drops but cannot fix an errant drop
during mid or late stance. The valley finder (fig. 7-4 (1)) smooths data using a linear
interpolation of w data points and uses the results to determine the location of the
valley. Increasing w creates a smoother dataset but also introduces a delay in finding
the valleys. It was experimentally determined that increasing w from 3 to 10 data
points prevented faulty drops and also solved a problem that occurred infrequently of
missing drops. Missing drops became a dangerous situation because patients begin
to rely on the drops to walk. If a drop missed, the patient would trip and fall. Of
course, the trade-off was a delay in the onset of the drop which increased from and
average time of 23ms to 68ms after the raw heel position valley. This delay is shown

in figure 7-6. The change was imperceptible to healthy subjects prior to the study.
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Once the AND gate (figure 7-4 (6) receives all 4 true signals, it writes a digital
line high, which is connected to a digital input channel of the AKD motor driver to
initiate one of the chosen drop profiles (figure 7-3). The case structure (8) constrains
the high signal time to 50 ms. Another case structure (7) resets the array being
analyzed by the valley finder sub vi. This eases the computational load on each loop.
The digital drop loop in figure 7-4 runs at 100Hz. The full rhythmic program consists
of two of these loops (right and left track), an analog loop that writes the track speed,
a logging loop, two vision processing loops, one emergency stop loop that monitors a
physical stop button and one loop that runs the rhythmic game described below, all

running in parallel.

GUI

Figure 7-7 shows the GUI used for the rhythmic program. Drops are enabled via the
Enable Left / Enable Right toggle switches (a). On the front panel, the operator can
select the threshold that the participant’s heel must exceed to initiate a drop (b),
the drop depth (c) and the delay time between each drop (d). The robot operator
controls the speed via the virtual knob (e). For the split speed variety of the rhythmic
program (described below), the knob (f) is used to increase the speed of one track and
while decreasing the speed of the other track as determined by the initial symmetry

observed in the diagnostic program.

Interactive game

Figure 7-8 represents the interactive game seen by the patient. The black bars rep-
resent the respective position of each foot. They grow as the foot moves forward and
are reset when the participant makes their next step with that leg. The dotted line is
the step length during the diagnostic program and the solid line is the average step
lengths of all steps within that training session. The goal of participants is to equalize

the two step lengths.
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Rhythmic program variations

Three independent variations of the rhythmic program were used with patients.

Figure 7-9: Single Track Training GUI modification

Speed Distortion This program used a nominal speed as defined by knob (e) in
figure 7-7. A second knob (f) in figure 7-7 was used to distort the speed of each
track by a percentage. For example, if knob B reads 1mph and knob B reads
0.07, one track will be set to 1.07mph and the other to 0.93mph. The faster
track would correspond to the side of the participant which had a longer step
length in the initial diagnostic program to augment the asymmetry in a way
loosely resembling Reisman et al.[7][90] (More on this in section 8.3.1). This

program could be run with or without the visual game shown in figure 7-8.

Visual Distortion This program relied on the visual game shown in figure 7-8. In
this program, knob (f) represented the distortion to the height of the bars again
by a percentage. For example, if the distortion was turned up to 0.07, one bar
would appear 7% higher and the other would appear 7% lower. This program

could be altered to augment or decrease the step length asymmetry.

Single Track Training This embodiment of the rhythmic program was developed
specifically for participant 2 (the most impaired participant) who was having
trouble with the rhythmic program. In this variation of the rhythmic program,

one treadmill is stopped while the other is allowed to move at a desired speed,

196



allowing the patient to practice full steps on leg at a time. Drops and the
operation of each treadmill are independently enabled via the GUI modification

shown in figure 7-9.

Sagittal Plane Kinematics comparison using drops and BWS

To test the transparency of the sagittal plane drops and the body weight support, a
test was conducted with a healthy subject (6’0” male). This was his first time walking
with rhythmic drops. The test was done with and without the body weight support
using the small drop profile shown in figure 7-3. The average body weight support
over the BWS trail was 50% (during the feasibility study, BWS % never exceeded
30%). His kinematics from the Skywalker were compared to a speed matched trial on
a standard treadmill. Data from 15 cycles of walking was cut and analyzed with the
ensemble method described in figure 7-21. Figure 7-10 shows the kinematic results
from the tests. The small rhythmic drops, used here did not have a large effect
on the kinematics, showing a slightly decreased knee angle but nearly identical hip
angles. Without the body weight support, the swing phase initiates later in the gait
cycle. With the body weight support, swing phase began earlier. Notice that the
body weight support limits the hip angle. It is unclear if this is a consequence of
the bicycle seat design or if it is specific to the high level of BWS used here. The
x-y trajectory in figure 7-10(c) is estimated based on the hip and knee angles as the

position of the heel with reference to the hip joint.

7.1.2 Discrete Training Program

The discrete training program is the first of its kind, attempting to target the sub-
movement primitive by facilitating patient-guided movements with defined start and
stop points. An overhead projector (figure 7-11(a) (1)) is setup to display an inter-
active game, issuing targets (figure 7-11(b) (1)) randomized in side and length. The
patient is allowed as much time as needed to initiate a movement and the target is

held until the movement is completed. Whether or not the target is successfully hit
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Figure 7-11: Discrete Program Interactive Game and Setup

by the patient’s heel, the ipsilateral treadmill is moved to reposition the heel under-
neath the body. A score is displayed on the front of each treadmill corresponding to
the number of targets successfully hit and the percentage of successful motions per

side (figure 7-11(b) (2,3)).

Software Algorithm

Figure 7-12 show the full and broken down sequence structure that defines the discrete
game. In sequence structures, each frame must be completed before moving to the
next frame. The first frame defines the target locations. Separate random number
generators (figure 7-12(b) (1)), which output a pseudo-random number from 0-1, are
called to define a random target side and target location. The top generator output
is compared with 0.5 to create a boolean command that defines the side. The lower
generator’s output (r) is manipulated by equation (7.1) (marked by (2) in figure

7-12(b)) to define the target’s pixel location to the projected image (z,;). ¢ is a
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Figure 7-12: Discrete Algorithm
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constant, controllable on the GUI (figure 7-14 (a)) that changes the upper limit of
the target.

Tpiz =7 % q+ 200 — q (7.1)

This is transformed to real world coordinates (x,,,) by equation (7.2) (marked by
(3) in figure 7-12(b))to convert the pixel vertical axis to the treadmill x-axis in mm
(defined as a line from treadmill back to front with the participant’s original heel

position at the origin).

Trw = Tpig * (—1.5) + 400 (7.2)

Pixel target locations, defined by the first frame, are written to a shared variable
((4) in figure 7-12(b)) which is shared with the game control loop (not shown here).
The next frame (5) identifies the starting location of the heel before a movement
by reading from a shared variable that was written in the vision loop. The current
position as defined by the vision loop is compared to the initial position (6) and a
boolean is issued to conclude this frame when the difference in position reaches a
threshold (controlled in GUI - figure 7-14 (b)). This frame also records the movement
onset time and writes it to a shared variable in the next frame.

The end of a movement is recorded in the following manner. An array is built ((7)
in figure 7-12(c)) of positions defined by the vision loop. The array is indexed (8) to
compare (9) the current heel position to the heel position at a previous array position
defined by the GUI (figure 7-14 (c)). If the two positions are within a certain length
(controllable on the GUI (figure 7-14 (d))), a boolean is sent to stop the current
frame. The movement time is recorded in the next frame (10).

The frame marked as (11) compares the location of the heel when the movement
was stopped to the target position (x,,) set by (3) in figure 7-12(b) and assigns a
point if the distance is less than a threshold (controlled in the GUI - figure 7-14 (e)).
This frame also calculates the percentage of targets successfully hit per side and writes

the scores to shared variables (12) that are read and displayed by the game loop (not
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shown). The next frame sets the target distance outside of the visible screen via a

shared variable (13), effectively making the target disappear.

Finally, in the last frame, the distance observed when the movement ended is
added to the current position position reference (14) and written to a shared variable
(15) which is read by the track position controller (figure 7-13) and compared with
the absolute position of the motor encoders to generate the motion of the treadmill

underfoot.

A while loop is wrapped around this sequence structure such that, as soon as a
treadmill movement is completed and 2 seconds have elapsed (16), a new target is

generated and the full sequence structure begins again.

Track Controller Gains and movements

The high level control scheme is shown in figure 6-16. The k,, gain was set at 2.5,
with velocity and acceleration limited, yielding the position profile seen in figure 6-22.

The full Labview implementation of the controller is shown in figure 7-13.
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Figure 7-14: GUI: Discrete Program

Table 7.2: Discrete program setting per patient
T. Length (a) Starth Thresh (b) Spacing (¢) Stop Thresh (d) T. Thresh (e)

Healthy 170 25mm 30points 0.5mm 45mm
Pl 90 25mm 35points 0.5mm 45mm
P2 70 35mm S50points lmm 50mm
P3 90 35mim 30points 0.5mm 45mm

GUI and game parameters

Substituting for x,;, in (7.2) from (7.1) yields (7.3). Notice that ¢ in this equation
makes reference to the target length (seen as (a) in figure 7-14) and r is a random

number between () and 1.

Trw = (—1.5) * (r % g + 200 — q) + 400 (7.3)

Targets are displayed in front of the patient at a distance referenced from the
initial heel position directly under the body. No matter what is used for ¢, the lower
bound (r = 1) for the targets will be 100mm. The upper bound will be achieved

when r = 0 in which case equation (7.3) becomes:
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Ty = 100 + 1.5¢ (7.4)

Table 7.3 shows the upper bound for the target distance for each participant
based on the g (Target Length) values seen in table 7.2. Notice that for a 5’8” tall
healthy subject, the upper bound for the target length was comfortable at 355 mm.
It was found that this distance was slightly out of reach for our smallest patient.
Additionally, during the study we learned that shorter steps were more difficult for
each of our study participants, which increased the challenge of training. P2 had
difficulty reaching the length determined for P1 and P3, so his max target length was

scaled down to a comfortable level.

Table 7.3: Discrete program target length upper bound
Upper bound
Healthy 355mm

P1 235mm
P2 205mm
P3 235mm

The movement distance that signaled the onset of movement (column (b) in table
7.2) was increased to 35mm for P2 because his movements were not smooth. In-
creasing the threshold solved a problem of disappearing targets that were caused by
the algorithm assigning the start of the movement prematurely. For P2, we also in-
creased the spacing and stop threshold for the stopped position to ensure he stopped
his movement before the track began to move. The successful target threshold was
also increased for him to increase the percentage of targets hit. To ensure the pa-
tient did not get frustrated with the game, the percentage was kept above 80%. The
successful target threshold is the width of the band, centered at the target location

(Z), in which the patient will score a point.

7.1.3 Balance Training Program

The balance program is based on frontal plane perturbations that simulate waves

(rocking 2.5° in one direction, moving to 2.5° in the other before moving back to 0°).
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Figure 7-15: Frontal plane wave profile recorded from the frontal plane motors and
scaled by the frontal plane transmission ratio

The waves can be enabled independently of treadmill speed and sagittal plane drops
defined in section 7.1.1 and their timing is defined by six discrete levels of the game
described below. For this initial feasibility study, the wave profiles were fixed for the

whole study.

Waves

The left and right waves are mirror images of each other. The frontal plane profile
for the waves was designed to be gentile with just enough acceleration and speed
to disrupt a healthy person’s balance when walking at 1mph. Figure 7-15 shows
the system’s profile in frontal plane and table 7.4 shows the profile parameters as

programmed in the Kollmorgen AKD motor drivers.
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Table 7.4: Wave profile parameters (Trapezoidal profile)

motor pos[deg] motor vellrpm| motor accel[rpm/s] motor decel[rpm/s]

Left 225 250 900 900
Right —225 250 900 900
Center 0 250 900 900

Software Algorithm

The software algorithm adds to the rhythmic program defined in section 7.1.1. As
can be seen in figure 7-17, the controls for speed and sagittal plane drop are the same
as for the rhythmic program. The balance program adds the ability to call the waves.

The algorithm begins with a level selection (a) in figure 7-17 and (1) in figure 7-16
which defines the level of the wave game. Increasing the level, increases the difficulty
of the balance game. Each level has independent code. Figure 7-16 shows the code
for level 6. (2) in figure 7-16 represents the direction that the wave will initially drop.
This variable is updated each time a drop occurs. The code marked (3) shows the
algorithm that defines the random start time for each wave. A millisecond timer
compares the current time to the time of the last drop. If this number exceeds
a randomly generated threshold defined by (4), a true boolean is sent to the case
structure (5) which writes a true signal to a shared variable (6) that is read by a
digital output loop and sent to the motors to begin the motion task of the waves.
Level 6 of the game is unique because it also distorts the warning lights. A random
number generator (7) with a uniform distribution compares to 0.8. If the output is
false, the warning light occurs on the correct side, otherwise it sends the warning
signal to the opposite side of the game such that 80% of the time, the warning light
is on the side that will drop first. 20% of the time, the game displays misinformation
to the participant to further increase the difficulty of anticipating the movement of
the machine. The warning light illuminates 500ms prior to the wave being called (8).

The game levels determine three parameters of the waves: the time between ad-
jacent waves, the behavior of the warning lights and the direction of the waves. The
time between drops refers to the time between the onset of movement. Two warning

lights are displayed on the main game screen as seen in figure 7-18 (4). Their purpose
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Table 7.5: Balance game level chart
Level Time between waves Warning lights Direction

1 No drops - N/A N/A
2 8s Yes One
3 2-6s Yes One
4 2-6s Yes Both
5 2-4.5s No Both
6 1.5-4s 80% correct Both

is to alert the participant when the drops are about to occur. If a light illuminates
on the right side, for example, the wave will first descend on the right side and vice
versa. Levels 2,3 and 4 set the lights to illuminate 500ms before wave movement
onset. Level 5 disables the lights and as mentioned above, during level 6, the lights
work but occasionally signal the incorrect direction. The initial direction of the wave
is also varied by selecting different levels. Level 2 and 3 of the game allow drops to
only occur in a single direction (the left side falls first). All higher levels randomly
assign a starting direction of the waves to add difficulty to the program. Table 7.5

summarizes the 6 levels of the balance game.

