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Abstract

To maximally utilize the peripheral nervous system for prosthetic control, it is nec-
essary to first understand the compounded errors induced by amputated physiology
before developing the appropriate interfacing technologies to extract any latent move-
ment information. Through this work, I develop a foundational approach to amputa-
tion interventions and artificial interfaces applied toward neurorobotic control at the
transfemoral level.

The first part of this dissertation explores the neurophysiological and neurome-
chanical outcomes of a revisional transfemoral amputation that restores agonist-
antagonist muscle dynamics. A within-subjects study is performed to investigate
changes in muscular function and cortical activity as a result of the intervention.
Through these data, I provide evidence that extant amputated musculature can be
modified to restore functionality for the purpose of efferent neurorobotic control.

The second part of this dissertation explores a combined implementation of the
revisional transfemoral amputation with a bone-anchored, or osseointegrated, trans-
femoral implant and chronically-implanted intramuscular electrodes. The clinical
outcomes of the combined transfemoral platform are quantified through biophysical
measurements and measurements of the stability of the implanted hardware to suggest
the potential for bidirectional neurorobotic interfacing.

The third part of this dissertation compares cohorts of persons with amputation
possessing varied muscle architectures and physical interfacing configurations on the
ability to produce physiological neurorobotic knee dynamics. Two subjects with the
novel transfemoral platform are compared to the other cohorts without individual
aspects of the platform, demonstrating unprecedented agility and sustainment of
prosthetic embodiment in the process.
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Chapter 1

Introduction

This chapter provides a relevant overview of human neuromusculoskeletal physiology
in the context of limb amputation. Conceptual background is provided to explain
how modern amputation paradigms are utilized toward the control of powered limb
prostheses. In this exposition, limitations of the state-of-the-art are revealed along

with potential avenues for further improvement.
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1.1 Motivation and Specific Aims

The development of limb prostheses is straightforward from the perspective that the
end goal is self-apparent: it is the ultimate accomplishment to enable physiological
integration of artificial limbs equivalent in all ways to their biological counterparts.
Such an achievement would sustain the abstract noumenon corresponding to full
physiological integration referred to as embodiment [I]. However, despite a supposed
requirement that a high degree of physiological integration and embodiment necessi-
tates technological advancements in both artificial and biologic domains, development
of these bionics has remained relatively understudied by scientists and medical pro-
fessionals [2]. This is to say that the emergence of powerful actuators, energy storage
technologies, and computer chips has far exceeded our ability to intuitively interact

with them through neuromusculoskeletal interfacing.

Part of this disparity may be attributed to the greatly increased complexity of
human biology compared to mechatronic systems. While a conventional mechanical
or mechatronic prosthesis may be largely designed in isolation of biology, with the
only requirement being that its functional performance is conducive toward restoring
physiological organismal biomechanics with a standard-of-care attachment interface, a
bionic prosthesis must restore organismal biomechanics with the additional stipulation
that it does so without inducing secondary health comorbidities. Further, a bionic
prosthesis should justify its physiological invasiveness with some degree of improved
performance or rehabilitation over more conventional devices, independent of the

aforementioned and immediate challenges to implementation.

Nonetheless, implementation difficulty is a poor standard by which to determine
the ultimate utility of a given approach to problem-solving, and progress toward the
best solutions is almost certainly not strictly monotonic despite being worthy of pur-
suit. In this context, it is widely accepted that some degree of direct detection of
user intent is necessary for fluid limb control, and non-invasive interfacing is fun-
damentally limited in its ability to provide direct efferent control over a prosthetic

limb [3 4]. This negative sentiment on the utility of non-invasive interfacing is even
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stronger in the case of referring afferent feedback to the prosthesis user; without inva-
sive methodologies, it is wholly unclear how homologous and somatotopic sensations
can be relayed to the central nervous system [2], yet these afferent signals are critical

for full-bandwidth physiological control of joint dynamics [5].

The specific aims of this work are coordinated to demonstrate a step-function
increase in rehabilitation from incorporating adapted soft tissues, hard tissues, and
prosthetic implants within a unified prosthetic platform at the transfemoral level.
These are undertaken to test the overarching hypothesis that furthering both artificial
and biologic domains of bionics can restore physiological function and embodiment
beyond levels afforded by attempted solutions that neglect one or both. Importantly,
this paradigm represents a major departure from known conventional and experimen-
tal approaches to design of lower-extremity prostheses that primarily focus on cyclic

gait and other patterned movements [4]. The aims are as follows:

Aim 1: Determine if and to what extent the AMI muscular construct re-
covers neuromechanics and neurophysiology in a revisional context. While
the acute, natively innervated implementation of the AMI has been demonstrated to
possess superior neuromechanics in a population of persons with transtibial amputa-
tion compared to one without [6], it is yet to be determined whether this advantage is
conferred due to mechanical properties of the construct itself, or if it is due in part or
in whole to other contributing factors related to the nature of the acute, transtibial
implementation. In this aim, I explore the neuromechanical and neurophysiological
outcomes of the AMI implemented as a surgical revision in two subjects with unilat-
eral transfemoral amputation. In doing so, I investigate the causal ability of the AMI
construct’s mechanical configuration to restore lost motor and cortical functionality in
a more proximal amputation site. The study serves as a within-subjects pilot wherein
longitudinal data are collected both before and after the surgical intervention.

Aim 2: Assess the clinical compatibility of the revisional AMI with a
transfemoral bone-anchored implant and intramuscular electrodes. Though
bone-anchored, or osseointegrated, implants alone have been demonstrated to provide

effective mechanical attachment for prosthetic knees [7], and upper-extremity pros-
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theses at both the transhumeral and transradial level have demonstrated successful
chronic implantation of electrodes in non-antagonistic muscle tissues with leads routed
through osseointegrated implants [8, 9] [10], there is no demonstration of successful
transfemoral osseointegration with chronically implanted intramuscular electrodes,
especially not concurrently with the AMI. In this aim, I explore the clinical compati-
bility of AMI, osseointegration, and implanted intramuscular electrodes combined as
the unified osseointegrated mechanoneural prosthesis (OMP) platform. To determine
the viability of each component’s independent function and the platform’s cumula-
tive abilities, two subjects with preexisting unilateral transfemoral amputation are
provided the OMP and assessed for successful integration.

Aim 3: Compare the relative advantages provided by the osseointe-
grated mechanoneural prosthesis (OMP) platform in a prosthetic control
context. In this aim, an efferent knee control architecture is developed that deviates
from typical approaches that emphasize intrinsic control or that utilize myoneural
information only for selected portions of gait and movement. In contrast, this control
architecture modulates prosthetic knee impedance from myoneural information in a
continuous manner to more closely encapsulate the dynamics of intact physiology.
The two OMP subjects are compared to the other amputee cohorts without individ-
ual aspects of the platform, demonstrating unprecedented agility and sustainment of

prosthetic embodiment in the process.