GUI

The GUI is shown in figure 7-17. It provides a simple way to choose which functions
are enabled with each patient. The level select (a) controls the frontal plane waves,
(b) controls the speed of the treadmill tracks and (c) independently enables each
sagittal plane to drop in the rhythmic fashion described in section 7.1.1.

Game

The balance game is the least interactive of all three training modes because the
movements and timing are generated by the software, however the number of waves
((2) in figure 7-18) are representative of the level of the game selected by the patient.
The game also displays the level(1) and the speed of the track (3). The surfing beaver
is attached to the horizontal blue line (5) and rotates with the wave. His position is

controlled by the frontal plane motor encoder. The warning light will be illuminated
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Figure 7-17: Balance GUI

on the side that the blue line will touch first during a movement.

7.2 Case Study Structure

Three adult individuals joined this study. Two were diagnosed with cerebral palsy
and the other sustained a stroke approximately 5.5 years prior to the study. All
participants gave their informed consent prior to participating and the Committee on
the Use of Humans as Experimental Subjects (COUHES) at MIT approved the study
(see appendix G). Participants who customarily wore an ankle-foot orthosis were
allowed to wear it during robotic training but were asked to remove the device during
electromiography of the tibialis anterior and soleus during the evaluations prior to and
after training. Other devices such as canes or functional electrical stimulation devices
for the tibialis anterior were excluded from training and evaluation when possible.

Detailed study conditions for each participant can be found in the following pages.

7.2.1 Participant 1 (P1)

P1 is a 24 year old female with spastic triplegia cerebral palsy. Her height and weight
are 5’17 and 101 pounds respectively. Her comfortable overground walking speed

before the trial was 1.99 mph. She uses no devices for normal day-to-day walking. Her
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gait has noticeable scissoring. Initially, she had a problem with foot scuffing during
swing phase on both feet, but she mentioned that it occurred more frequently on the
right foot, especially when she becomes fatigued or during cold weather situations.

Of the three participants, P1 is the least impaired.

Training Sessions

P1 trained for 16 sessions on the Skywalker-y system over a period of 1 month, aver-
aging 4 sessions per week. These were broken down into 9 rhythmic sessions (broken
down into 1 introductory program, 3 speed trainings and 5 symmetry trainings, dis-
cussed at length in section 8.3.1), 4 discrete sessions and 3 balance sessions. It took
two sessions for P1 to get comfortable with the body-weight support. Mounting and

dismounting was easy and quick. Donning and adjusting the BWS took seconds.
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7.2.2 Participant 2 (P2)

P2 is a 56 year old male diagnosed with spastic diplegia cerebral palsy at birth. Of
the three participants, P2 is the most impaired. His height and weight are 5’10” and
145 pounds respectively. His comfortable overground walking speed before the trial
was 1.12 mph. He uses bilateral ankle foot orthoses and a cane in each hand, which
results in a pronounced forward lean (24° from the vertical). During training and
in all evaluations except the treadmill kinematic and EMG study, he was allowed to
wear the AFOs. The first two weeks of rhythmic training were done with the canes.
The next two were done without canes, but used the new handrails made specifically
for P2 (figure 2.2.5). All discrete training programs were run with the canes, though
precautions were made to guarantee that the cane did not cross the line between the
Infrared Emitting Diodes and the cameras. This happened on initial trials due to
tassels that were attached to the handles of the canes, which caused the vision loop
to misinterpret the position of the heel. The first and second week of balance training
were done with the canes in hand. As the system ran through waves, the participant
was encouraged to lift the canes off the ground and to stand erect. The third and
fourth session, P2 was able to release his canes to the robot operator as he worked

on riding the waves.

Training Sessions

P2 trained for 12 sessions on the Skywalker-y system over a period of 1 month,
averaging 3 sessions per week. These were broken down into 4 rhythmic sessions, 4
discrete sessions and 4 balance sessions, each being trained once per week. It should
be noted that it took two weeks for P2 to get comfortable and trust the body weight
support system of the machine. The rhythmic sessions were aimed at getting P2 to
stand more upright while focusing on getting more heel clearance. The final rhythmic
session was done with the single track program mentioned in section 7.1.1 to work on
individual legs before bringing them together. Doing this seemed advantageous for

P2 as this was the only session that overall speed was able to be increased reliably
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above 0.25 mph. Because of the more severe level of impairment of P2, no symmetry
programs were attempted.

Mounting and dismounting were challenging and while robot operators and P2
got more used to it, the process was never easy. Donning the BWS was fairly easy,
though more difficult than with P1 because flexibility was more limited in P2. The
body weight support was uncomfortable the first session and P2 complained of chaffing

but this never occurred again in the study.

7.2.3 Participant 3 (P3)

P3 is a 58 year old female who suffered a stroke roughly 5.5 years before the study
began which resulted in left side hemiparesis. The ankle is completely paralyzed,
though manual muscle tests showed a decreased but existing amount of strength in the
knee and hip in both extension and flexion. Her initial walking speed was 1.19 mph.
She uses a functional electrical stimulation (FES) device for the left tibialis anterior
and a single cane in her right hand. The FES device was excluded for all training
and evaluations. The cane was allowed only for overground walking evaluations but
was never used during training or for kinematic studies on the treadmill. Her left
arm was also severely impaired. The hand was normally clenched and the shoulder

was subluxed, which often led to pain.

Training Sessions

P3 trained for 12 sessions on the Skywalker-y system over a period of 1 month,
averaging 3 sessions per week. These were broken down into 4 rhythmic sessions
(2 introductory and 2 symmetry-based routines), 4 discrete sessions and 4 balance
sessions, each being trained once per week. It took one week for P3 to get acclimated
to the machine. Mounting and dismounting was fairly easy, though it necessitated
care and operator support getting on and off the machine. Donning the BWS was
fairly easy as her flexibility was good, often taking less than a minute to done the

BWS and adjust it to the proper height.
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7.3 Clinical Evaluations

The following subsections are presented as a case study and outline both the clinical
changes and qualitative observations by the participants. Further clinical details can
be found in Appendix E.

As a baseline Hornby et al. [49] showed an average of a 16% increase in comfort-
able walking speed, a 14% increase in maximum walking, an increase of 1 point on
the Berg balance scale and a 16 meter increase in the 6 minute walk test for chronic
stroke patients after 12 training sessions with the Lokomat and greater improvements
with therapist-aided rehabilitation. However, there are no robotic locomotion reha-
bilitation studies that test adults with cerebral palsy. Because of our mixed patient
population, mixed training protocol (3 different training paradigms) and low sample
size, it is inappropriate to compare this study to Hornby or others. It should also be
noted that P3 (our only stroke patient) participated in multiple robotic rehabilitation
programs prior to our study, which typically excludes a patient from a study because
that a portion of the obtainable gains have potentially already been realized prior to

the new rehabilitation program.

Clinical Measures

Because the study includes only 3 patients, 1 a stroke survivor and 2 adults born
with cerebral palsy, we have chosen to use the same clinical tests for all 3 patients.
The evaluation time was designed to be 2 hours in total. Table 7.6 details the target
population for which each test is commonly used, as well as the test purpose and
an estimated completion time. The Borg Scale and continuous heart-rate recording
were used to assess the level of effort during the 6 minute walk test. Participant 1
was asked to select a comfortable treadmill walking speed both before and after the
study. P2 and P3 were not asked to do so because they were less comfortable on a
standard treadmill.

The joint range of motion, manual muscle Test, and the Fugl-Meyer lower extrem-

ity scale are clinical scales that rely on a therapists judgment to score qualitatively.
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Table 7.6: Clinical Evaluation Measures

Used for: | Evaluation Test purpose Span (min)
CPp Joint Range of Motion Passive and active ROM 10

Cp Manual Muscle Test Level of strength 10

CPp Tardieu scale Spasticity 10
Stroke Fugl-Meyer Lower Extremity | Motor and sensory impairment 20
Stroke Berg Balance Scale Balance 20
Both Foot kinematics and EMG Biomechanics evaluation 30
Both 10 m walk test Max / comfortable speed 10
Both 6 minute walk test w/ HR Endurance 10
Stroke Stroke Impact Scale Daily Life Questionnaire At home

The Fugl-Meyer lower extremity scale was never done in full by the therapist, omit-
ting certain measures due to the lack of equipment, so we report only the scores from
the measures tested. The full Fugl-Meyer lower extremity scale comprises 86 possible
points.

In tables 7.7, 7.8 and 7.9, the normal comparison column was created in the
following ways: Published literature of the 6 minute walk test shows the average
distance walked in 6 minutes to be 631m for healthy participants aged 50 to 85 years
[91]. Age and gender matched overground comfortable and maximum speeds can be
found in [92]. Healthy self-selected treadmill speed is reported as the average of three
healthy subjects (aged 19-30) walking on a standard treadmill in our lab. All other
normal comparison values assume a perfect score on the remaining clinical scales as

tested for this study.

7.3.1 Participant 1 Evaluation

Table 7.7 highlights P1’s clinical evaluation. A more detailed evaluation summary is
shown in Appendix E. P1 exhibited the greatest changes in all of the over-ground
walking tests, increasing her 6 minute walk test by 67 meters (The minimal clinically
important difference is 54-80 meters [93]), her comfortable walking speed by 31% and
her maximum over-ground speed by 10%. She selected a 23% higher walking speed
on the treadmill and was able to balance on one foot for greater than 10 seconds

which increased her Berg Balance score by one point. A V3 Tardieu measurement
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initially showed spasticity in right hip flexion and knee extension. Afterward, the hip
flexion spasticity was found but the knee extension spasticity could not be induced
as it was prior to the training. The partial Fugl-Meyer was reported to be 5 points
higher due to increased passive hip flexion, ankle plantarflexion and increased scoring
on proprioception movements. The stroke impact scale (SIS) increased substantially.
Questions that were scored more than one point higher on the final SIS included
walking without losing balance, the ability to climb several flights of stairs, carry
heavy objects (bag of groceries), open a jar, tie a shoe lace and to participate in

sports and outings.

Qualitative Observations

P1 reported a large change in foot scuffing and a noticeable increase in speed and
stamina of everyday walking. Prior to the study, she estimated that she scuffed her
foot (usually the right foot) on the ground 1-2 times within a 5 minute period of
walking, causing her to stumble. After the study, she reported that she may do it
once per half hour. She observed herself consciously thinking about tripping during
everyday walking prior to the study. After training with the Skywalker, she no longer
had to consciously alter her gait to avoid stumbles. She could walk for longer periods
of time with her friends and family without needing to sit for a rest and they also
noticed an increase in her speed while walking together. After the study she noted

that she lost 3 pounds during the training period.

7.3.2 Participant 2 Evaluation

Table 7.8 highlights P2’s clinical evaluation. The most significant change for P2 was
the increase in the Berg balance scale. The Berg balance scale is comprised of 14
individual assessments, which together assign a balance score for the patient. A score
between 0-20 indicates a high fall risk, 21-40 represents a medium fall risk and 41-56
represents a low fall risk. P2 increased his score dramatically from 10 to 37, scoring

a perfect 4 in some of the categories that he previously scored a 0 in the initial
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Table 7.7: Participant 1 Clinical Evaluation Summary

Initial Final Change % Gain Normal
6 minute Walk test (m) 478 546 68 14 631
Borg Scale (/20) 15 18 3 20 N/A
Avg. HR during 6mwt (bpm) 145 157 12 8 N/A
10m walk test, comfortable (mph) 1.99 261 0.62 31 3.14
10m walk test, fast (mph) 3.36 3.69 0.33 10 5.53
Treadmill selected speed (mph) 1.3 1.6 0.3 23 2.6
Berg Balance scale 54 55 1 2 56
Tardieu Scale (Spasticity Observe) | N/JA  N/A no RKspas N/A N/A
Manual Muscle tests 46 48 2 4 50
Partial Fugl-Meyer 55 60 5 9 72
Passive ROM 731 796 65 9 760
Stroke Impact Scale 313 364 51 16 395

evaluation (see table E.4 in appendix E). He gained the ability to stand without the
use of his hands, to stand unsupported for a full 2 minutes, to stand with his eyes
closed and he was able to turn 360 degrees by himself, all of which he could not do
at the initial evaluation. He walked 9 meters further in the 6 minute walk test and
increased his maximum over-ground speed by 7%. There was no change in spasticity.

The passive range of motion was reported to be much higher, however, lower scores

were given for the manual muscle test.

Table 7.8: Participant 2 Clinical Evaluation Summary

Initial Final Change % Gain Normal
6 minute Walk test (m) 200 209 9 5 631
Borg Scale increase 2 2 0 0 N/A
Avg. HR during 6mwt (bpm) 126 131 5 4 N/A
10m walk test, comfortable (mph) | 1.12  1.12 0 0 3.1
10m walk test, fast (mph) .32 141 0.09 7 4.63
Treadmill selected speed (mph) N/A N/A N/A N/A N/A
Berg Balance scale 10 37 27 270 56
Tardieu Scale (Spasticity Observe) | N/JA  N/A  No ch. N/A N/A
Manual Muscle tests 64 51 -13 -20 80
Partial Fugl-Meyer 53 53 0 0 72
Passive ROM 493 663 170 34 800
Stroke Impact Scale 311 315 4 1 395
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7.3.3 Participant 3 Evaluation

Table 7.9 highlights P3’s clinical evaluation. Final over-ground walking tests recorded
the same or slightly lower performance than prior to the training routine. The Berg
Balance scale was increased due to the ability of P3 to stand on one leg. Spasticity
was originally found on the Tardieu scale at the hip, knee and ankle of the paretic
(left) side but was absent at the final evaluation. The manual muscle test of the
paretic leg increased by 3 points, the Fugl-meyer increased by 2 and all passive joint

motions were reported to be higher after training.

Qualitative Observations

In overground walking, P3 self-reported longer, more symmetric steps. She noticed
an increase in stamina, telling us that she could walk a quarter mile after training,
something she could not do before training with the Skywalker. One month after the

study, she reported a 10 pound weight loss since the beginning of Skywalker training.

Table 7.9: Participant 3 Clinical Evaluation Summary

Initial Final Change % Gain Normal
6 minute Walk test (m) 213 204 -9 -4 613
Borg Scale (/20) N/A 10 N/A N/A N/A
Avg. HR during 6mwt (bpm) 93 91 -2 -2 N/A
10m walk test, comfortable (mph) | 0.53 0.5 -0.03 -6 3.12
10m walk test, fast (mph) 0.58  0.58 0 0 4.5
Treadmill selected speed (mph) N/A NJ/A N/A N/A N/A
Berg Balance scale 52 55 3 6 56
Tardieu Scale (Spasticity Observe) | N/A  N/A no LHLK,LA N/A N/A
Manual Muscle tests 22 25 3 14 50
Partial Fugl-Meyer 38 40 2 5 72
Passive ROM 225 380 155 69 450
Stroke Impact Scale 184 195 11 6 390

7.4 Kinematic Changes

In the following subsections, the participant kinematics prior to and after training

will be presented as both a composite and a case study, examining each participant’s
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kinematics individually. This section reports highlights of sagittal plane kinematics.

Appendix C contains additional plots.

Data collection

The kinematic data was collected using a 3D Guidance trakSTAR system(Ascension
Technology Corporation, Milton, VT). Participants were asked to select the fastest
speed at which they felt comfortable on a standard Sole F80 Treadmill. For P1, this
was 1.3mph and for P2 and P3, this was lmph. Two tests were run per subject, one
that recorded hip and knee angles of the more paretic side and another that recorded

3 dimensional position data of the toe and heel on each foot.

Data was recorded at 60Hz. The hip and knee data analyzed here was taken
from the patient-selected more affected leg (right for P1, left for P2 and P3) by
attaching two magnetic sensors to the thigh and shin respectively as seen in figure
7-19. Equations 7.5 and 7.6 were used to then determine hip and knee angles at each
data collection time assuming a right handed coordinate system originating at the
hip. In the interest of following [6], these equations represent hip flexion as positive
and knee flexion as negative. The zero position was not recorded for these studies so

the plots were zero’d by video inspection.

o — T

), = arctan(
Y2—0

) (7.5)

Ty — T3
-6,

6y = arctan(
Ya — Y3

(7.6)

Much of the data analysis relies on estimating heel-strike and toe-off events. In
an effort to stay consistent with the Skywalker system, which can only monitor heel
position, all foot position data was based on heel positions including the toe-off event.
Heel data estimated toe-off 2% before the toe data in one subject (valleys in figure

7-20).
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Figure 7-19: Coordinate system definition and marker definition
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Figure 7-20: x-position heel (rear x) and toe (front x) trajectories, center line is the
mean, band represents 1 standard deviation each direction, data cut at left heel strike
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Statistical analysis

Statistical tests were run on key measures as can be seen in tables 7.10,7.11 and 7.12.
Data for the step length, step length asymmetry, average time per stride and joint
angle ROM (15 cycles) passed the Jarque-Bera test and thus a paired t-test was used
to asses statistical significance. An o of 0.05 was used to test for significance.
Standard deviation data did not pass the Jarque-Bera test and was skew in some
cases (see appendix D, figure D-6), thus the two tailed sign test (which compares the
medians of the samples without assuming a normal distribution) was used to assess

the statistical significance.

7.4.1 Aggregate Data Analysis

Here we present the generalizable results seen across the three participants before
assessing the individual cases.

Training varied significantly between participants due mainly to the level of im-
pairment of each participant, and thus the results we saw from each patient varied.
For instance, P1’s initial proficiency in walking allowed us to increase the number
of sessions and to experiment with different methods of step-length (SL) symmetry
correction. P1 underwent 5 sessions of different SL symmetry programs to test her
ability to improve her SL asymmetries (more on this in section 8.3.1). P1’s kine-
matic evaluation was the only one to show a statistically significant decrease in step
length asymmetry after training (see table 7.10). P3 underwent only 2 symmetry
training sessions and we were never able to implement these programs for P2 due to
the severity of his walking impairment. ’

Double stance asymmetry increased for P1, decreased for P2 and reversed in P3
(Initially greater left ahead of the right foot time, inverse relationship afterward).
Stride length increased for P1 and P3 but decreased for P2. Double stance times
followed the stride length (greater stride length, greater double stance time) because
swing time (single stance time) was approximately the same before and after for all

participants. The only measure that consistently changed for all participants after
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the study was the x-position (fore-aft position) and paretic joint angle cycle variance

of gait over 15 gait cycles.

7.4.2 Cycle variance

Studying the kinematics on a treadmill must be done carefully and it is sometimes
cloudy to understand if a change is a sign of recovery. Double stance time is used in
overground walking [94] but, as mentioned, we learned here that double stance time
for our patients was a consequence of changing stride length on a treadmill.

Variability of stride-to-stride gait timing has been shown to be exaggerated in
patients with Parkinson’s and Huntington’s disease in overground walking [95], how-
ever, there is no evidence that the reduction in stride-to-stride variation corresponds
to gait recovery for stroke or cerebral palsy patients on a treadmill. In fact, in our
study, the participant that improved gait speed by 30% (P1 table 7.10) showed an
increase in the variance of stride-to-stride timing.

Treadmill assessments are convenient because they require less space and equip-
ment than overground assessments. However, the treadmill induces a constant speed
constraint on subjects, thus altering normal gait and potentially hiding changes seen
in overground walking. Identifying a measure on a treadmill that corresponds to gait
recovery would simplify evaluations.

As mentioned, the one consistent result we saw in our patients after training was
a decrease in the x-position and paretic joint angle cycle variance. Every participant
decreased their x-position cycle variance on both legs (3 of 6 measures significant)
and their cycle variance on both the hip and knee joints of the most paretic leg (6 of 6
measures significant). This can be seen in the bottom four rows of tables 7.10,7.11 and
7.12. The average standard deviation never increased after training. Notice that the
healthy comparison (last column on tables 7.10,7.11 and 7.12) showed substantially
lower standard deviation in x-position, hip angle and knee angle.

Thus, we can propose a hypothesis for further testing. If all impaired patients
started with a higher cycle variance, decreased the variance after training in the

direction of a healthy variance, logic would contend that cycle variance is correlated
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to walking proficiency if we make the assumption that each participant’s walking

proficiency improved after training.

Data processing of cycle variance

15 walking cycles are cut at heel strike (the maximum x-position) of the side being
studied. Each cycle comprises roughly 80-100 data points. These points are spread
out or condensed into the average number of points of the 15 gait cycles using the
interpl function in Matlab. Each cycle location now has 15 points at each gait cycle
position and can be analyzed for the mean and standard deviation. Figure 7-21 shows
a zoomed cartoon of this process. The mean and standard deviation of each cycle
location can be plotted and compared (figure 7-20 shows the mean x-position of the
foot, represented by the solid line and one standard deviation, represented by the
shaded region). The mean of the 80-100 standard deviation points is shown in tables
7.10,7.11 and 7.12 and the median value is tested by the sign test to assign a p-value.

The shapes of the standard deviation over the cycle locations can be seen in
appendix D. In most cases, the variance is highest during swing, especially of the
contralateral side on which the data was cut. This is the reason that the data must

be cut for each leg individually.

Cyclograms

Cyclograms were generated for all participants to analyze the relationship between
hip and knee angle. Figure 7-22 was taken from [6] and illustrates how to read the
cyclogram figure. Each participant’s cyclogram will be discussed in the case study

sections that follow.

7.4.3 Data Reporting

Kinematic data is reporting in the following sections. It should be noted that all
parameters reported with a p-value were done by studying 15 gait cycles individually.

The % of gait cycle measurements (such as % in single stance - Right, etc.) are
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calculated based on the means of the ensemble method as described in figure 7-21,

which precludes statistical significance testing,.

7.4.4 Participant 1 Kinematic Data

Table 7.10 depicts the full summary of the sagittal plane kinematics for study par-
ticipant 1. Statistically significant parameters (p < 0.05) include an increase in the
left step length, a decreased step length asymmetry, an increased right hip range
of motion (ROM) with a decreased right knee ROM. Each cycle variance (standard
deviation) decreased though only the joint angles were significant via the sign test.
The double stance asymmetry increased by 6%. The cyclogram (figure 7-23) shape
moved closer to the healthy shape, especially on the left half, which corresponds to a

greater hip angle before the onset of a more rapid knee bend.

Table 7.10: Participant 1 Kinematic parameters over 15 strides

| | Initial mean Final mean % change p-val Healthy |

Left SL (mm) 485.40 514.81 6 0.002 574.02
Right SL (mm) 542.19 526.44 -3 0.040 617.20
Stride Length (mm) 1027.59 1041.25 0 N/A  1191.23
Step Length Asymmetry (%) -11 -2 -82 0.000 -7
% Total Time Double Stance (%) 36 36 1 N/A 38
% L Ahead of R Double Stance (%) 20 20 4 N/A 20
% R Ahead of L Double Stance (%) 16 16 -2 N/A 19
% Double Stance Asymmetry (%) 19 25 29 N/A 5

% in single stance - Left (%) 32 33 3 N/A 31
% in single stance - Right (%) 32 31 -3 N/A 30
Average time per cycle (s) 1.46 1.50 3 0.09 1.71
Standard deviation cycle time (s) 0.030 0.050 73 N/A  0.020
Right Hip ROM (deg) 34.93 38.28 10 0.000 28.28
Right Knee ROM (deg) 32.46 29.18 -10 0.000  55.83
Right Hip avg. std dev (deg) ~ 1.58 1.51 -4 0.047  1.09
Right Knee avg. std dev (deg) 2.40 1.46 -39 0.000  2.23
Left x avg. std dev (mm) 27.14 23.46 -14 0.000  22.93
Right x avg. std dev (mm) 26.52 30.80 16 0.063  21.16
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Figure 7-23: Participant 1 kinematic summary. Solid lines represent the average over
15 cycles. The shaded region represents + /- 1 standard deviation.
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Figure 7-24: Participant 2 mid-stance in the pre-training and post-training treadmill
evaluation

7.4.5 Participant 2 Kinematic Data

Table 7.11 shows the full summary of the sagittal plane kinematics for participant
2. A decrease in both left and right step length, hip angle and knee angle were
statistically significant but step length asymmetry was not. From video observation
(figure 7-24) P2 is leaning forward less on the final evaluation (18 degrees final vs.
24 degrees initial) and the knees no longer hyperextend in mid stance. This could be
the reason for the shorter steps. The standard deviations of 3 of the four analyzed
motion profiles showed significant decreases. The cyclogram appears quite abnormal
(figure 7-25). Notice here that the knee is bent at heel-strike and extended on toe-off,
a consequence of leaning far forward. Figure 7-26, shows P2 in left heel-strike and

toe-off.
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Figure 7-25: Participant 2 kinematic summary. Solid lines represent the average over
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Figure 7-26: Participant 2 toe-off and heel-strike

7.4.6 Participant 3 Kinematic Data

Table 7.12 shows the full summary of the sagittal plane kinematics for participant
3. An increase in both step lengths were statistically significant over 15 strides but
no changes in step length symmetry were observed. The percentage of time spent
with the left leg ahead of the right in double stance decreased and the time spent
with the right in front of the left increased, flipping the double stance asymmetry
after training. The cycle standard deviation was significantly decreased in all four
measures examined. The cyclograms unusual shape is not noticeably changed (figure
7-27) but the knee angle has become sharper, similar to what was observed with P1.
The oscillatory appearance comes from a knee joint that seemed to bounce during
stance. The left (paretic) knee has a low range of motion during walking (14 degrees
vs. a healthy 56 degrees). If the ROM was higher, the bounce may not be as apparent.

The left x-y foot trajectory in the sagittal plane had a marked change as can be
seen in figure 7-28. Notice that dramatic change at heal-strike (hs). At the initial
evaluation, the rounded trajectory resulted from vaulting the foot forward during

swing and hanging the foot in the air before lowering it to the treadmill. The final
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Figure 7-27: Participant 3 kinematic summary. Solid lines represent the average over
15 cycles. The shaded region represents + /- 1 standard deviation.
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Table 7.11: Participant 2 Kinematic parameters over 15 strides

Initial mean Final mean % change P-val Healthy
Left SL (mm) 456.28 388.35 -15 0.000 521.99
Right SL (mm) 547.64 461.98 -16 0.000 575.80
Stride Length (mm) 1003.92 850.33 -15 N/A 1097.80
Step Length Asymmetry (%) -18 -17 -3 0.769 -10
% Total Time Double Stance (%) 42 44 5 N/A 43
% L Ahead of R Double Stance (%) 19 21 7 N/A 21
% R Ahead of L Double Stance (%) 22 23 3 N/A 21
% Double Stance Asymmetry (%) -15 -11 -24 N/A 00
% in single stance - Left (%) 32 31 -3 N/A 30
% in single stance - Right (%) 27 26 -4 N/A 28
Average time per cycle (s) 1.64 1.38 -16 0.000 1.87
Standard deviation cycle time (s) 0.06 0.04 -33 N/A 0.02
Left Hip ROM (deg) 49.82 4252 15 0.000 28.15
Left Knee ROM (deg) 46.16 38.67 -16 0.000 56.22
Left Hip avg. std dev (deg) 2.75 1.18 57 0000 090
Left Knee avg. std dev (deg) 3.39 1.77 -48 0.000 1.70
Left x avg. std dev (mm) 29.58 24.16 -18 0.000  15.80
Right x avg. std dev (mum) 46.18 43.00 7 0.002  14.19

evaluation showed a more healthy shape (see appendix C) in which the participant
guides the foot to the treadmill. Notice also that the initial trajectory ends and begins
(hs) with the heel above the surface of the treadmill. This tells us that the toe is
hitting the ground first. The final evaluation shows heel strike at the ground level,

meaning that the foot is striking the treadmill with the heel.