The work within this dissertation demonstrates an invasive bionic interface at the
transfemoral level that provides improved performance and embodiment over con-
ventional approaches to prosthetic rehabilitation. In doing so, a mechanistic under-
standing of the principles underpinning these improvements are established to inform
further work toward minimizing the gap a bionic limb reconstruction and intact phys-

iology.
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1.2 Mechanoneural Interfacing

As researchers develop their understanding of muscular physiology and neural regen-
eration, a new class of methodologies to extract movement intent from the peripheral
nervous system emerges. These novel soft tissue constructs, known as mechanoneural
interfaces (Mls), can be combined with artificial interfacing technologies to facilitate
control and sensation of limb prostheses. By utilizing the body’s native afferent and
efferent signalling pathways, MIs have demonstrated the capacity to enhance voli-
tional prosthetic control, refer somatosensory sensation within proprioceptive and
cutaneous modalities, and reduce post-amputation pain [2]. The following discussion

is initially presented by Shu et al. and reproduced here [2].

1.2.1 Principles

Novel innervated soft tissue constructs have been developed that leverage advances
in peripheral nerve regeneration and soft tissue reconstruction to increase the degree
of restored human sensorimotor bandwidth. These surgically created soft tissue con-
structs are combined with artificial devices capable of sensing or stimulating to form
mechanoneural interfaces (MIs) that facilitate prosthetic integration through the en-
hancement of efferent neural signals conveying motor commands outward from the
peripheral nervous system (PNS), afferent neural signals conveying sensory informa-
tion back from the external prosthesis to the central nervous system (CNS) or both.
As its name suggests, an MI transduces neural commands to muscle actuation for
use in efferent prosthetic control through muscle sensing or mechanical attachment,
provides mechanical actuation to cause an afferent neural signal through biological
mechanoreceptors, or enables both efferent and afferent modalities. For improved
efferent signalling, contemporary MIs often increase the number of neuromuscular
control sites along with their specificity. For improved afferent signalling, MIs typ-
ically utilize mechanoreceptors in muscle and cutaneous tissue to provide the user
with somatosensory information. Additionally, free nerve-ending modalities, includ-

ing chemical nociception and thermoreception, are also available to provide auxiliary
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afferent signalling.

1.2.1.1 Efferent and Afferent Signaling Modalities

MIs can be classified based on their efferent and afferent functional modalities. An
MI with efferent control is able to directly actuate a prosthesis as an effort source, in-
directly actuate a prosthesis by providing reference signals for mechatronic control or
potentially operate under both modalities. When operating as an effort source, as in
cineplastic techniques, efferent MIs activate motor units in which alpha motor neuron
action potential spikes elicit actin and myosin cross-bridge interactions, resulting in a
muscle force that is propagated through a mechanical transmission to the prosthesis.
When operating as a reference signal source, motor units are activated in the same
manner, but instead of directly transmitting force to the prosthesis, measurements
of resultant muscle state are used to inform a mechatronic controller responsible for
prosthetic actuation. Candidate state signals include correlates of muscle activa-
tion measurements using for example EMG and physiological measurements, such
as fascicle length [I1]. Mechanoneural transduction and the corresponding biophysi-
cal amplification involving the motor units within neuromuscular soft tissues occurs
whether an efferent MI operates as an effort source or a reference signal source.

An MI with afferent capabilities provides somatosensory feedback through mechanore-
ception, a phenomenon fundamental to the execution of organismal biomechanics.
Two classes of mechanoreceptive afferents present as most relevant to the realiza-
tion of movement: cutaneous and proprioceptive (Fig. . Broadly, cutaneous
mechanoreceptive afferents convey sensations related to interfacial contact with the
environment. These perceived sensations include, but are not limited to, touch, pres-
sure, roughness and skin stretch [I2] (Fig. [I-Ig). Proprioceptive afferents convey
sensations of internal bodily state that also provide indirect information about exter-
nal environmental forces — muscle spindles convey muscle fascicle length and velocity,
and Golgi tendon organs convey tendon and ligament force (Fig. [I-1¢). Other propri-
oceptive afferents such as those from joint capsules also contribute towards perception

of bodily movement, but their importance for proprioception is understood to be lower
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than that of muscle spindles and Golgi tendons [13]. Most typically, an MI capable
of cutaneous feedback possesses cutaneous sensory nerves and cutaneous end organs,
and an MI capable of proprioceptive feedback possesses neuromuscular tissues (which
may also be used for efferent control).

The roles of cutaneous and proprioceptive feedback have been ascertained in hu-
mans primarily through studies on their absence or disruption. In the upper extremi-
ties, it is believed that cutaneous feedback facilitates discrimination of contact points,
texture, slippage and gross shape [14, [15] [16]. Proprioceptive feedback is thought to
contribute to hand and finger positioning in support of efficient reaching [17] and to
augment discrimination of specific shape, weight and impedance [I8, 19]. The ab-
sence of either modality has been shown to diminish performance in functional tasks,
suggesting that both cutaneous and proprioceptive feedback are necessary for the
restoration of physiological performance [20} 21, 22]. In the lower extremities, plantar
cutaneous feedback (that is, from the sole of the foot) plays a crucial role in adapting
stance posture and recognizing ground contact events during gait [22, 23], 24] 25], and
proprioceptive feedback is essential for maintaining gait stability and for responding
to terrain irregularities [20]. Both modalities of feedback serve as input into spinal
reflexive circuits that sustain the rhythmic bipedal gait cycle under a wide range of

dynamic perturbations [27].

1.2.1.2 Native Innervation and Reinnervation

Modern MIs depend on soft tissue constructs that are surgically assembled with spe-
cial consideration given to their spatial, vascularization and innervation constraints.
Although successful implementation of all three aspects determines a construct’s post-
operative viability, it can be argued that the quality of innervation is the parameter
that most strongly determines its functional efficacy. Bearing this in mind, MIs can
also be divided into two types based on their innervation: native and regenerative [2§].
Native MIs retain the original efferent and afferent nerve-to-muscle fibre or nerve-to-
end organ innervations, preserving all motor and somatosensory pathways. However,

in scenarios in which these native pathways no longer exist, perhaps due to traumatic
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Figure 1-1: Principles of mechanoneural transduction and soft tissue reconstruction. a,
Schematic of efferent signalling from and afferent signalling to the brain. Signals
ultimately responsible for movement originate in the motor cortex and propagate impulse
trains down to motor neurons located in the ventral horn of the spinal cord, before being
conveyed to motor units that contract a particular muscle. b, Muscles in physiological
agonist—antagonist pairs transfer force to the bone through tendons. Contraction of one
muscle produces a corresponding stretch in its antagonist during non-isometric
movements. ¢, Mechanoreceptors such as muscle spindles and Golgi tendon organs provide
proprioceptive information that propagates back through the spinal cord to the sensory
region of the sensorimotor cortex. d, Somatosensory afferents can also trigger motor
neurons to amplify or suppress muscle activation through spinal reflexive circuits, without
involvement of the sensorimotor cortex. Reflexes function to avoid injury or to quickly
compensate for sudden dynamic perturbations, among other purposes. e, Cutaneous
mechanoreceptors, such as free nerve endings, Merkel cells, Pacinian corpuscles, Meissner
corpuscles and Ruffini corpuscles, provide cutaneous sensory information to the cortex
through the spinal cord. f, Neuromas form when transected nerves cannot find
appropriate end organs and become entangled with non-neural soft tissue. Symptomatic
neuromas generate nociceptive afferents and contribute to residual limb pain and phantom
limb pain. g, Peripheral nerves have remarkable regenerative capabilities across lesions, so
long as the distal portion remains unaffected. h, End organ targets for reinnervation are
found in muscle and dermal tissue. i, Traditional amputation, with extant but
pathological signal transmission through residual nerves and pathological muscle coupling
(no agonist—antagonist coupling), can lead to phantom limb pain and residual limb pain.
Jj, Muscles act as biophysical amplifiers that increase the magnitude of action potential
spikes received from peripheral motor nerves by an order of magnitude. Reproduced with
permission from Springer Nature.
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loss of soft tissues or a previous surgery, a regenerative MI can be pursued, in which
a transected nerve is introduced into the target tissue containing denervated muscle
fibres or end organs to attempt to restore functionality through axonal reinnervation.