7.4.7 Healthy Kinematic Data

Figure 7-29 provides a speed comparison of a 6’07 tall, 185 pound male to show
healthy kinematics. Notice that the cyclogram differs slightly from figure 7-22 due
to the absence of the double dip in the knee data. This was likely due to a treadmill
speed that was much slower than the healthy subject’s preferred walking speed. Tables
7.10,7.11 and 7.12 show the healthy comparison data in the far right column.
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Figure 7-28: Participant 3 left heel trajectory during the treadmill evaluation before
and after Skywalker training
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Table 7.12: Participant 3 Kinematic parameters over 15 strides

Initial mean Final mean % change P-val Healthy
Left SL (mm) 389.82 394.64 1 0.637 521.99
Right SL (mm) 483.01 491.25 2 0.370  575.80
Stride Length (mm) 872.83 885.89 1 N/A 1097.80
Step Length Asymmetry (%) -21 -22 2 0.855 -10
% Total Time Double Stance (%) 36 38 6 N/A 43
% L Ahead of R Double Stance (%) 20 17 -14 N/A 21
% R Ahead of L Double Stance (%) 16 21 29 N/A 21
% Double Stance Asymmetry (%) 18 -22 -222 N/A 00
% in single stance - Left (%) 31 30 -3 N/A 30
% in single stance - Right (%) 32 32 0 N/A 28
Average time per cycle (s) 1.52 1.57 3 0.123 1.87
Standard deviation cycle time (s) 0.090 0.050 -41 N/A  0.020
Left Hip ROM (deg) 23.19 25.76 11 0593  28.150
Left Knee ROM (deg) 14.11 12.93 -8 0.028 56.220
Left Hip avg. std dev (deg) 2.21 1.50 -32 0.000  0.900
Left Knee avg. std dev (deg) 2.86 2.29 -20 0.000  1.700
Left x avg. std dev (mm) 29.18 23.66 19 0000 15.80
Right x avg. std dev (mm) 32.21 5.7 20 0000 14.19

7.5 EMG changes

During the treadmill evaluation study, we recorded electrical activity of the muscles
via electromiography (EMG) signals of the soleus and the tibialis anterior (TA) of
each leg. Data was recorded using surface electrodes of the Delsys Myomonitor IV
EMG system at 1,000 Hz. Raw data was forward-backward (zero-phase) band-pass
filtered (20-500 Hz) using a second order Butterworth filter. It was then rectified and
low passed filtered with a 5Hz forward-backward 4th order Butterworth filter. Finally,
the data was normalized by the maximum filtered EMG signal during the walking
trial. The data was ensemble averaged based on synchronized kinematic data from
the 3D Guidance trakSTAR system via a digital signal sent from the EMG system at
the onset of recording. The EMG ensemble data includes 15 cycles to be consistent

with the kinematic data.
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7.5.1 Healthy EMG

For comparison purposes, figure 7-30 shows the normalized EMG signals of the TA
and soleus of both legs. The right and left leg data are cut from the ipsilateral heel
strike. All EMG plots show the mean as the solid line and the shaded region indicates
one standard deviation above and below the mean.

We will study the timing of EMG onset and peaks. It is important to note that
the electromechanical delay (EMD) between EMG activity and muscle force has been
estimated to be between 30-100ms, meaning that the EMG signals foreshadow a
muscle contraction [96].

The healthy TA activity has two peaks. The larger peak has an onset at about
10% (170ms) before toe-off and a maximum at approximately 7% (120 ms) after
the toe-off position, to lift the toe during swing. The smaller peak has an onset at
approximately 8% (137ms) before heel strike and a maximum at approximately 5%
(85ms) after heel-strike to control the foot drop after heel-strike.

The soleus data for our healthy comparison had more variance and shows two
peaks that seem to be blended, the onset beginning at heal strike and the maximums
occurring at about 25% and 45-50% of the gait cycle which corresponds to 45% and 20-
25% (770ms and 342-428ms) before toe-off . These signals indicate ankle propulsion.
There is low soleus EMG activity during the swing phase.

7.5.2 P1 EMG

P1’s TA EMG resembles the healthy comparison, with the appearance of a large peak
occurring after toe-off and some activity directly after heel-strike. The small peak
seems to occur later than the healthy’s small peak (25% (375ms) on left final 10%
(150 ms) on right final evaluation). The left TA’s small peak is moving towards the
healthy timing after training and the right small peak seems to have become more
distinct. The onset of the large peak occurs slightly earlier on the final evaluation for
both the right and left leg. Notice that the final evaluation cycle time is 40ms longer
than the initial cycle time. The onset of the left TA is approximately 285 ms before
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Figure 7-30: Healthy comparison EMG during treadmill walking

toe-off on the final evaluation and 262 ms before toe-off on the initial evaluation. The
peak of the TA is also earlier than the final, indicating an earlier toe-up during swing,.
P1 mentioned that she no longer scuffed her feet, this could be the reason. The right
TA has the same phenomenon. It should be mentioned that the right final toe-off is
about 1% earlier than the left. Toe-off timing is indistinguishable for the left foot.
P1’s soleus maintains a double peak shape as seen on the healthy comparison.
The left large peak has moved to an earlier position post training. One observed
difference from the healthy comparison is the onset of the soleus before heel strike,

which occurs on both sides.

7.5.3 P2 EMG

P2’s walking patterns were highly abnormal. On the initial evaluation, he took signifi-
cantly larger steps than on the final. The initial TA activity on both sides was highest
just after toe-off, similar to the healthy subject, however, this patterned changed on
the final evaluation. The final TA pattern hardly resembled healthy. There was a

small TA peak on the right that resembled the small peak for the healthy subject,
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Figure 7-31: P1 EMG during treadmill walking before and after training

but the TA activity was relatively flat.

The left soleus exhibited three peaks. one of which was located in the swing phase.
The right soleus seemed a bit more normal, showing peaks in the stance phase and
relaxation in the swing phase. It should be mentioned that P2 trained with AFOs
on the Skywalker, which likely limited the involvement of his ankle muscles during

training.

7.5.4 P3 EMG

P3 was a stroke patient with left hemiparesis. On the left side, she could not con-
sciously move her ankle and no EMG could be elicited prior to walking on the tread-
mill. Nevertheless, while walking, EMG signals were visible on the Delsys software.
A point of interest here is that the EMG on the right (unimpaired side) differed from
the healthy subject. The TA peak happened before toe-off and was much more active
during the whole stance phase. During swing, the right TA was not active. The
impaired TA showed a near-healthy shape prior to training, exhibiting a large peak

directly following toe-off. After training, the left TA had a peak at about mid-stance
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Figure 7-32: P2 EMG during treadmill walking before and after training

and was absent during swing in most cases, indicating that the participant was relying
on her hip and knee.

The soleus profile on both sides showed three peaks. On the left side, the highest
peak moved towards a more normal location, closer to toe-off on the final evaluation.
The peak on the right side is closer to toe-off than the healthy comparison, indicating
maximum muscle contraction very near the point at which the toe comes off the
ground.

The differing muscle patterns between the non-paretic side and the healthy com-

parison likely indicate compensatory movements due to the impairment on the left

side of the body.
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Figure 7-33: P3 EMG during treadmill walking before and after training
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Chapter 8

Conclusions, Discussion and Future

Work

8.1 Conclusion

The Skywalker-y system shows promise as a rehabilitation system. We have shown
that it can be operated safely with patients affected by neurological injuries and have
observed meaningful gait changes. During the study, each of the participants made
gains in mobility and each participant’s individual improvement was unique. This
bodes well for the Skywalker system, being a flexible solution for the vast spectrum
of neurological gait disorders. The distinctive nature of this machine as compared
with existing robotic gait rehabilitation systems is in its ability to foster self-directed
movement without prescribing motion. This is achieved by (1) a mechanical design
that lacks a rigid connection to the legs or foot of the patient and (2) programming
that relies on human-in-the-loop control via the vision system. No other robotic or
manual method of walking therapy allows the same freedom patients will experience
on the Skywalker system.

P1 was fast and on the high functioning end of the cerebral palsy gait spectrum.
Skywalker was able to train her to be faster, enabling her to train for faster gait with
the rhythmic program. The discrete program was reported to be her most challenging

program and may have been the program that improved foot scuffing during walking,
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allowing her to practice individual steps.

P2 was on the low functioning side of the cerebral palsy community ambulator
scale. If there was greater impairment, it would be unlikely that he would be walking
alone in the community. For P2, we were able to modify the original protocol, using
the frontal plane perturbations to train balance without the added difficulty of walking
while they were being applied. We were able to start to train rhythmicity by focusing
on a single leg, though we only did this on the fourth session. The discrete program

trained P2 to stand more upright while taking individual steps at his own pace.

P3 was our only stroke patient, displaying many of the stereotypic pathological
gait characteristics such as drop foot, hip hiking and a bit of circumduction. The
drops within the rhythmic program allowed her gait to become rhythmic once again,
eliciting the feeling of healthy walking that she had not felt in 5 years. The discrete
program let her practice individual steps which may have improved her sagittal plane

x-y trajectory afterward.

8.2 Future work

The work described in this thesis outlines a system with great potential but also opens
up many questions regarding the mechanism responsible for the gait alterations and
the optimal way to train. This study was a feasibility test to ascertain the practicality
of using the Skywalker in its three primary modes (rhythmic, discrete and balance)
with neurologically impaired individuals and thus was not fit to scientifically test
the efficacy of any one program on any one outcome measure. We felt that it was
necessary to set forth a set of experiments and future directions from which the
machine and rehabilitation programs could be better understood. Section 8.3 will
detail efforts to correct step-length assymmetry and compare the method of training
to other published work. Section 8.4 will explore the effect of training on rhythmic
walking cycle variance and compare it to existing literature. Finally, section 8.5 will

offer brief recommendations for the next revision of this machine.
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8.3 Step-Length Symmetry

Step-length symmetry was significantly improved for P1 (defined by equation 8.1
where LSL and RSL represent the left and right step length respectively). P1 trained
for 16 sessions, 9 of which were rhythmic training. 6 of these were designed to
specifically target step-length asymmetry. Each of the 6 symmetry programs was
unique in structure, which proved the feasibility of creating and implementing each
program with a patient but made it impossible for us to make concrete assessments
on the long-term effects of training with each program for multiple sessions. For this,
a well-designed pilot study is needed. However, we can look to the data to suggest
which of the programs provided immediate symmetry adjustments via the pre-post
diagnostic programs run at each training session. Additionally, data was continuously
collected during training, allowing us to observe right and left step lengths during the

training period.

2+ (LSL — RSL)
LSL + RSL

SLasm = (8.1)

As previously stated, specific programs were built to targeted step-length symme-
try but we will examine the pre-post diagnostics of all training programs. Figure 8-1
shows the step-length asymmetry of the gait before and after training. Programs are
coded as such: R = Rhythmic, D = Discrete, B = Balance. The digit that follows
is the number of each session in chronological order. B2 was omitted from this chart
because the diagnostic data became corrupt. Statistically significant changes in step
length symmetries occurred in R2, R4, D3, R6, and R9. R2 and R6 implemented
asymmetric treadmill speeds and R2 was a rhythmic speed training program and R9
combined the two strategies. The first set of bars in figure 8-1 represents the evalua-
tion done on a standard treadmill before and after the month long training program.
Notice that P1 began the study with -11% asymmetry score which indicates a longer
right step-length. By the time that the first asymmetry program was run (R3) the
symmetry had already flipped (to a longer left step-length) while walking on the Sky-

walker system. This (longer left step) type of symmetry was present at the initial
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Figure 8-1: Pre-post diagnostic asymmetries by training session

diagnostic program during all symmetry-based programs and as such, the Skywalker
attempted to induce a longer right step length and a shorter left leg post training.
After R6, there was a substantial jump in step-length asymmetry such that the asym-
metry score increased to positive 11% (reversing the original asymmetry seen in the

evaluation) The following subsections detail each training routine.

8.3.1 Rhythmic Training Programs

The rhythmic training paradigm is designed to remove the floor during swing phase
such that patients can focus on feeling the rhythm of walking. Additionally, we
are able to tailor the training to modify step-length symmetry or increase walking
speed. Table 8.1 highlights the features of each rhythmic training routine. Most of
our training sessions for P1 included 5 blocks of 5 minute training between the two
diagnostic programs. R7 is the only program that deviated by running 7 blocks of

3-4 minutes each.

Step-Length Symmetry Programs

Two basic classes of symmetry programs were created for this study. The first is a
speed distortion program that creates an asymmetry in the speed of the two tread-

mill belts to augment step-length asymmetries, something that has been shown to
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improve asymmetry in stroke patients[7][90]. The second is a vision program that
displays a step length game (as shown in figure 7-8). The basic premise of the game
is to ask participants to equalize the two bars that represent the left and right step-
length. Within the vision program, we can distort the length of the bars to distort
the perceived symmetry, either augmenting the asymmetry or correcting it. Kim et
al. showed that healthy subjects will change step-length asymmetry in response to a
similar type of implicit visual distortion [97] and that implicit visual distortion may
be stronger than explicit [98]. Our vision game can be combined with the speed pro-
gram (as done in program R3) to allow the patient to view step lengths in real-time

while the treadmill speeds are altered.

Table 8.1: Participant 1 Rhythmic Training Protocol by session

Date | Speed distortion | Step-length game Training speed
R1| 9/3 1 mph
R2 | 9/10 1.6 mph
R3 | 9/11 ™% Enabled, no distortion 1 mph
R4 | 9/15 ™% 1 mph
R5 | 9/18 Distortion 10% 1.2 mph
R6 | 9/19 33% 1 mph
R7 | 9/22 2.0 mph
R8 | 9/25 Reverse Distortion 1.2 mph
R9 | 9/29 5% 2.2 mph

R1

R1 was P1’s first experience on the Skywalker. It was run at 1mph the whole time
and only utilized the right side for drops to get P1 comfortable with the machine.
There was no attempt to improve symmetry or increase speed and thus analysis for

this program was excluded.

R2

The initial diagnostic found an initial asymmetry score of -0.9% (right step-length
longer than left). This training program worked on increasing the speed of P1 utilizing

small drops on both tracks. The training speed was 1.6mph (faster than her 1.3mph
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Figure 8-2: R2 step-lengths: initial—training—final

self selected speed on the initial treadmill evaluation). After the program there was
a statistically significant difference in step length. Figure 8-2 depicts the right and
left step lengths before, during and after training.

R3

The initial diagnostic found an initial asymmetry score of 1.9% (left step-length longer
than right). This training program utilized both the step-length game and the speed
asymmetry. The speed asymmetry was gradually increased to 7% (Left track speed
1.07mph, Right track speed 0.93mph). P1 was naive to the changes in speed. Small
drops for both the right and left tracks were used. Her instructions were to equalize
the two bars on the vision game. Figure 8-3 shows sequential step lengths during
the initial diagnostic, within training block 5 of R3 and during the final evaluation.
Notice that both the left and right step-lengths increase during training. P1 developed
a strategy to equalize her gait despite the changes in the speed of the treadmill. She
took very large steps (easily seen in figure 8-3) while holding her left leg (faster belt)
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Figure 8-3: R3 step-lengths: initial —training—final

above the track for a split second before allowing it to drop to the track.
This program made P1 consciously work to equalize gait which was being pulled
apart by the split belt speed. The final diagnostic showed a non-significant increase

in step-length asymmetry.