Mammalian peripheral axons possess a remarkable capacity to regenerate free
nerve endings and regenerate into denervated targets through biomolecular mecha-
nisms, such as the upregulation of neurotrophic factors and the formation of bands
of Biingner from specialized Schwann cells that provide directional guidance [29] 30].
In most cases, following PNS injury, there is a tendency for the majority of proximal
motor axons to eventually reinnervate motor pathways, a phenomenon known as pref-
erential motor reinnervation, which is hypothesized by several studies to be the result
of collateral axonal pruning [31, 32] B3]. Another perspective presented by the same
authors claims that, in addition to preferential motor reinnervation, sensory axons
exhibit a preference for sensory pathways and their specificity is further preserved
in that they preferentially target proprioceptors or cutaneous mechanoreceptors, de-
pending on their origin [34]. However, these preferences are rather weak, and the
authors note that the magnitude of specificity is low for all the reinnervations they
observed in rodent models: only 53.88% for motor neurons, 60.44% for proprioceptors
and 60.97% for cutaneous mechanoreceptors. In practical terms, an increased propor-
tion of misdirected axons results in decreased functional recovery following peripheral
nerve injury [35]. Considered together, these findings indicate the need for enhanced
comprehension and refinement of peripheral nerve regeneration processes to reduce

end organ cross-innervation and improve signalling quality.

1.2.2 Agonist-antagonist Myoneural Interface (AMI)

The AMI is an MI whose soft tissue construct consists of the surgical coaptation of
physiologically paired agonist and antagonist muscles to enable bidirectional effer-
ent prosthetic control with afferent proprioceptive signalling [36], 37, 38, [39] 140, 41].
By preserving natural mechanical coupling at the interface between both muscles,
mechanoreceptors such as spindle fibres and Golgi tendon organs are stretched to

provide relevant proprioceptive feedback, when forces are generated by contraction
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of either muscle in the pair. The soft tissue architecture of the AMI primarily spec-
ifies a mechanical configuration agnostic to the nature of its individual agonist and
antagonist muscles, and in humans, it is composed using natively innervated and

vascularized muscles, referred to as a native AMI.

Early investigations of the AMI’s mechanical structure yielded a theoretical basis
for determining desired joint position, impedance and torque signals for prosthetic
control applications [42]. As a result, in the case of lower-extremity AMIs, one or more
AMI pairs are implemented in the residuum for each intended prosthetic degree of
freedom to be controlled [38]. The first two AMI pairs for ankle and subtalar control
were implemented in a person with transtibial amputation by coapting the distal ends
of natively innervated and vascularized residual muscles: tibialis anterior to lateral
gastrocnemius and peroneus longus to tibialis posterior [37, 36]. By utilizing surface
EMG recorded from all four relevant muscles, this individual was able to demonstrate
independent control of ankle and subtalar degrees of freedom within an ankle—foot
prosthesis. The individual could also reflexively position the prosthesis in free space
to navigate obstacles and stairs in a more physiological manner than four individuals
controlling the prosthesis with conventional transtibial amputation [36]. In a demon-
stration of the potential of the AMI to convey environmental interaction dynamics
for proprioceptive closed-loop torque control, functional electrical stimulation (FES)
of the individual’s residual tibialis anterior muscle in proportion to the displacement
of an underlying force-resistive foot pedal allowed them to more precisely control the
plantarflexion torque generated, thus enabling them to flex their foot in a controlled
manner [36]. In a separate study, another individual with transtibial amputation
possessing two AMI pairs was able to demonstrate modulation of prosthetic plan-
tarflexion torque and adaptive energetic work loops during stance while walking over

level ground at various speeds [43].

In population studies conducted to characterize the AMI, individuals with AMI
constructs have demonstrated reduced pain, enhanced phantom joint range of motion,
increased muscle fascicle strain, preserved motor control and increased physiological

functional neuroimaging compared with individuals with conventional amputations
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[44 16, [45]. In a study including 15 patients with transtibial AMI constructs, patients
with AMI constructs reported less pain than patients with conventional amputation,
as well as a significant reduction in pain compared with their pre-operative base-
line [45]. In a pair of studies including 15 and seven patients with transtibial AMI
constructs, respectively [0, [45], persons with AMI constructs demonstrated improved
phantom ankle and subtalar joint controllability in free space with respect to persons
with conventional amputation, as the former were able to produce more selective ef-
ferent control signals, greater precision of movement and greater perceived range of
motion [6, 45]. This improvement can be mechanistically explained by the positive
correlation between residual limb agonist—antagonist muscle strains and sensorimo-
tor responses, which suggests that the degree of preserved agonist—antagonist muscle
strain is the neuromechanical determinant of person-specific preservation of motor
control and proprioception [6]. In a functional neuroimaging study on activity in
brain areas associated with proprioception, 12 patients with AMI constructs demon-
strated activity at levels similar to those of persons in the control without amputation
during movements in free space. This is in contrast to persons with conventional am-
putations, whose activation in the mentioned brain areas was significantly reduced
[44]. The AMI architecture has also been implemented in three patients at the trans-
femoral level by coapting the biceps femoris to the rectus femoris and constructing
native transtibial AMI pairs in the transfemoral compartment [45]. These patients
have demonstrated significant measures of preserved function and perception of distal

phantom joints.

With regard to structural limitations related to the AMI architecture, any propri-
oceptive feedback methodology that requires the use of an AMI muscle as an actuator,
such as in an FES-based approach, is unable to homologously represent all environ-
mental interactions. This is because closed-loop control of the antagonist muscle to
refer forces to the agonist results in the user experiencing a contraction in the ar-
tificially stimulated antagonist superimposed with a physiological stretch response
in the agonist. The described sensation is in direct contrast to intact limbs that can

experience external forces, for example, those caused by ground reaction forces and in-
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ertia, as a pure physiological stretch of musculotendinous tissue without an induced
contraction in the agonist muscle [46]. A second limitation of the AMI is that its
construct can only approximate physiological muscle redundancy and spatial configu-
rations: its mechanical transmission defined at surgery may not capture the nonlinear
state-dependent leverage and biarticular nature of muscles in physiological limbs. Re-
garding implementation, the AMI architecture in proximal transradial amputations
may require careful surgical planning around volumetric and pathing constraints to
successfully construct the multiple agonist—antagonist couplings responsible for wrist
and hand motions[47]. Finally, no scientific assessments of the AMI’s influence on

prosthetic embodiment have been reported yet.