R4

The initial diagnostic found an initial asymmetry score of 2.7% (left step-length longer
than right). This training program utilized only the 7% speed distortion without the
game display. In both R3 and R4, 7% speed distortion was used because it was
enough to distort the gait but not enough that it was immediately apparent to the
participant. It should be noted that the participant indicated that she thought we
were changing the speed of the tracks but was not sure. Figure 8-4 shows the 5th
block of training for this program. Here, in contrast to R3, we see a larger separation
between the left and right leg. This is a result of the split-belt speed asymmetry. In

R3, the subject had vision information and was instructed to equalize the right and
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Figure 8-4: R4 step-lengths: initial—training—final

left step-length. Here, the subject is asked to simply walk normally during training.
R4 significantly changed the step length symmetry, ending with an asymmetry score

of -0.8% indicating a slightly longer right step length.

R5

The initial diagnostic found an initial asymmetry score of 1% (left step-length longer
than right). This program utilized the step-length game to distort the visual feedback
associated with each step-length while keeping the treadmill speed constant at 1.2
mph. This program would decrease the left bar length and increase the right bar
length by a scaling factor. In this program, the scaling factor was gradually increased
to 10%. This resulted in a left bar that displayed 90% of the actual length and a right
bar that represented 110% of the actual measured length (depicted in figure 8-5). The
participant was instructed to equalize the two bars. In order to do this, P1 needed
to increase her left step length to augment the initial asymmetry further. Figure 8-6

show the left and right step-lengths during R5 and the associated diagnostics. This
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Figure 8-5: Exaggerated step-length visual distortion

program resulted in a non-significant asymmetry increase at the final diagnostic.

R6

The initial diagnostic found an initial asymmetry score of 0.2% (left step-length longer
than right). This program split the treadmill belt speeds such that the left treadmill
moved twice as fast as the right. We did this by setting a nominal 1mph treadmill
speed before splitting the tracks by 33% (setting a left speed of 1.33mph and a right
speed of 0.67mph). Because of the obvious change in treadmill speeds, the participant
was aware of the protocol. The step-length game was not displayed and the partici-
pant was given no specific instructions other than to walk on the device. Figure 8-7
shows the 5th block of training compared to the initial and final diagnostic. Here
we notice a large step-length increase in the left (fast) leg and similar contralateral
decrease. R6 resulted in a statistically significant change in the step-length symmetry;,
yvielding a final asymmetry score of -2.8% (right step-length longer than right).

This program was developed based on the split-belt training of Reisman, et

247



Step lengths, diagnostic vs. RS training block 5

900 |
! v v,
oo ﬂ"w * “’M"&-\ ‘ww
E 700 ; PR PRI «!-— ¢ DYA 5 A0 U T #m st Ai,-y Py mr | '&
L]
&S00+ i |
- I
“ 400 ! ® leftleg
i rightleg
300 1 A 1 1 1 1 1 1 . —
0 20 40 60 80 100 120 140 160 180
stride number
Treadmill speeds
l B 4 T T T T T T T T
] 1
] 1
=12k [ . .
=
E
| ]
7 o8t 1 i .
E | i
S 0.6 1 i .
£ | !
0.4+ | Tied treadmill speed |-
! 1 1 1 1 i — T T I
0 50 100 150 200 250 300 350
time(s)

Figure 8-6: R5 step-lengths: initial—training—final

al.[7][90] that reported reductions in step-length symmetry for stroke patients with a
similar protocol that also augmented the step-length asymmetry. One key difference
that we saw with P1 and healthy subjects was a consistent increase in step-length of
the fast leg. This was the opposite observation made by Reisman, et al. (see figure
8-8, taken from [7]) who observed the fast leg decrease in step-length during training.
Our hypothesis is that our body weight support, which fixes the subject’s position on

the treadmill, is the cause, but further testing is needed to confirm this suspicion.

R7

The initial diagnostic found an initial asymmetry score of 10.9% (left step-length
longer than right). This program was meant to train P1 for maximum walking speed,
while assessing the value of using drops for less-impaired individual. 7 blocks were
run in total. For each block, P1 was asked to walk at the maximum speed that was
comfortable for three to four minutes. Blocks 1,3,5 and 7 were run without track

drops and the even blocks were run with drops. P1 chose 1.55mph for her first blcok
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Step lengths, diagnostic vs. R7 training block 7
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Figure 8-9: R7 step-lengths: initial —training—final

but kept increasing the speed each block until 2mph was reach in blocks 6 and 7. She
found little difference in the experience of walking with drops at lower speeds (1.55-
1.7mph) but at higher speeds, she reported feeling more comfortable with drops and
she noted that it was hard to keep her balance at 2mph without drops. Without the
drops, we noticed that she scuffed her feet on the treadmill (which could be the cause
of the balance difficulty). The drops allowed her to focus on moving her legs without
the worry of tripping. Figure 8-9 shows block 7 of training, where there were no drops

and a speed of 2.0mph. Initial asymmetries were exaggerated at the final diagnostic.

R8

The initial diagnostic found an initial asymmetry score of 11% (left step-length longer
than right). This program used the opposite strategy as program 3, thus we call it
the reverse vision program. The initially longer left step was depicted by a bar that
showed an even longer step length and the shorter right step length was shown to

be even shorter. The instructions to the participant were to equalize the two bars.
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Figure 8-10: R8 step-lengths: initial—training—final

She would do so by accentuating the correction, making the right leg longer than
the initially long left step. Figure 8-10 shows P1 attempting to equalize the bars in
R8. The visual distortion was set to 5%. It should be mentioned that this program
exhausted P1 and after block 3, she was not able to equalize the bars. R8 program

resulted in a decreased asymmetry but it was not statistically significant.

R9

The initial diagnostic found an initial asymmetry score of 8.5% (left step-length longer
than right). This program blended speed asymmetry training with speed training.
The training speed was set at 2 mph for the first two blocks and then was increased
to 2.2mph for the final three blocks of training. Each block of training also split the
speeds by a factor of 5%. Figure 8-11 depicts the effects of training in this manner.
Afterward, step-length asymmetry was decreased.

The advantage of training with speed is well documented. Fast-speed body weight

supported treadmill training for stroke patients has been shown to increase self-
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Figure 8-11: R9 step-lengths: initial —training—final

selected overground walking velocities|99][100], a standard measure for gait improve-
ment. R9 demonstrates a hypothesis that we can combine symmetry and speed

training in a way that has a statistically significant change in step length symmetry.

8.3.2 Discrete and Balance Training Programs

Of the remaining programs completed by P1, 4 were discrete trainings and 3 were
balance programs. Of these 7 programs, only D3 resulted in a statistically significant
change in step length asymmetry. Balance programs resembled rhythmic speed pro-
grams but included waves in addition to the dual-side drops. P1 operated on level 6
(the highest level) of the balance game. Bl was conducted at a speed of 1.2mph. B2
was run at speeds increasing from 1.3 to 1.4mph. B3 was run at speeds increasing
from 1.4mph to 1.9mph. For P1, the waves were intense enough to disturb balance

slightly during walking.
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8.3.3 Summarizing P1’s Asymmetry Study

P1’s symmetry on the initial evaluation showed a longer right step length. The many
different training programs gradually shifted the asymmetry to a longer left step-
length on the Skywalker. After R6, there was a dramatic change to a much longer
left step length on the Skywalker system. The reason for this is unknown. The final
evaluation on a treadmill showed a slightly longer right step that was significantly

reduced from the initial evaluation.

8.3.4 Resulting Future Work

Studying the effects on symmetry from the various training programs used with P1
has illuminated the need for future work. The following pages will offer example

protocol for three testable hypotheses arising from this work.

Assessing the effects of speed and split-belt distortion level in symmetry

training

Rationale

R9 showed a statistically significant change in walking symmetry when combin-
ing the speed distortion training with high speed training. High speed training
has been shown to increase overground walking speed [99][100] and split-belt
speed distortion training has been documented to improve step-length asym-
metry in stroke patients. Utilizing Skywalker’s track drops, we can uniquely
work on increasing the maximum training speed of participants while implic-
itly distorting the speeds of the treadmills to augment asymmetries. Published
split-belt work has been done in a similar fashion to R6[7][90] in which one of
the treadmills is running at twice the speed of the other. It is unclear if this very
apparent disparity in treadmill speeds is the best way to train for step-length
symmetry. As shown in R9, splitting the treadmill by a total of 10% (5% speed

increase on one track and a 5% decrease on the other) still allows a patient to
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train for speed and resulted in a statistically significant decrease in step-length

asymmetry.

Protocol

Recruit 15 chronic stroke patients (or adult cerebral palsied patients in a sep-
arate protocol) with an symmetry score greater than 10% or less than -10%.
Randomize the population into three groups of 5. Each group will receive 24
sessions of therapy done over two months. Group 1 will receive a program sim-
ilar to R6 with belts split such that the longer step side is at twice the speed
of the shorter step side. Group 2 will receive a program similar to R4 with a
total distortion of 10%. Group 3 will receive a program similar to R9, attempt-
ing to train speed with drops while distorting the split-belt speeds by 10%.
Main outcome measures will be self-selected walking speed and the step-length

asymmetry score.

Hypothesis

High speed training with a slight distortion will result in the greatest gait speed
change but will improve symmetry less than the R6-style split-treadmill train-

ing.

Assessing the effects of the body weight support on step-length during
split-speed walking

Rationale

Reisman et al. [7] reported that the fast leg responds with a shorter step length.
All of our speed asymmetries sessions showed that the fast leg responds with
a longer step length. It is unclear what causes the discrepancy but this occurs

with and without the drops.
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Protocol

6 healthy subjects will walk with the left belt at 2 mph and the right belt at
1mph. The experiment will be done in two blocks of 5 minute walking. One
block of training will use the current body weight support and the other will
use a loose-fitting safety harness that allows the center of mass to freely float
on the treadmill. The order of testing will be randomized. 50% of the subjects
will use the BWS in the first block and the other half will use the safety harness
in the first block to negate the effect of test ordering.

Hypothesis

The body weight support system will flip the effect of the split-speed paradigm.

Computer simulations to determine the effects of spatial and temporal

symmetry parameters on gait stability and efficiency

Rationale

In this feasibility study, we sought to decrease step-length asymmetry but sym-
metry can be also be defined by temporal parameters such as double stance
asymmetry or single stance asymmetry. In one study, 33% of stroke patients
exhibited spatial (step-length) asymmetry and over 50% exhibited temporal
asymmetry[101]. It seems intuitive that a more symmetric gait is beneficial (for
appearances, energy efficiency, etc.) but proof is absent. If we can quantify
the benefits to either spatial or temporal symmetry, we can justify a heavier

research thrust to improve these types of symmetry.

Protocol

A dynamic computer model will be developed to mimic literature of stroke and
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cerebral palsy patients ([102] and [103]). A simulated perturbation will then be
applied in the frontal plane and sagittal plane to asses stability. A standard
measure of efficiency such as cost of transport quantitatively will be used to

assess energetic costs of both temporal and spatial asymmetry.

Hypothesis

Both step-length and temporal symmetry enhance stability and efficiency.

Assessing the value of drops for high speed training for adults with cerebral

palsy

Rationale

We found in R7 that the rhythmic drops were useful for P1 to walk at high
speeds, removing the floor, which normally made her feel unstable. P1’s increase
of over 30% in self-selected overground walking clearly indicates a change in her
ability to walk quickly. A study should be done to assess the effects of the drops

in overground walking speed changes.

Protocol

10 adults with cerebral palsy with self selected overground walking speeds be-
tween 1.5 and 2.5 mph will be split into two groups. Each group will receive 24
sessions of therapy on the Skywalker system. The first group will walk on the
Skywalker without drops. The second group will walk on the Skywalker with
drops. The instructions and protocol will be the same for both groups. Walk for
5 blocks of 5 minutes at the highest speed you feel comfortable. Subjects will
be informed that during training, their goal is to walk as quickly as possible
without feeling unsafe. The body weight support system will be used for all

groups.
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Hypothesis

Greater gains will be made in self-selected overground walking speed during and

after the study by the group using drops.

8.4 Variance changes by training program

As shown in section 7.3, we noticed a significant decrease in most of the participants’
cycle variances (described in section 7.4.2). Of the three participants, P3 showed
the greatest change in variance and displayed statistically significant decreases in all
cycle variables analyzed (left hip, left knee, and both x-positions of the heel). As
an extension to this finding, this section outlines the variance changes seen on the
initial and final diagnostics of our three types of programs. It should be noted that
during the evaluations, P3 walked at 1mph on a standard treadmill and during the
diagnostics, her walking speed was 0.5mph on the Skywalker. These speeds were her
self-chosen walking speed on the first session walking with each device.

Figure 8-12 shows the initial and final cycle standard deviations of the hips, knees
and x-position of both heels taken from the diagnostic walking programs before and
after each training session. The thick bordered columns represent the three types
of programs run with P3. Blue boxes represent those that showed a statistically
significant decreases in standard deviation after training. The light orange blocks
represent those that showed a statistically significant increases in standard deviation
after training and the white boxes were not significantly changed. It is clear from
this figure that the rhythmic program seems to have a greater immediate effect on

the variance of P3’s gait than either the discrete or balance.
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Figure 8-12: P3’s diagnostic program cycle standard deviations broken down by pro-
gram type
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Figure 8-13 shows the variance at each session taken during the initial diagnostic
prior to training. The left joint angles and both heel cycle variances show a decreasing
trend-line while the right joint angles show an increasing trend-line. Data for the right
hip and knee angles was not taken during the treadmill evaluations before and after
the complete training program, so we cannot report the effect of training on those

angles.

8.4.1 Resulting Future Work

From the single subject, we see that the rhythmic program has the strongest immedi-
ate positive effect on the cycle variances. It is not obvious that the rhythmic program
was the cause of the decreased variance at the evaluations after the month-long train-
ing period. Future work is needed to separate the three programs. Below, we list
sample studies that can be done to assess the effects of decreasing gait variance and

separating the training routines.