1.3 Osseointegration

Osseointegration is a structural configuration whereby a load-bearing implant is me-
chanically bonded to living bone. The mechanism of such integration was first ob-
served by Bothe, Beaton, and Davenport in 1940 [48]. The term osseointegration
itself was coined by Per-Ingvar Branemark, who developed the techniques so that
they could be applied in bone-anchored titanium dental implants [49]. The typical
osseointegrated implant is composed of surgical titanium and requires two surgical
stages to fully implement [49]. In the first stage, the bone anchorage site is drilled
and mechanically tapped to host corresponding threads on the mating implant fix-
ture. The fixture is screwed into the hole and soft tissues over the implant are restored
to seal off the assembly and minimize mechanical disturbances that may cause failure
to osseointegrate. In the months following this first stage, the titanium-bone inter-
face hosts callus formation in the interstitial volumes that produces mineralized bone
tissues, fixing the implant in place by way of mechanical interlocking. In the second
stage, the soft tissues over the fixture are removed and a mechanical abutment is in-
stalled into the fixture which serves as the attachment point for subsequent prosthetic
components. Soft tissues surrounding form a stabilized stoma around the abutment

with a continuous transition from external to internal soft tissue environments. Sub-
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sequent mechanical loading of the prosthetic components transmit load directly to
the bone, and over the course of years, these cyclic loading patterns strengthen the

surrounding hard tissues to increase the mechanical strength of the interface [49].

Figure 1-2: Stages of osseointegration. Diagrammatic representation of main steps and
procedures for anchorage of a prosthesis to osseointegrated jaw bone fixtures. A,
Preoperative situation. B, First stage with fixture installed and covered by mucoperiosteal
tissues. C, Second stage with abutment connected to fixture after a healing period. D and
E, Prosthesis attached to abutment. Reproduced with permission from Elsevier.

1.3.1 Application as Limb Prosthesis Interface

Since the widespread use of osseointegration in the application context of dental im-
plants, it has also become clinically relevant for providing skeletal bone-anchoring of
limb prostheses at most amputation levels [7]. The advantages of limb osseointegra-

tion are many, including:

1. Elimination of skin irritation and perspiration issues related to prosthetic socket
usage, accommodation of weight loss and residuum volume changes, and in-

creased comfort during sitting [50]

2. Enhanced awareness of limb position in space, increased sensation of the pros-

thesis through osseoperception [51]

3. Increased ease of donning and doffing the prosthesis [52]
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4. Increased range of motion, limb strength, wear time, steps taken, force produc-

tion in the residuum at the lower-extremity level [53]

However, bone-anchored implants for lower extremity prosthetic attachment must
respect maximum load limits imposed at the titanium-bone interface to prevent frac-
ture of the hard tissues and bending of the abutment [54] 55]. Further, the unphys-
iological loading patterns at the site of the implant typically limit maximum body
mass to 100 kg in the transfemoral case to prevent patient and implant damage during
more strenuous activities of daily living [56]. This fundamental mechanical limitation
of direct bone fixation may set a ceiling on dynamic performance with powered pros-
thetic joints, representing a design tradeoff compared to prosthetic sockets which are

known to allow participation in high impact sports.

1.3.1.1 Signal Conduit Through Osseointegrated Implants

More recently, osseointegrated implants and abutments have been adapted to pro-
vide a conduit for leads from permanently implanted electrodes, enabling chronic
signal and stimulation transmission for control and sensation of neurorobotic limb
prostheses. In particular, the eOPRA system (Integrum, AB) has been implemented
at the transhumeral and transradial levels, demonstrating improved signal-to-noise
ratio (SNR) of efferent myoneural control signals and improved measures of pros-
thetic embodiment [8, O, [10]. Thus far, implementation of the eOPRA system, or
similar osseointegrated systems with peripheral signal transmission, have not been

implemented at the lower extremity level.

1.4 Approaches to Transfemoral Prosthesis Con-
trol

In the domain of powered transfemoral prostheses, or those with the capabilities of
actuation and production of positive power, there are two dominant classes of con-

trollers that determine their behaviors: intrinsic and efferent. These are not mutually
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exclusive, but are rather typically used in conjunction, especially in more experimen-
tal devices that seek to incorporate user volition while still promoting stable, expected

cyclic dynamics [4].

1.4.1 Intrinsic Methodologies

Intrinsic methodologies rely upon sensors on-board or around the prosthesis to esti-
mate the intended movement and dynamics desired by the user. These sensors include
but are not limited to inertial measurement units, joint encoders, cameras and time
of flight sensors, and force measurement devices [4]. From these data, various compu-
tational processes including impedance-based finite state machine (FSM) control [57]
and gait phase-based variable approaches [58] can be used to predict desired dynamics
and execute them at the prosthetic joint. The dynamics of interest may vary between
kinematic trajectories, torque trajectories, or intermediate phase trajectories. Often-
times, intrinsic methodologies may also seek to guarantee stability of joint dynamics
under certain operating conditions [59]. The shared limitation of all intrinsic method-
ologies is that they are inherently responsive, requiring some dynamics-based input
from the user and device to predict current or future dynamics at the joint. Hence,
the realizable manifold of joint dynamics produced in this manner is limited due to
coupled movements that would otherwise be independently realizable in physiology,
e.g., movements of the hip that produce corresponding prosthetic actuation at the

knee cannot be performed separately.

1.4.2 Efferent Methodologies

In contrast, efferent methodologies use myoneural or neural signals measured from
the user to enact or volitionally control joint dynamics [4]. This structure paral-
lels the physiological function of joints wherein mechanical actuation is propagated
from neural communications in the information-domain through soft tissues including
muscle. Thus, these methodologies largely decouple body dynamics from prosthetic

joint dynamics and have the potential to increase the manifold of allowable com-
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bined movements. While efferent control methodologies present themselves as the
most “natural” and biomimetic, serious impediments to their practical implementa-
tion exist that encourage compensation by intrinsic methodologies. Control signals,
such as EMG read through surface electrodes in a prosthetic socket, currently require
extensive filtering, expert sensor placement, and intensive tuning before being us-
able for practical control applications [60, [61]. Additionally, errors in efferent muscle
activation that stem from pathologies related to amputation itself may limit the ef-
fectiveness and accuracy of myoneural control signals that may otherwise be perfectly
detected [37]. These challenges must be addressed before practical implementation
of efferent control methodologies even if their theoretical performance ceiling can be

understood to be higher than intrinsic methodologies.

1.5 Prosthetic Embodiment

The design of experimental limb prostheses is rooted in guiding principles derived from
the human motor control theory established in the 20th century. These principles em-
phasize the simultaneous observation, generation and correction of limb dynamics in
the task space by integrating afferent signals and efferent motor commands [62] [63]
(Fig. . Within this framework, an optimal prosthetic interface allows the user
to perceive all sensory modalities as they would with an intact limb, as the pros-
thesis concurrently generates the dynamics expected from the user’s internal mental
representation of their limb. The resulting perceptual experience of this idealized
closed-loop control is referred to as embodiment.

The definition of prosthetic embodiment is a subject of active debate among aca-
demics and researchers focused on clinical realization. Some undertake efforts to
redefine the phenomenon while, simultaneously, others evaluate the current working
definition in clinical settings. Although the scope of this Review cannot encompass all
opinions on embodiment, we give a concise overview of the most prominent perspec-
tives to provide a contextual framework on motivations for bionic limb reconstruction.