Determining the effects of rehabilitation training on cycle variance

Rationale

As mentioned in section 7.4.2, if all impaired patients started with a higher cy-
cle variance, decreased the variance after training in the direction of a healthy
variance, logic would contend that cycle variance is correlated to walking pro-
ficiency if we make the assumption that each participant’s walking proficiency
improved after training. First, we need a larger study to assess whether a de-
creasing cycle variance occurs in a larger sample of patients post training with

Skywalker and with another rehabilitation device.

Protocol

20 acute hemiplegic stroke patients are recruited and split into two groups. One

group receives 12 sessions of rhythmic therapy with the Skywalker. The other

259



Left Hip Std by Training Session Right Hip Std by Training Session

w
[

y=-00275x + 20575 y={.0100z + 15508
4 T R = 00006 4 R*=0.0494
2 ? gl
a o o * = L SRR NN, S °
2 g g g g - o 2 0. % & T . =
1 ° . 1
0 0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Training Session Training Session
Left Knee Std by Training Session Right Knee Std by Training Session
7 T
6 y=-0.0395x + 2.8842 6 y=0.0857x+2.5398
5 *=0.0538 5 R*=0.2846
w4 . o4 & . .
= . 8 S e
8 B3 Mg
: = e o I R v B M0y ]
2 R . 2
1 1
0 0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Training Session Training Session
Left x-pos Std by Training Session Right x-pos Std by Training Session
80 30
70 y= -0:!9561{ +2863 70 y =-0.7307x + 32.081
o R = 00744 60 R*= 03004
50 50
9 (V]
5 ;g ° ] a ‘;g B
Y i e . RNt S S —
2 . e =" g 2 LI ..
10 . 10
0 0
0 2 4 6 g 10 12 14 0 2 4 6 8 10 12 14
Training Session Training Session

Figure 8-13: P3’s initial diagnostic program cycle standard deviations by Skywalker
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group receives 12 session of Anklebot training[87][61]. Patients will be evalu-
ated before and after training on a standard treadmill using the 3D Guidance
trakSTAR system(Ascension Technology Corporation, Milton, VT). Primary
evaluation measures will be self selected over-ground gait speed and cycle vari-

ance on the treadmill.

Hypothesis

The Skywalker group will make a greater improvement in both self-selected
overground gait speed and will experience a greater decrease in gait variation

than the Anklebot group.

Assessing the effects of a low variation gait

Rationale

In P3’s words, "after training with the Skywalker, I walk much better”. How-
ever, we saw no change in walking speed or stamina on our clinical evaluations.
Her major changes after our study included a decreased cycle variance in all
variables tested and a more healthy appearing x-y sagittal plane trajectory.
The outlying question is: what are the underlying changes that result in de-
creased cycle variance? In control theory, increasing the proportional gain in a
controller will cause a system to respond more quickly to disturbances (in the
stable region). Is it possible that a decrease in variance of gait is an indicator
of a more responsive control system? In the context of motor primitives, are we
able to more closely follow a rhythmic limit cycle or are we generating a more
repeatable limit cycle? If the ability to respond to disturbances is improved, we
can suggest that a decreased variance corresponds to a more responsive control
system. If not, we can suggest that perhaps and unperturbed limit cycle is more

repeatable during unperturbed walking.
Protocol
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10 acute stroke patients train with the rhythmic program of the Skywalker
system for 12 sessions. Before and after training, two separate evaluations are
done. The first is a standard cycle variation evaluation outlined in this thesis.
The second is a walking test in which the patients are asked to walk on the
Skywalker system while random perturbations occur in the frontal and sagittal

plane. The sagittal plane kinematics will be recorded during purturbations.

Hypothesis

Patients with a decreased cycle variations are able to respond more quickly to

perturbations, which may indicating a more responsive control system.

8.5 Hardware Modification Recommendations

The mechanical design of the Skywalker was proven to be robust during the 1 month
trial. It lasted for the full 40 hour training schedule without any problem. Figure 8-14
shows the robotic hardware. As mentioned in section 2.1.4, I recommend reducing the
size of the treadmill. This will decrease the mass of the track, increase the robustness
of the design by reducing the max distances from the track supports and will decrease
the footprint of the machine in a rehabilitation hospital setting. Dimension (a) should
be reduced from 60” to 55” and dimension (b) should be reduced from 20” to 18”.
Dimension (c) is referencing the maximum track drop. In this version, we define
small, medium and large drops (see section 7.1.1). Large drops make use of the full
drop shown here, however during training, a large drop was never used and a medium
drop was used in only 2 of the 40 trials for P3 in early rhythmic sessions. Future
use of the machine with a larger population of impaired individuals (stroke patients
preferably) can be used to define the maximum angle of drop. A lower maximum drop
angle will decrease the height of the machine, making it easier to mount a patient

onto the system. Finally, I recommend welding the frame (d) rather than assembling
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Figure 8-14: Hardware Recommendations

it with brackets. I used fasteners and slots such that 1 could adjust the machine if
needed, however, fastening through tubes is unattractive and access to internal nuts
is difficult for assembly. Fixturing and welding will produce a more finished look and

result in easier installation.
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Appendix A

Setup and Running the Training

Programs

The Skywalker-+ is a fairly complex system and while measures were taken to simplify
the machine as much as possible, it is still a one-of-a-kind prototype and thus requires
careful operation. Prior to a participant coming for a training session, the average
set-up time would take 20-30 minutes. The time included the tasks written on the
following pages and also included the preparation of other materials such as replacing
the batteries on the leg markers, putting a new logging sheet in the clipboard, taking
a waterbottle out of the refrigerator for the participant or sweeping up the lab.

The following pages detail the setup and operation of this machine.
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SKYWALKER TRAINING MODE PROCEDURES

RHYTHMIC 1&2

Prior to participant’s arrival:

Power up Computer and PXI box — connect computer to the real time system

Remove central support beam from the rear of the system (if it is in place)

Open electrical box — engage all treadmill and sagittal plane drives & power up robot

Open engage robot.vi and engage robot drives — leave this program running throughout session

Open individual homing.vi and home sagittal plane drives

Disable drives via engage robot.vi

Open newvisionoffset2.vi and run twice to initialize the camera setup — check with frame rate — leave open

Open diagnostic and main program and name files as follows: diagnostic (“P#” rd “month day”)
(“P#” r “cycle #” speed “month day”) or (“P#” r “cycle #” vision “month day”)

Open video program with the webcam, open subvi full 2 plot.vi and place it appropriately

Session procedures:

Fit subject with markers, ask patient to move to door frame to get general measurements, enter measurements and
record here: (note: shin measurement should be from knee to heel)

Pln thi shin W P2n thi shin w

P3n thi shin w P4n thi shin W

Run potentiometer check.vi, input weight

Assist participant onto machine and into the body weight support device, adjust BWS to provide 50% WS
Run newvisionoffset2.vi — stop and close

Engage drives via engage robot.vi

Open Diagnostic.vi, and have patient walk at a self-selected speed for 3 minutes

Rest for 2 minutes, lower BWS to allow patient to sit

Open main program (Split speed training.vi or vision distort rev 4.vi) — open subvi full 2 plot.vi game and move to
center of large screen

Relocate BWS to desired % with potentiometer check.vi
Run main program — Be diligent in timing of the program 5 minutes training, 2 minutes of rest for 5 cycles

Disengage drives via engage robot.vi and help patient down from robot, ask patient to be seated while removing
markers, offer a bottle of water, ask about the training — health, feeling of program, progress, any areas of soreness?

Post Procedures:

Convert Data files to .csv format, save to a folder titled with Patient #, training type, date — Write notes for session



SKYWALKER TRAINING MODE PROCEDURES

DISCRETE

Prior to participant’s arrival:

Power up Computer and PXI box — connect computer to the real time system

Place central support beam in the rear of the system

Open electrical box — engage both treadmill drives, disable others & power up robot

Open engage robot.vi make sure that drives are disabled— leave this program running throughout session
Open camera initialization.vi and run twice to initialize the camera setup — check with frame rate — close

Open subvi game picture.vi and position it properly (the black portion touches bottom of screen, middle of up-down
arrow to right side of screen)

Open potentiometer check.vi, input weight, power up the projector
Open Diagnostic.vi, name file (“P#” rd “month day”)

Open Discrete3.vi, name file (“P#” d “cycle number” t “month day”)
Session procedures:

Fit subject with markers

Pln w P2n W P3n w P4n w

Assist participant onto machine and into the body weight support device, adjust BWS to provide 5% WS — loose
Run newvisionoffset2.vi for the diagnostic programs and Discrete Offsets3.vi for discrete— stop and close
Engage drives via engage robot.vi

Begin training (5 minutes)

Rest for 2 minutes, lower BWS to allow patient to sit

Relocate BWS to desired % with potentiometer check.vi

Run again — Be diligent in timing of the program 5 minutes training, 2 minutes of rest for 5 cycles

Disengage drives via engage robot.vi and help patient down from robot, ask patient to be seated while removing
markers, offer a bottle of water, ask about the training — health, feeling of program, progress, any areas of soreness?

Post Procedures:

Convert Data files to .csv format, save to a folder titled with Patient #, training type, date — Write notes for session



SKYWALKER TRAINING MODE PROCEDURES

BALANCE
Prior to participant’s arrival:

Power up Computer and PXI box — connect computer to the real time system
Remove central support beam from the rear of the system (if it is in place)

Open electrical box — engage all drives (decide on Sagittal plane before training, initially have them ready) & power
up robot

Open engage robot.vi and engage robot drives — leave this program running throughout session

Open individual homing.vi and home all drives

Run center frontal plane. Vi and disable drives

Open newvisionoffset2.vi and run twice to initialize the camera setup — check with frame rate — leave open
Open subvi balance game.vi and place is properly on the screen with webcam output

Session procedures:

Fit subject with markers, ask patient to move to door frame to get general measurements, enter measurements and
record here: (note: shin measurement should be from knee to heel)

Pln thi shin w P2n thi shin W

P3n thi shin w P4n thi shin w

Run potentiometer check.vi, input weight

Assist participant onto machine and into the body weight support device, adjust BWS to provide 50% WS
Run newvisionoffset2.vi — stop and close

Engage drives via engage robot.vi

Open Balance trainer.vi, name file (“P#” b “cycle #” t “month day”) and have patient walk at a self-selected speed
on level 1 for 3 minutes

Rest for 2 minutes, lower BWS to allow patient to sit

Relocate BWS to desired % with potentiometer check.vi

Run with next levels, saving each run as (“P#” b “cycle #”t “month day”)

Run main program — Be diligent in timing of the program 5 minutes training, 2 minutes of rest for 5 cycles

Disengage drives via engage robot.vi and help patient down from robot, ask patient to be seated while removing
markers, offer a bottle of water, ask about the training — health, feeling of program, progress, any areas of soreness?

Post Procedures:
Open Center frontal plane.vi and center tracks

Convert Data files to .csv format, save to a folder titled with Patient #, training type, date — Write notes for session



Appendix B
System Wiring

The following page details the wire connections from the National Instruments PXI
breakout boxes (source) to the Kollmorgen AKD motor drivers (drive). Communi-
cation between the two devices was accomplished by simple analog or digital signals.
Figure B-1(a) shows the cables (a) that split into individual wires (b) and connect
to their assigned pins in the NI breakout boxes (c). Figure B-1(b) illustrates the
cables entering the controller box (1) and splitting into individual wires (2) before

connecting to their respective driver pins(2).
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(b) Controller box drivers

Figure B-1: Wire Source and Driver Pictures

270



Drive

Encoder

Right Treadmill
Right Treadmill
Right Treadmill
Right Treadmill
Right Treadmill
Encoder

Right Treadmill
Right Treadmill
Right Treadmill
Right Treadmill

Encoder

Drive Wire Source
Function Connector  Pin Name Pin Cable Wire Source Control Box  Pin Name Pin
Ain+ X8 Analog-in+ 10 Blue/White Orange Control Box White AD 2 22
Ain- X8 Analog-in- 9 Blue/White | White/Org | Control Box White AO Gnd 55
Enable X8 Enable 4 - Red 24v P-supply = - -
DCOMS8 X8 DCOMS 3 - Blue 24v P-supply - - -
DCOM7 X7 DCOM7 1 Blue/White White/Grn | Control Box White D GND 9
Encoder A X9 A 1 Beige/Purp black Control Box Blue PFI 8/P2.0 37
Encoder B X9 B 4 Beige/Purp orange Control Box Blue PFI1 10/P2.2 45
Encoder GND X9 GND 3 Beige/Purp red Control Box Blue GND 9
Encoder Shield LE] Shield 6 Beige/Purp green Control Box Blue GND 9
Ain+ X8 Analog-in+ 10 Blue Orange Control Box White AO 3 21
Ain- X8 Analog-in- 9 Blue White/Org | Control Box White AO GND 54
Enable X8 Enable 4 - Red 24v P-supply - - -
DCOM8 X8 DCOMS8 3 - Blue 24v P-supply - - 3
DCOM7 X7 DCOM7 1 Blue/white White/Grn | Control Box White DGND 9
Encoder A X9 A 1 Beige/Yellow Brown Control Box Blue PFI3/P1.3 42
Encoder B X9 B 4 Beige/Yellow Yellow Control Box Blue PFI 11/P2.3 46
Encoder GND X9 GND 3 Beige/Yellow QOrange Control Box Blue GND 12
Encoder Shield X9 Shield 6 Beige/Yellow Blue Control Box Blue GND 44
11-Home Reference X8 Digital-IN6 5 - Black 24v P-supply - - -
Enable X8 Enable 4 - Red 24v P-supply - - -
DCOMS8 X8 DCOMS8 3 - Blue 24v P-supply - - -
Start Home X7 Digital-IN7 2 Blue Green Control Box White P0.10 49
2-Motion Task 1 (L wave) X7 Digital-IN4 3 Blue White/Grn | Control Box White P0.11 47
2-Motion Task 2 (R wave) X7 Digital-IN3 4 Blue White/Blue | Control Box White P0.12 19
Center position X7 Digital-IN2 9 Blue Blue Control Box White P0.8 52
DCom?7 X7 DCOM7 1 Blue/white White/Grn | Control Box White DGND 9
Encoder A X9 A 1 Beige/Red Brown Control Box Blue PFI 0/P1.0 11
Encoder B X9 B 4 Beige/Red Yellow Control Box Blue PFI 2/P1.2 43
Encoder GND X9 GND 3 Beige/Red QOrange Control Box Blue GND 7
Encoder Shield X9 Shield 6 Beige/Red Blue Control Box Blue GND 7
11-Home Reference X8 Digital-IN6 5 - White/Blk | 24v P-supply - - -
Enable X8 Enable 4 - Red 24v P-supply - - -
DCOM8 X8 DCOMS8 3 - Blue 24v P-supply - - -
Start Home X7 Digital-IN7 2 Blue/white Brown Control Box White P0.13 51
2-Motion Task 1 (slow) X7 Digital-IN4 3 Blue/white White/Br | Control Box White P0.14 16
2-Motion Task 2 (med) X7 Digital-IN3 4 Blue/Red Blue Control Box Red P0.1 17
2-Motion Task 3 (fast) X7 Digital-IN2 9 Blue/Red White/Blue | Control Box Red P0.2 49
ez | X7 Digital-IN1 10 Blue/Red Green Control Box
X7 pDcom7 1 Blue/white White/Grn | Control Box White DGND 9
11-Home Reference X8 Digital-IN6 5 2 24v P-supply - - E
Enable X8 Enable 4 - Red 24v P-supply - - -
DCOMS8 X8 DCOM8 3 - Blue 24v P-supply - - -
Start Home X7 Digital-IN7 2 Blue/Red White/Grn | Control Box Red P0.3 47
2-Motion Task 1 (slow) X7 Digital-IN4 3 Blue/Red Orange Control Box Red P0.5 51
2-Motion Task 2 (med) X7 Digital-IN3 4 Blue/Red White/Org | Control Box Red P0.6 16
2-Motion Task 3 (fast) X7 Digital-IN2 9 Blue/Red Brown Control Box Red P0.7 48
5 X7 Digital-IN1 10 Blue/Red White/Brn | Control Box
DCOM7 X7 DCcom7 1 Blue/white White/Grn | Control Box White DGND 9
Enable X8 Enable 4 Grey Red Control Box Red P0.0 52
DCcoms8 X8 DCOMB 3 Grey Black Control Box Red DGND 18
available wires:
Blue Brown
Blue White/Br
Blue/White Blue
Blue/White White/Blu
Blue/White Green
Blue/Red White/Brn
Blue/Red Green
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Appendix C

Additional Kinematic Plots

Section 7.4 highlighted changes in the sagittal plane and focused on hip, knee and
x-position of the heel. This appendix will add to the data by presenting hip, knee
and estimated heel positions in the frontal plane, which can tell us information about
scissoring and circumduction of the hip during swing. There are a couple pieces of
information here that are unique including the vertical position of the top most sensor
(attached to the theigh) which will give us an idea for how the hip hiking may have
changed before and after training. The x-y heel trajectory of each participant is also
shown here. While this is important information, I chose to focus on sagittal plane
kinematics for this thesis.

Frontal Plane profiles are not corrected as 6f now because these videos were taken

of the sagittal plane.

C.1 Pi1
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P11.3mph right paretic frontal plane hip angle
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Figure C-1: P1 frontal plane
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P1 1.3mph Average Left Heel Trajectory
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Figure C-2: P1 sagittal plane x-y trajectory (Positive is heel strike)
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C.2 P2

P2 1mph left paretic frontal plane hip angle
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P2 1mph Average Left Heel Trajectory
250 T T : T r

— Initial
— Final |

y pos (in)

Lh
<
T

I I d I

-300 -200 -100 0 100 200 300

X pos (in)

(a) Left

P2 1mph Average Right Heel Trajectory

Initial
—— Final ||

y pos (mm)

-300 -200 -100 0 100 200 300
X pos (mm)

(b) Right

Figure C-4: P2 sagittal plane x-y trajectory (Positive is heel strike)
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C.3 P3

P3 1mph left paretic frontal planehip angle
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Figure C-5: P3 Frontal Plane
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P3 1mph Average Left Heel Trajectory
250 : : : T : T T r

Initial
200 — Fmal |

y pos (mm)

-100 -50 0 50 100 150 200 250 300 350
X pos (mm)
(a) Left

P3 1mph Average Right Heel Trajectory

2
N
(=]

2

je=l

=]
T

[a—

h

=
!

y pos (mm)
S

n
=
T

0 I~
-200 -100 0 100 200 300 400
X pos (mm)

(b) Right

Figure C-6: P3 sagittal plane x-y trajectory (Positive is heel strike)
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C.4 Healthy
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Healthy 1.3mph Average Left Heel Trajectory
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Figure C-10: Healthy sagittal plane x-y trajectory (Positive is heel strike)
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Appendix D

Cycle Standard Deviation

Section 7.4.2 introduces the idea of cycle standard deviation as a measure that de-
creased consistently in all 12 measures studied as part of this thesis. This appendix
shows the standard deviation for each gait cycle location. Each cycle standard devia-
tion plot shows the standard deviations of both the ipsolateral and contralateral side
of which the data was cut at heel strike. The reader can notice that depending on
the side that the data is cut, the cycle standard deviation plot changes, with peaks
coming in the contralateral swing phase in most cases. The plots here represent the
x-position of the heel on the treadmill only.

The final plots show example histograms of the cycle standard deviation to show

the skewness and non-normal profile and how they changed before and after training.
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Healthy 1.3mph standard deviation over the walking cycle
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Histogram of P1 standard deviations of full gait cycle left heel
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Appendix E

Additional Clinical Evaluation

Data

This appendix contains additional clinical evaluations details, previously presented in
section 7.3. Specifically, the full manual muscle test, range of motion and the stroke
impact scale are reported for each participant. The improved Berg Balance Scale
categories only for P2 are shown because he made such a significant improvement on

this scale.

E.1 Participant 1 (P1)

Table E.1: P1 Right leg manual muscle test (scale 1-5)

Initial | Final | Gain | Normal
Dorsiflexion 4 4 0 5
Plantarflexion 5 5 0 5
Ankle Inversion 4 4 0 5
Ankle Eversion 4 5 1 5
Knee Flexion 5 b5} 0 5
Knee Extension 5 5 0 5
Hip Adduction 5 5 0 5
Hip Abduction 5 5 0 5
Hip Flexion 4 5 1 5
Hip Extension 5 5 0 5
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Table E.2: P1 Range of motion (reported in degrees)

Left ROM

Right ROM

Initial | Final | Gain | Normal
Hip Extension 30 12 -18 30
Hip Flexion (knee flexed) 90 105 15 100
Hip Adduction 25 45 20 20
Knee flexion 125 135 10 150
Ankle Inversion 30 35 5 30
Ankle Eversion 25 30 5 20
Ankle Plantarflexion 40 38 -2 40
Ankle Dorsiflexion 8 5 -3 20
Hip Extension 28 14 -14 30
Hip Flexion (knee flexed) 90 107 17 20
Hip Adduction 35 40 5 40
Knee flexion 120 130 10 150
Ankle Inversion 30 35 5 30
Ankle Eversion 20 25 5 20
Ankle Plantarflexion 30 40 10 40
Ankle Dorsiflexion 5 0 -5 20

Table E.3: P1 Stroke Impact Scale by section

Initial | Final | Gain | Normal
Physical problems 12 13 1 20
memory and thinking 35 35 0 35
Mood and emotions 43 44 1 45
Communication skills 35 35 0 35
Activities 50 50 0 50
Mobility 35 42 7 45
Ability to use affected hand 17 25 8 25
Activities 36 40 4 40
Recovery amount 50 80 30 100

E.2 Participant 2 (P2)
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Table E.4: P2 Berg Balance Scale - areas of improvement (scale 0-4 )
Initial | Final | Gain | Normal
Sitting to standing 0 4 4 4
Standing unsupported
Standing to sitting
Transfers

Standing with eyes closed
Standing with feet together
Reaching forward

Retrieving object from floor
Turing to look behind
Turning 360 degrees

Standing with one leg in front
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Table E.5: P2 Bilateral manual muscle test (scale 1-5)

Initial | Final | Gain | Normal
Left Muscle tests Dorsiflexion 5 3 -2 5
Plantarflexion 4 1 -3 5
Ankle Inversion 3 1 -2 5
Ankle Eversion 3 1 -2 5
Knee Flexion 3 3 0 5
Knee Extension 5 5 0 5
Hip Flexion 4 4 0 5
Hip Extension ) 5 0 9
Right Muscle tests | Dorsiflexion 4 4 0 5
Plantarflexion 4 4 0 5
Ankle Inversion 4 2 -2 5
Ankle Eversion 4 1 -3 5
Knee Flexion 3 3 0 5
Knee Extension 5 5 0 5
Hip Flexion 3 4 1 5
Hip Extension ) 5 0 5
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Table E.6: P2 Range of motion (reported in degrees)

Left ROM

Right ROM

Initial | Final | Gain | Normal
Hip Extension 3 5 2 30
Hip Flexion (knee flexed) 90 100 10 100
Hip Adduction 18 26 8 20
Hip Abduction 22 28 6 40
Knee flexion 120 115 -5 150
Ankle Inversion 1 45 44 30
Ankle Eversion 1 21 20 20
Ankle Plantarflexion 40 55 15 40
Ankle Dorsiflexion 0 2 2 20
Hip Extension -5 0 5} 30
Hip Adduction 20 28 8 20
Hip Abduction 32 28 -4 40
Knee flexion 113 115 2 150
Ankle Inversion 1 25 24 30
Ankle Eversion 1 30 29 20
Ankle Plantarflexion 36 30 -6 40
Anle Dorsiflexion 0 10 10 20

Table E.7: P2 Stroke Impact Scale by section

Initial | Final | Gain | Normal
Physical problems 12 15 3 20
memory and thinking 35 35 0 35
Mood and emotions 30 29 -1 45
Communication skills 35 35 0 35
Activities 49 48 -1 50
Mobility 35 38 3 45
Ability to use affected hand | 25 25 0 25
Activities 40 40 0 40
Recovery amount 50 50 0 100
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E.3 Participant 3 (P3)

Table E.8: P3 Left impaired leg manual muscle test (scale 1-5)

Initial | Final | Gain | Normal
Dorsiflexion 0 0 0 5
Plantarflexion 0 0 0 5
Ankle Inversion 0 0 0 5
Ankle Eversion 0 0 0 5
Knee Flexion 4 4 0 5
Knee Extension 4 5 1 5
Hip Adduction 4 5 1 5
Hip Abduction 4 4 0 5
Hip Flexion 3 4 1 5)
Hip Extension 3 3 0 5

Table E.9: P3 Left impaired leg range of motion (reported in degrees)
Initial | Final | Gain | Normal

Hip Extension 5 10 5 30
Hip Flexion (knee flexed) | 100 107 7 100
Hip Adduction 10 16 6 20
Hip Abduction 20 28 8 40
Knee flexion 90 130 40 150
Ankle Inversion 0 32 32 30
Ankle Eversion 0 28 28 20
Ankle Plantarflexion 0 29 29 40
Ankle Dorsiflexion 0 0 0 20
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Table E.10: P3 Stroke Impact Scale by section

Initial | Final | Gain | Normal
Physical problems 6 7 1 20
Memory and thinking 33 28 -5 35
Mood and emotions 27 29 2 45
Communication skills 31 25 -6 35
Activities 23 29 6 50
Mobility 36 35 -1 45
Ability to use affected hand 5 5 0 25
Activities 13 17 4 35
Recovery amount 10 20 10 100
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Appendix F

Participant Exit Interviews

After completing the full month of training, participants were given the following

questionnaire to assess their feelings towards the device and their experience.
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Skywalker Exit interview Name: P 1

sPlease circle the number corresponding with your answer as defined below:
v i:Strong!y disagree 2:Disagree Somewhat 3:Neutral 4:Agree somewhat 5:Strongly agree
1. I was comfortable with my Skywalker therapy sessions

1234@

2. Ienjoyed doing therapy with the Skywalker system

1234@‘

3. Ibelieve the robot therapy sessions were beneficial to me

123@5

4. Working with the robot helps me in ways that nobody can

1 2 3.@5

5. T would like to perform more Skywalker training sessions in the future

1234@

6. The Body weight support system was comfortable

1 2 3 4 6

7... The process of getting on and off the machine would make me less likely to want to use
" this system in the future

@\2345

Please write in how you feel about the following issues of the machine:

Tell us what you liked most about your experience with the Skywalker system.

/L llkd H’\ N -\ * . .
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Which of the Skywalker training sessions (rhythmic, discrete or the balance) do you think
benefitted you the most and why?
y y e Hre s
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Did you ever experience discomfort or pain due to your activities with the Skywalker system?
« Please explain.

T Olek malural sorchess fom exeroze.

If you believe you received benefits from training on the Skywalker machine, do you think that
training for another month would benefit you to a greater degree?

Ves

Here’s your chance to tell us what could be better. We will take this section very seriously so
think hard about what we didn’t quite get right.

T Haanl +he bolance mel» gl\a)(aj rork.
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Any additional comments?



Skywalker Exit interview Name:P2
Please circle the number corresponding with your answer as defined below:
1:Strongly disagree 2:Disagree Somewhat 3:Neutral 4:Agree somewhat 5:Strongly agree
1. I was comfortable with my Skywalker therapy sessions 2
1 2 3 4 5
2. Ienjoyed doing therapy with the Skywalker system 4
1 2 3 4 5
3. Ibelieve the robot therapy sessions were beneficial to me 3
1 2 3 4 5
4. Working with the robot helps me in ways that nobody can 4
1 2 3 4 5
5. I'would like to perform more Skywalker training sessions in the future 3
1 2 3 4 5
6. The Body weight support system was comfortable 2 It triggered spasticity.
1 2 3 4 5

7. The process of getting on and off the machine would make me less likely to want to use
this system in the future 5 The process of getting on/off must be improved.

1 2 3 4 5

Please write in how you feel about the following issues of the machine:

Tell us what you liked most about your experience with the Skywalker system.

Interacting with Tyler and Igo and learning about their research and the theory of energy
conservation in gait mechanics. The Skywalker machine itself is an impressive piece of
engineering.

Which of the Skywalker training sessions (rthythmic, discrete or the balance) do you think
benefitted you the most and why?