Prosthetic embodiment is often conceptualized as being composed of at least two
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aspects, which have previously been defined as: i) ‘agency’, or the understanding
that we are the initiator of the action and in control of the movement (volition);
and ii) ‘ownership’, or the sense that parts of our own body belong to ourselves
[64, [65]. Critically, these studies argue that embodiment is a continuous perceptual
state that is relatively agnostic to the nature of the substrates involved, whether
artificial or biological. For instance, studies have demonstrated that the overall shape
of a hand is crucial for fostering a sense of ownership in upper-extremity amputees
[66], but skin colour and material composition of the limb itself do not hinder it
[67, 68]. To underscore this idea, some academics have summarized key studies to
propose alternative time-dependent and visceral principles that sustain the perception
of ownership and agency, particularly in the context of the upper extremities [69]: to
facilitate ownership, sensory information should be synchronously integrated from
an anatomically relevant appendage with spatial and tactile congruence [70, [71]. To
facilitate agency, it is essential to establish a causal link between movement intent
and the corresponding spatial and temporal outcomes [72] 73], [74]. As a corollary, the
degree of agency is significantly reduced as a multivariate function of the magnitudes

of spatial and temporal discrepancies [73, [75].

An additional third aspect, ‘body representation’, is proposed by a different study
and defined to be the “knowledge, beliefs, and experiences we have of the physi-
cal structure of our bodies, and the cognitive and neural mechanisms by which we
dynamically interact with our physical bodies” [I]. The authors posit that body rep-
resentation can be divided into subcomponents that constitute the conscious body
image and subconscious body schema. The body image encompasses the subjective
experience of factors such as size, shape, structure, function and even beliefs held of
the body [76, [77]. By contrast, the body schema encompasses the internalized forward
and reverse models updated by somatosensory feedback that facilitate real-time con-
trol of the body and its environmental interactions [7§]. To elaborate, the qualitative
experience of a phantom limb is a phenomenon that can be cleanly classified under
body representation, and a prosthesis that is represented within the body schema in

a similar manner to an intact limb can be said to be ‘incorporated’ [79).
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1.6 Dissertation Summary

The objective of this thesis work is to develop and characterize the soft and hard tissue
interventions required for high fidelity control of prosthetic knee dynamics under a
largely efferent control methodology.

Chapter 2 investigates the rehabilitative potential of implementing a knee AMI
in the revisional case. Evidence is presented that suggests persons with existing trans-
femoral amputation can recover neuromechanics and neurophysiology for applications
related to subsequent neurorobotic control.

Chapter 3 investigates the clinical and functional compatibility of integrating
transfemoral osseointegration, revisional transfemoral AMI, and implanted intramus-
cular electrodes. Evidence is presented that suggests persons possessing all these in-
terventions, integrated as the osseointegrated mechanoneural prosthesis (OMP) plat-
form, successfully attain the advantages of each for applications related to subsequent
neurorobotic control.

Chapter 4 investigates the ability of those with the transfemoral OMP to achieve
agile neurorobotic knee dynamics compared to those with socket-based AMI inter-
faces and those with socket-based conventional transfemoral amputation. Evidence
is presented that suggests OMP subjects demonstrate outsized improvements to neu-
rorobotic knee agility and prosthetic agency relative to their physical fitness due at

least in part to the advantages bestowed by the OMP platform.
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Chapter 2

Clinical Revisional Implementation
of the Agonist-antagonist

Myoneural Interface

In this chapter, I present work that indicates the efficacy of the AMI in the context of
a revisional transfemoral amputation to a degree comparable to that of the native im-
plementation. Two individuals with preexisting unilateral transfemoral amputation
were evaluated in a week-long study period before and after an intervention wherein
extant soft tissues were revised into AMI muscle constructs intended for knee con-
trol, namely the rectus femoris (RF) for knee extension and biceps femoris (BF) for
knee flexion. Post intervention, both subjects demonstrated significantly increased
secondary muscle spindle firing rate graded with agonist contraction. In a functional
brain imaging experiment, both subjects demonstrated quantifiably greater cortical
activity in regions associated with lower-extremity joint movement and propriocep-
tion. In a virtual control task involving efferent electromyographic (EMG) control
with visual feedback, both subjects demonstrated improved grading and targeted ac-
tivation of muscles corresponding to intended movement. The data suggest that the
revisional TF AMI can homogenize and recover motor functionality associated with

knee joint control in populations with extant transfemoral amputation.
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2.1 Rationale and Study Design

Intact human physiology depends on afferent feedback generated by proprioceptive
mechanoreceptors experiencing agonist-antagonist muscle-tendon dynamics to pro-
duce stable and specific joint dynamics. However, in the case of a limb amputation,
these interactive muscle-tendon dynamics are disrupted by transection of soft and
hard tissues resulting in pathological anatomical configurations that no longer serve
their original purpose of joint control. The AMI was developed to provide a first-order
approximation of these lost agonist-antagonist interactions, and in doing so, restore
a more physiological sense of proprioception to the user for improved prosthesis con-
trol. A diagram of conventional transfemoral amputation architecture compared to a

transfemoral implentation of the AMI can be seen in Fig. [2-1

Conventional Transfemoral agonist-
transfemoral antagonist myoneural
amputation interface (TF AMI)

Rectus femoris
(knee extensor)

Biceps femoris
(knee flexor)

Sliding surface
Ultrasound-
trackable beads

Figure 2-1: Conventional transfemoral amputation and TF AMI architectures.

While the AMI has been successfully implemented in the acute case for both
transtibial and transfemoral amputation, with suggested improvements to proprio-
ception and neuromechanical control metrics, its efficacy has yet to be demonstrated
in a revisional capacity. As there exists an overwhelmingly greater number of persons
with amputation without the AMI, it is clinically imperative to understand whether

this population may benefit similarly from the rehabilitative advantages offered by
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the interface.
Broadly, I hypothesize that the TF AMI will recover relevant cortical function
associated with motor areas and augment neurorobotic control. Specifically, I hy-

pothesize the following:

1. Instantiation of the revision TF AMI will promote increased vividness of phan-
tom imagery and fidelity of neuromuscular control towards enhanced control of

task space objectives.

2. The mechanical configuration of the TF AMI increases proprioceptive afferents

regardless of the native or revisional nature of its instantiation.

3. There will be observable expansion of the sensorimotor brain areas associated
with control and sensation of the affected limb, implicating restoration of es-

sential cortical structures.

By quantifying neuromechanical and neurophysiological measurements related to
these hypotheses over a training period wherein subjects are exposed to neurorobotic
control repeated before and after the intervention, I intend to distinguish between
changes due to the surgical intervention itself as opposed to changes induced by
feedback and interaction with a neurorobotic limb.

Pre-operative and post-operative investigations (6 months post procedure) will
take place consisting of a 5-day training paradigm where subjects will be exposed to
activities related to efferent joint control. Within the training paradigm, experiments

will be conducted that assess:

1. Proprioceptive sensation (phantom range of motion)
2. Peripheral neuromuscular function (neuromechanics)
3. Central reorganization (functional neuroimaging)

4. Task-space motor control (game performance)
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The experimental design is longitudinal. Each subject will serve as their own
control in three ways, depending on the specific experiment: i) Pre-training versus
post-training, ii) Affected limb versus unaffected limb, and iii) Pre-operatively and

post-operatively.

2.2 Methods

Two subjects were recruited for an initial pilot study of this experimental pro-
tocol with informed consent for the operation at Brigham and Women’s Hospital
(BWH)(Boston, MA) under the approval of the Partner’s Health System Institu-
tional Review Board. Functional magnetic resonance imaging (fMRI) experiments
were performed at BWH under the approval of the Partner’s Health System Institu-
tional Review Board. All other experiments were carried out with informed consent
at the MIT Media Lab (Cambridge, MA), under the approval of the MIT Committee
on the Use of Humans as Experimental Subjects (MIT COUHES). Relevant subject
biometrics are provided in Table [2.1]

Subject Activity Age Time since original TF  Biological Height (m) Weight (kg) Prescribed Cause

ID level (vears) amputation (years) sex device

P1 K4 59 4 Male 1.78 75 Variable Chondrosarcoma
damper

P2 K3 55 22 Male 1.83 86 Powered Trauma

Table 2.1: Revisional TF AMI subject biometrics

2.2.1 Phantom Range of Motion

A wireless goniometer (Biometrics Ltd) was placed on the posterior side of the un-
affected limb to measure mirrored ankle and subtalar joint movements. Separately,
another wireless goniometer was placed spanning the knee joint of the unaffected
limb to measure mirrored knee movements. Subjects were blindfolded and asked to
repeatedly use their unaffected joints to mirror their subjective maximum perceived
range of motion (ROM) of the phantom joints for each degree of freedom. These

movements were repeated unilaterally on the unaffected side to measure the actual
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capability of the unaffected joints used to normalize the prior measurements. This
experiment was performed at the beginning and end of each training week, both pre-

and post-operatively.

2.2.2 Graded EMG and Ultrasound Measurement

Muscle state movies were collected via ultrasound (US) probe as each patient voli-
tionally contracted their the muscles involved in the TF AMI construction at preset
levels of perceived effort on the affected side (phantom limb). Ultrasound measure-
ments from both flexor and extensor muscles were processed to quantify fascicle strain
using UltraTrack fascicle measurement software [80]. Separately, EMG was recorded
from each muscle using surface electrodes as patients contracted each muscle at pre-
set levels of perceived effort. Fascicle strains and EMG at each level of perceived
effort were paired to produce a measure of secondary spindle firing rate through the
following equation adapted from Formento et al., using their methodology to scale

the constants appropriately for the knee muscles [81]:

Type II firing rate = 5.944 4+ 1.003 - strain,,, + 1.486 - EM G, (2.1)

Averaged values for strain and EMG were taken in the middle portion of each
movement when muscles were strained, but static in length. This experiment was

performed once per week pre- and post-operatively.

2.2.3 fMRI Tasks and Imaging

Neuroimaging was performed on a 7T scanner located at BWH to acquire fMRI and
resting state MRI volumes. Subjects were positioned in a supine position with a pil-
low placed under their thighs. Head motion was restricted by foam padding inside the
array coil. During the task-based fMRI, subjects were directed to alternately move
their phantom limb and unaffected limb through visually prescribed movement pat-
terns that encompass the plantarflexion and dorsiflexion ankle range of motion and

flexion and extension knee range of motion. Subjects practiced the directed move-
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ments prior to scanning to promote repeatable and accurate performance across task

conditions. As a note, the subjects performed neuromuscular phantom movements,

i.e., contraction of the appropriate muscles, rather than imagined movements in a

manner according to Makin et al. [82].

The following experiments and associated task conditions were performed in the

scanner at three equally spaced intervals per training week:

1. Anatomical data: Acquisition of magnetization-prepared rapid acquisition

gradient echo sequence (MP2RAGE) [83]. 6:55 minutes. Manual shim prior to

the MP2RAGE.

2. Resting state data: Closed eyes for 10 minutes.

3. Functional data: The following task run shown

by subjects twice on both left and right sides.

TASK, single run (2:30) :

in Table 2.2] was performed

Plantarflexion

Rest 20 seconds Rest Now

Prep 10 seconds Prepare for: (Left/Right) Knee
EXTEND FLEX

Knee Flexion Extension 20 seconds
Flex (2 s), Extend (1 s)

Rest 20 seconds Rest

Prep 10 seconds Prepare for: (Left/Right) Foot
UP DOWN

Ankle Dorsiflexion 20 seconds Up (1s), Down (15s)

Table 2.2: Revisional TF AMI fMRI functional data task run

From anatomical images, cortical and surface representations of the AMI in the

sensory (S1), motor (M1), and supplementary motor areas (SMA) were analyzed.

From functional images, analyses were performed of the blood-oxygen-level-dependent

(BOLD) response obtained during individual joint movements and, in conjunction

with the regions identified from anatomical images, averaged to provide an overall

activity level for a given region for a given movement.



2.2.4 Task-space Motor Control with Visual Feedback

A graphical user interface (GUI) was developed to provide visual feedback repre-
senting the user’s EMG processed as intensities within intended movement directions
using the Nonlinear Orthogonal Decomposition (NOD) algorithm [84]. Target activa-
tion levels at 25%, 50%, and 75% were overlaid over bar graphs representing intensity
per movement direction of the knee, i.e., flexion and extension. Subjects were instru-
mented with surface electrodes over their residuum and asked to repeatedly activate
their residual muscles to control a bar representing intensity of a specific movement
direction to the targeted levels in a pattern of 3 seconds of activation between 3 sec-
onds of rest. EMG and corresponding NOD decompositions were recorded during the

entire sequence.

2.3 Results

For each degree of freedom per testing day, 8 repeated maximum ROM trials were
averaged to produce an estimate of the true maximum for both mirrored affected
and unaffected sides. Figure shows phantom range of motion normalized against
intact range of motion for all degrees of freedom per testing day.

Figure 2-3| shows improved secondary afferent firing rates as a result of the in-
tervention for both affected side knee flexor and extensor muscles. A total of three
movements were recorded per muscle per subject per direction of movement to provide
a mean value for each level of activation.

Average BOLD responses during knee and ankle functional tasks both pre- and
post-op are presented in Fig. for P1 and Fig. for P2. These data are taken
from scans performed at the end of each training week. Summary BOLD values are
provided in Table demonstrating an increase in BOLD response during both tasks
for both subjects in the post-op condition.

Figure demonstrates subject performance in a freespace reaching task related
to phantom knee extension and flexion. It can be seen through individual trials and

summary metrics that the revisional TF AMI improves grading of efferent neuromus-
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P1 ™ Week end
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Percent normalized
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Figure 2-2: Revisional TF AMI subject phantom range of motion. Phantom range of
motion for each degree of freedom is represented as a normalized value relative to
physiological range of motion measured on the unaffected side. Phantom ranges of motion
were confirmed by subjects to not exceed unaffected ranges of motion.

a o] C
P1 phantom knee extension Net antagonist neuromechanics
Extend RF BF ‘

Phantom & 100% contraction 100% strain RF BF
movements o steady state 1o 2151 @ Preop 215

£ K £ r=.92"** e &£ |r=.82" °

Physiological o 5 =101 m=9.60 e =100 m=902
measurements | £ ‘ 3 / 3 °

) i) ° 5]

S -5 0 © 5 ° T 5 °

g £ e—* £ |g 2 —e

Ultrasound w o :,//// ‘r _ 85*** g o .r _ 80***
probe } ) (] =. =.
N ’ < m=391 <’ m=4.12
0 0.5 1 0 05 1
Normalized time Normalized time 05 0.75 1 0.5 0.75 1
__— \ ‘ Activation (%) Activation (%)
EMG . @
—
I—» Type II firing rate =
RRIRNTNTTITTITNA 5.944 + 1.003 - strain,,,, + 1.486 - EM Gy,

Figure 2-3: Revisional TF AMI subject neuromechanics. a) Experimental setup. b)
Representative BF strain resulting from RF contraction for P1. Colored traces indicate
post-op values. ¢) Net antagonist firing rate values (antagonist firing rate less agonist
firing rate) for both subjects. Colored markers and linear regression trendlines indicate
post-op values (***P<0.001. Pearson correlation (p) and slopes (m) are reported inline).

cular control signals.
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P1: PRE; Day 3; Left knee task
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(a) Coronal slices with average BOLD response during phantom knee task. Top row, pre-op.
Bottom row, post-op. Peak t = 19.08 in red.