I can’t say that any one type of training was most beneficial. I think what I’ve come away with
overall is a greater sense of my own gait mechanics. For example, now I try to remember to
stand up straighter while I walk and be more mindful of knee bends and the distance between my
feet as ways to conserve energy.



Did you ever experience discomfort or pain due to your activities with the Skywalker system?
Please explain.

During Week 1 it took one or two days to get the Body weight settings correct — this is
understandable. For moderate/extreme disability I would suggest at least 1 day just getting used
to Skywalker. :

If you believe you received benefits from training on the Skywalker machine, do you think that
training for another month would benefit you to a greater degree?

Not certain.

Here’s your chance to tell us what could be better. We will take this section very seriously so
think hard about what we didn’t quite get right.

Entry/exit onto Skywalker — It took two people to help me get on and off. This should be
corrected so that a disabled person can do so independently.

Input from a clinician (PT?) during the training sessions might be useful.

Some form of participant incentive (cab voucher/gift card?) should be available.

Any additional comments?

I participated for the sake of science, but in the future I think I would need some form of minimal
participant incentive and to be working part-time or not at all (retired). The conversations with
Tyler and Igo were very interesting. I’m not sure that the Skywalker had long-term benefits for
me — but if it helps others, it’s certainly worth developing further.



NO\WQ«: P
Skywalker Exit interview ; '

Please circle the number corresponding with vour answer as defined below:

1:Strongly disagree 2:Disagree Somewhat 3:Neutral 4:Agree somewhat 5:Strongly agree
1. I was comfortable with my Skywalker therapy sessions

1234@

2. I enjoyed doing therapy with the Skywalker system

1234@

3. Ibelieve the robot therapy sessions were beneficial to me

A
NG

4. Working with the robot helps me in ways that nobody can
~

1 2 3 4 (5)

5. I would like to perform more Skywalker training sessions in the future

1234@

6. The Body weight support system was comfortable

12(3‘)4 5

7. The process of getting on and off the machine would make me less likely to want to use

this system in the future .
@ 2 3 4 5 <
Please write .z_how you feel about the following issues of the machine: 5;
Tell us what you liked moét about your experience with the Skywalker system. N ' i?
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Did you ever experience discomfort or pain due to your activities with the Skywalker system?
Please explain.
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If you believe you received benefits from training on the Skywalker machine, do you think that
training for another month would benefit you to a greater degree?

\i Lo

Here’s your chance to tell us what could be better. We will take this section very seriously so
think hard about what we didn’t quite get right.
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Appendix G

COUHES Study Protocol and

Consent Form

The feasibility study was approved following a full board review by the MIT Com-
mittee on the Use of Humans as Experimental Subjects (COUHES). The following

pages detail the study protocol and consent forms used for this study.
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F Committee On the Use of Humeans as MASSACHUSETTS INSTITUTE QF TECHNOLOGY
Experimental Subjects 77 Massachuselis dvenus
Cambridge; Massachusetts 02139
Building £ 25-1438
617) 253-6767

To: Hermano Krdl
3-137

From: Leigh Fim, m A

T {A
coUHES [\ A\

Date: 06/24/2014

Committee Action: Approval

COUHES Protocol #: 1406006427 .

Study Title: Skywalker - fl\ct.uated Split Tregdmill w%th Body Weight Support: A Novel Téchnology for
Gait Rehabilitation of Person with Impairment due to Stroke and Cerebral Palsy

Expiration Date: 06/18/2015

The above-referenced protocol has been APPROVED following Full Board Review by the Committee on the Use of
Humans as Experimentat Subjects (COUHES).

If the research involves collaboration with another institution then the research cannot commence wntil COUHES receives
written notification of approval from the collaborating institution's IRB.

It is the Principal Investigator’s responsibility to obtain review and continued approval before the expiration date. Please
allow sufficient time for continued approval. You may not continue any research activity beyond the expiration date
without COUHES approval. Failure to receive approval for continuation before the expiration date will result in the
automatic suspension of the approval of this protocol. Information collected following suspension is unapproved research

and cannot be reported or published as research data, If you do not wish continued approval, please notify the Committee
of the study termination.

Adverse Events: Any serious or unexpected adverse event must be reported to COUHES within 48 hours. All other adverse
events should be reported in writing within 10 working days.

Amendments: Any changes to the protocol that impact human subjects, including changes in expenmentai de31gn,
equipment, personnel or funding, must be approved by COUHES before they can be initiated.

Prospecitve new study personnel must, where applicable, complete training in human subjects research and in the HIPAA
Privacy Rule before participating in the study.

COUHES should be notified when your study is completed. You must maintain a research file for at least 3 years after

completion of the study. This file should include all correspondence with COUHES, original signed consent forms, and
study data. :



CONSENT TO PARTICIPATE IN
BIOMEDICAL RESEARCH

Actuated Split Treadmill with Body Weight Support:
A Novel Technology for Gait Rehabilitation

Stroke and Cerebral Palsy Subjects

You are asked to participate in a research study conducted by Dr. Hermano Igo Krebs and
Tyler Susko from the Mechanical Engineering Department at the Massachusetts Institute
of Technology (M.L.T). You have been asked to participate in this study because you
have known impairments due to a stroke or cerebral palsy. You should read the
information below, and ask questions about anything you do not understand, before
deciding whether or not to participate.

o PARTICIPATION AND WITHDRAWAL

Your participation in this research is completely VOLUNTARY. If you choose to
participate you may subsequently withdraw from the study at any time without penalty or
consequences of any kind. If you choose not to participate, that will not affect your
relationship with MLLT.

¢« PURPOSE OF THE STUDY

Gait impairment is the primary impairment that limits independence of individuals
disabled by stroke and cerebral palsy. The actuated, Skywalker split treadmill with body
weight support (BWS), used in this study was designed to allow patients to begin gait
therapy sooner. The main purpose of this study is to conduct initial safety, tolerability,
and training feasibility tests of the device by affected persons. In this phase, we will
restrict our research to adult subjects with impairment due to stroke or cerebral palsy to
determine comfort using the device and changes in self-selected speed after a 4-weeks 12
session training.

o PROCEDURES
If you volunteer to particlipate in this study, we would ask you to do the following thingé:

You will be asked to: 1) walk on the treadmill at a speed comfortable to you (you will
determine what is a comfortable speed), 2) walk on the Skywalker with partial body
weight support (PBWS) at the speed comfortable to you, 3) allow total weight support
and not interfere with the Skywalker while it propels your legs at the speed comfortable
to you, 4) self-report of comfort while using the Skywalker with body weight support,
and 5) undergo 12 1-hour session in a 4-week period walking on the Skywalker treadmill
with body weight support at the speed comfortable to you, and 7) undergo a batch of
standard clinical tests.

Approved on 19-JUN-2014 - MIT IRB Protocol #: 1406006427 - Expires on: 18-JUN-2015



e POTENTIAL RISKS AND DISCOMFORTS
Treadmill

You will be walking on a treadmill. The treadmill is electrically powered and capable of
moving independently, but that to minimize the risk of injury it has been equipped with
multiple levels of safety protection. First, the Skywalker treadmill meets or exceeds
electrical safety standards for clinical use. Second, the proper functioning of all parts of
this robotic treadmill, including the software, the computer, the electronics and the
mechanism, are independently monitored. In the event that you will want to stop the
device you can do so by pressing a button. You also understand that you may stop the
robotic treadmill at any time by asking the investigator to do so.

Body Weight Support

The body weight support consists of a bicycle seat and a chest harness. It can be
uncomfortable and you might feel some chaffing after an hour use. In the event that you
will want to stop the device you can do so by pressing a button. You also understand that
you may stop the robotic treadmill at any time by asking the investigator to do so.

Physiological Risks

We will measure your heart rate at enrollment, while walking on a treadmill at your own
pace. We will then continuously monitor your heart rate. If your heart rate will go beyond
the maximum heart rate observed during the initial measurement, we will stop the
training on that day and might have to discontinue the training.

You understand that comparable technology has been used for over two decades in
studies at M.L.T. and for over ten years in several rehabilitation hospitals and that a 100%
safety record has been maintained.

The treatment or procedure may involve risks that are currently unforeseeable.
¢ ANTICIPATED BENEFITS TO SUBJECTS

You should not expect your condition to improve as a result of participating in this
research.

o ANTICIPATED BENEFITS TO SOCIETY

The potential benefits to society are significant and substantial. The development of
lower extremity robotics devices for the rehabilitation of walking has the potential to
serve not only the stroke and cerebral palsy population, but also numerous other clinical
patient groups including multiple sclerosis, Parkinson's disease, spinal cord injury, hip
fracture, and other orthopedic syndromes. The greatest potential benefit is to include
many more patients currently unable to actively participate in exercise-based locomotor
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rehabilitation. Related is the opportunity to optimize neurorehabilitation therapics based
on massed practice and other motor learning principles. The device will further expand
the technology available to serve our aging population.

o ALTERNATIVES TO PARTICIPATION

n/a

¢ PAYMENT FOR PARTICIPATION

None. One session of participation will take about 1 hour and 30 minutes.
¢ POSSIBLE COMMERCIAL PRODUCTS

Dr. H. 1. Krebs is a co-inventor of the MIT-held patents for the robotic devices used to
treat patients in this work. He holds equity positions in Interactive Motion Technologies,
Inc., a company that manufacturers this type of technology under license from MIT. If
the study demonstrates the robot-mediated movement therapy is beneficial, companies
producing this kind of technology, including Interactive Motion Technologies, may point
to our results.

o FINANCIAL OBLIGATION

Neither you nor your insurance company will be billed for your participation in this
research.

o PRIVACY AND CONFIDENTIALITY

The only people who will know that you are a research subject are members of the
research team and, if appropriate, your physicians and nurses. No information about you,
or provided by you during the research will be disclosed to others without your written
permission, except: if necessary to protect your rights or welfare, or if required by law.

When the results of the rescarch are published or discussed in conferences, no
information will be included that would reveal your identity. If photographs, videos, or
audio-tape recordings of you will be used for educational purposes, we will request for
your written authorization. Participation in this study does not hinge on you agreeing to
be photographed.

Authorized representatives of the Food and Drug Administration (FDA) may need to
review records of individual subjects. As a result, they may see your name; but they are
bound by rules of confidentiality not to reveal your identity to others.

e WITHDRAWAL OF PARTICIPATION BY THE INVESTIGATOR
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The investigators may withdraw you from participating in this research if circumstances
arise which warrant doing so. If you experience any joint pain or if you become ill during
the research. you may have to drop out, even if you would like to continue. The
investigators and Dr. Krebs, will make the decision and let you know if it is not possible
for you to continue. The decision may be made either to protect your health and safety,
or because it is part of the research plan that people who develop certain conditions may
not continue to participate.

e NEW FINDINGS

During the course of the study, you will be informed of any significant new findings
(either good or bad), such as changes in the risks or benefits resulting from participation
in the research or new alternatives to participation, that might cause you to change your
mind about continuing in the study. If new information is provided to you, your consent
to continue participating in this study will be re-obtained.

e EMERGENCY CARE AND COMPENSATION FOR INJURY

If you feel you have suffered an injury, which may include emotional trauma, as a result
of participating in this study, please contact the person in charge of the study as soon as
possible.

In the event you suffer such an injury, M.L.T. may provide itself, or arrange for the
provision of, emergency transport or medical treatment, including emergency treatment
and follow-up care, as needed, or reimbursement for such medical services. M.L.T. does
not provide any other form of compensation for injury. In any case, neither the offer to
provide medical assistance, nor the actual provision of medical services shall be
considered an admission of fault or acceptance of liability. Questions regarding this
policy may be directed to MIT’s Insurance Office, (617) 253-2823. Your insurance
carrier may be billed for the cost of emergency transport or medical treatment, if such
services are determined not to be directly related to your participation in this study.

¢ IDENTIFICATION OF INVESTIGATORS
In the event of a research related injury or if you experience an adverse reaction, please
immediately contact one of the investigators listed below. If you have any questions

about the research, please feel free to contact:

Principal Investigator: Dr. Krebs at (617)253-8112
Address: 77 Massachusetts Ave (Rm 3-137), Cambridge, MA 02139

» RIGHTS OF RESEARCH SUBJECTS

You are not waiving any legal claims, rights or remedies because of your participation in
this research study. If you feel you have been treated unfairly, or you have questions
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regarding your rights as a research subject, you may contact the Chairman of the
Committee on the Use of Humans as Experimental Subjects, M.LT., Room E25-143B, 77
Massachusetts Ave, Cambridge, MA 02139, phone 1-617-253 6787.

[ SIGNATURE OF RESEARCH SUBJECT OR LEGAL REPRESENTATIVE |
I have read (or someone has read to me) the information provided above. I have been
given an opportunity to ask questions and all of my questions have been answered to my
satisfaction. I have been given a copy of this form.

BY SIGNING THIS FORM, I WILLINGLY AGREE TO PARTICIPATE IN THE
RESEARCH IT DESCRIBES.

Name of Subject

Name of Legal Representative (if applicable)

Signature of Subject or Legal Representative Date

| SIGNATURE OF INVESTIGATOR (R o]
I have explained the research to the subject or his/her legal represcntanve and answered
all of his/her questions. 1 believe that he/she understands the information described in
this document and freely consents to participate.

Name of Investigator

Signature of Investigator Date (must be the same as subject’s)

[ SIGNATURE OF WITNESS (If required by COUHES) i
My signature as witness certified that the subject or his/her legal representatwe signed
this consent form in my presence as his/her voluntary act and deed.

Name of Witness

Signature of Witness ‘ Date
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SIGNATURE OF RESEARCH SUBJECT OR LEGAL REPRESENTATIVE
VIDEO or PHOTO RELEASE
In the interest of promoting education, learning, and/or public relations, I agree to be
videotaped/photographed in connection with my research participation at the
Massachusetts Institute of Technology (MIT) with the agreement of the principal
investigator (Dr. Krebs). I understand that I will not be reimbursed for the photos or
videotapes.

I further understand that it is not necessary for me to sign the photo or video release to
participate in this study. Participation in this study does not hinge on you agreeing to be
photographed. I have been given an opportunity to ask questions and all of my questions
have been answered to my satisfaction.

BY SIGNING THIS FORM, I WILLINGLY RELEASE PHOTOS or VIDEO-
TAPES.

Name of Subject

Name of Legal Representative (if applicable)

Signature Date
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