P1: PRE; Day 3; Left foot task

AR AR 4TR) /AR /@R /@R /AR 4R

|

(b) Coronal slices with average BOLD response during phantom ankle task. Top row, pre-op.
Bottom row, post-op. Peak t = 11.82 in red.

Figure 2-4: P1 average BOLD response during functional joint tasks at the end of the
training week pre- and post-op.
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P2: PRE; Day 3; Left knee task
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(a) Coronal slices with average BOLD response during phantom knee task. Top row, pre-op.
Bottom row, post-op. Peak t = 12.08 in red.
P2: PRE; Day 3; Left foot task (lenient t threshold)
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(b) Coronal slices with average BOLD response during phantom ankle task. Top row, pre-op.
Bottom row, post-op. Peak t = 7.66 in red.

Figure 2-5: P2 average BOLD response during functional joint tasks at the end of the
training week pre- and post-op.

44



P1 LEFT KNEE (number of voxels) Peak t LEFT FOOT (number of voxels) Peak t
ROI (Right) Paracentral  Precentral Postcentral SMA Paracentral  Precentral Postcentral SMA

lobule gyrus gyrus lobule gyrus gyrus
PRE Day 3 839 8 197 517 11.13 504 6 59 603 7.48
POST Day 3 1121 72 557 1621 19.08 765 9 52 930 11.82
P2 LEFT KNEE (number of voxels) Peak t LEFT FOOT (number of voxels) Peak t
ROI (Right) Paracentral Precentral  Postcentral SMA Paracentral Precentral  Postcentral SMA

lobule gyrus gyrus lobule gyrus gyrus
PRE Day 3 454 90 48 410 9.71 110 96 20 1 5.41
POSTDay3 945 175 156 954 12.08 578 134 20 790 7.66

Table 2.3: Revisional TF AMI fMRI BOLD response summary values for both subjects
during knee and ankle movement functional tasks at the end of each training week. SMA:
supplementary motor area
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Figure 2-6: Revisional TF AMI control of intended knee movement direction. a)
Experimental setup showing recording of EMG used for control of time-varying bar graphs
representing intended knee movement direction and degree. Target levels of activation are

indicated by dashed horizontal lines. b) Individual trials for intended knee extension of
both subjects. More unintentional activation can be seen in the pre-op condition. Graded
activation in the intended direction of movement develops post-op. ¢) Mean target
direction activation for both subjects averaged from extension and flexion. Intended
channel activation is positively graded according to target levels of activation. Linear
regression trendlines are calculated for both target channel and off-target channel
(co-activation) (*P<0.05, **P<0.01. Pearson correlation (p) and slopes (m) are reported

inline).
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2.4 Discussion

As shown in Fig. clear trends in changes to perceived phantom range of motion
are not established as a result of the TF AMI revision or training between the two
subjects. Qualitatively, P1 demonstrates a positive response to training at both the
knee and subtalar joints in the pre-op training week that resets after the six-month
recovery period. This observation yields two interesting implications. First, it would
seem that the positive benefits of training are lost upon ceasing the training, as evi-
denced by the similar range of motion spider plot for P1 at the start of the post-op
training week compared to the start of the pre-op training week. Second, despite no
proper construction of a subtalar AMI for P1, training increases the perceived range
of motion in that phantom joint both pre- and post-operatively. The first implication
indicates that the effects of training may not be negligible in establishing perceived
phantom range of motion. It is unknown if this is a fundamental property of amputa-
tion or if it would also apply to a hypothetical scenario wherein physiologically intact
joints remain fixed in place for six months before being moved in range of motion test.
The second implication suggests that the notion of muscle synergies may be exercised
and improved even in the case of amputated physiology, with AMI constructs or not,
i.e., training of the knee joint may have awakened a central response related to more
distal phantom joints. Both of these implications would be possible to pursue in a

greater population study of both non-amputated and amputated individuals.

In the case of P2, it is noteworthy that phantom knee range of motion matched
that of the unaffected side in all conditions. A previous study on a cohort of persons
possessing acute unilateral transtibial AMI constructs found that phantom ankle and
subtalar ranges of motion were increased over a comparison population of unilateral
transtibial amputation [6]. In that study, the increase in phantom range of motion
was found to correlate with a moderate level of some antagonist strain in the AMI
population compared to negligible strain in the control population. Similarly, in this
study, both subjects possessed some non-negligible amount of net positive antago-

nist afferents even in the pre-op condition, as seen in Fig. [2-3c. Assuming that
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neuromechanics of the lower-extremity between ankle, subtalar, and knee joints are
uniformly centralized, then it may be the case that the central nervous system is also
capable of sufficient plasticity to remap a relatively minor amount of proprioceptive
knee afferents (relative to physiological levels) to near-physiological ranges of motion.
Additionally, unlike P1, P2 demonstrates an improvement in ankle range of motion
as a result of the intervention alone, and this improvement is relatively invariant with
training. The cause of this difference is unclear, but may be related to a secondary
procedure the patient received to transect their sciatic neuroma. The proximal tran-
sected end of their sciatic nerve underwent a fascicular split before implantation into
adjacent vascularized, denervated muscle targets for reinnervation. Supposing that
two adjacent reinnervated targets received efferent motor nerves responsible for dor-
siflexion and plantarflexion, then it is possible that an ad-hoc revision AMI for the

ankle was created in the process, though this is highly speculative.

More uniform is the improvement in afferent neuromechanics bestowed as a direct
result of the intervention. As seen in Fig. [2-3k, both subjects gain approximately
twice their original net afferent firing rate as a result of the increased ability of the
antagonist muscle to strain from agonist contraction, even without training. These
improvements are correlated with the increased peak t values and activated volume
of central motor regions for both subjects, as seen in Table 2.3l The table also
provides evidence of recovery of distal phantom joint neurophysiology despite no
explicit intervention to do so, as the revisional TF AMI constructs were targeted
toward improvements related to knee control. Further study should be performed on
a larger interventional TF AMI population to understand if recovery of distal phantom
joint function is caused by the revision. As an aside, P2 demonstrates overall lower
peak t values in all tested fMRI conditions, even requiring a lenient t threshold in the
left foot task 2-Bb. This may be due to P2’s longer time since original amputation
compared to P1 (22 versus 4 years), as seen in Table , or the fact that P2 was
originally amputated due to a traumatic incident which may have caused relatively

increased soft tissue damage.

Finally, both subjects demonstrate a significant improvement in directional joint
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activation after the intervention, as seen in Fig. [2-6c. Their intended channel ac-
tivations are positively correlated with targeted effort percentage while off target
co-activation remains relatively low and consistent. It can be understood that the rel-
atively consistent improvement in muscle control and relatively inconsistent changes
to phantom joint range of motion given the same post-op increase in proprioceptive
afferents matches the findings within Song et al.’s previous study on persons with
transtibial AMIs [6], within which improvements to muscle control were more readily
attainable for a given amount of antagonist stretch compared to improvements to
phantom range of motion.

Overall, both subjects demonstrate improvements in domains which may be more
relevant to subsequent control of neurorobotics, e.g., muscle control. The fact that a
peripheral soft tissue revision caused positive recovery of central neurophysiology also
provides evidence that the revisional TF AMI may be of clinical benefit to persons
with preexisting TF amputation, especially if commercial knees that can make use of

EMG information become more prevalent.
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Chapter 3

Combining Revisional AMI and
Osseointegrated Structures as the

Osseointegrated Mechanoneural

Prosthesis (OMP)

Building from the results of Chapter 2, which indicate a potential gain in neuro-
muscular control and recovery of neurophysiology upon bestowment of the revisional
TF AMI, this chapter describes the combined mechanical advantages of transfemoral
osseointegration with the neuromuscular control advantages of the TF AMI toward
a bionic knee platform designated as the osseointegrated mechanoneural prosthesis
(OMP). The OMP unites these soft and hard tissue modifications, along with their
corresponding advantages, while also providing a conduit through a titanium abut-
ment wherein intramuscular electrodes may chronically conduct EMG from within
the residuum outward to downstream processing electronics. In a pilot study, two ad-
ditional subjects with preexisting unilateral transfemoral amputation were screened
and provided a two-stage surgical intervention wherein extant soft tissues were revised
into TF AMI muscle constructs, the residual femur was tapped and implanted with a

titanium helical screw to host the permanently-exposed abutment, and intramuscu-
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lar electrodes were implanted into the TF AMI muscles along with other regenerative
muscle grafts with leads routed through the abutment. Both subjects demonstrated
successful osseointegration and acceptance of the intramuscular electrodes in a man-
ner that did not impede excursion and function of the revisional TF AMI. The data
suggest that these soft and hard tissue modifications can be successfully combined in

the transfemoral case for subsequent, chronic neurorobotic interactions.

3.1 Rationale and Study Design

The conventional procedure for transfemoral amputation is an approach that dis-
regards physiological neuromuscular function in favor of plastic arrangements that
are more conducive toward ensuring comfortable dynamic interactions with a pros-
thetic socket during weight-bearing activities. However, osseointegrated transdermal
titanium implants, which can eliminate the need for sockets by directly transmitting
mechanical loads from the prosthesis to the skeletal system, exhibit the clear potential
for human-machine integration. By removing the need for a prosthetic socket and
providing the physical architecture necessary for chronic signal conduction, soft tis-
sue constructs such as the AMI can be implemented without physical and interfacing
impediments.

Broadly, I hypothesize that the revisional TF AMI may be implemented without
complication in addition to transfemoral osseointegration and implanted intramuscu-
lar electrodes to retain the independent functionality of all components. Specifically,

I hypothesize the following:

1. The TF OMP successfully osseointegrates in the presence of AMI and implanted

electrodes.

2. The TF OMP increases EMG signal-to-noise (SNR) ratio with stable electrode

impedance values.

3. The TF OMP enables the facilitation of afferent feedback to revisional TF AMI

musculature through functional electrical stimulation.
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By indicating the above hypotheses in the positive, I intend to establish the via-
bility of the OMP as a highly-integrated solution for limb rehabilitation that offers

the potential for increased movement agility and prosthetic embodiment.

3.2 Methods

Above-knee revision amputations to implement the OMP were performed in two
subjects in an elective setting at BWH in a time period spanning August 2019 and

September 2022. A summary of subject biometrics is provided in Table [3.1]

Amputation Ti .
Subject type Age lmetn:_lice Biological Height Weight Causeof
ID (activity  (years) amputafion sex (m) (kg) 2mputation
(vears)
level)
-OPRA,
OMP 1 N ) 64 13.7 Female 1.63 96.6 Cancer
AMI (K3)
oMp2  ¢OPRA. 61 23.0 Male 178 934 Cancer
AMI (K3)

Table 3.1: Relevant OMP subject biometrics. e-OPRA: electronic osseointegrated
prostheses for the rehabilitation of amputees (Integrum AB).

3.2.1 Surgical and Clinical Procedures

With respect to soft tissues, a revisional TF AMI was constructed in each subject
to improve phantom limb proprioception for subsequent high-fidelity control of a
prosthetic knee joint. Additionally, a fascicular split was performed on the sciatic
nerve with distal ends introduced to autologous muscle grafts. This latter procedure
was performed to promote peripheral nerve regeneration, attempt prophylactic pre-
vention of symptomatic neuromas, and provide muscular targets for intramuscular
electrodes for subsequent feedback through functional electrical stimulation (FES).
With respect to hard tissue, the distal end of the residual femur was shortened ap-
proximately 1 cm through transection. The eOPRA BioHelix fixture (Integrum AB)
was introduced into the medullary cavity. After a recovery period, a subsequent sec-

ond surgical operation was performed wherein a titanium abutment was mated to
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the fixture and intramuscular electrodes were implanted into the revisional TF AMI
muscle constructs and autologous muscle grafts with leads routed through a femoral
cortical window to the abutment. A total of 16 electrodes in 8 bipolar pairs were
implanted into the residuum with redundancy on the two muscles of the TF AMI
construct. The diagram presented in Fig. demonstrates the final result of this

implementation.

BioHelix fixture

Protective
cap

e-Central screw — ,w, |

| Electrode —
connectors,
I
M/\)h— o

Bipolar
intramuscular

electrode set

TF AMI eOPRA system OMP platform

Figure 3-1: Diagram of TF AMI and eOPRA hardware combined as the OMP.

The exact timeline of events involved in the implementation of the OMP, including
the major steps performed at each of two surgical stages are presented in Fig. [3-2

along with recovery and rehabilitation procedures.

OMP timeline
Initial abutment Full weight bearing;
loading without Long-term abutment
o prosthesis ) conditioning continues
AMI rehabilitation and Walking
St acute osseointegration T with crutches L
age 1 ) Stage 2 ot o
surgery 6 months surgery 3 months 3 months up to 1.5 years
+ AMI construction « Electrode wiring
» Fixture insertion -+ Abutment fixation

« Healing cap placement

Figure 3-2: OMP operational and rehabilitation timeline.

Clinical data was collected in the preoperative, intraoperative, and perioperative
periods, and included patient demographics, surgical time, x-rays, fluoroscopy movies,
input/output, and pain control regimen and changes to such. Mean subject age at

the time of the first stage was 60.10 £ 0.87 years and 60.97 & 0.18 years at the second
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stage. Mean operative time for stage one was 482.50 £ 61.52 minutes and 773.00 +
65.05 minutes for stage two. Intravenous fluid requirements, estimated blood loss, and
urine output were all within safe margins. Average length of post-operative stay was
3.50 £ 0.71 days for stage one and 5.00 4= 0.00 days for stage two. No complications

were noted in the postoperative period [85]. Other clinical data are not reported here.

3.2.2 Phantom Knee Range of Motion

A wireless goniometer (Biometrics Ltd) was placed spanning the knee joint of the
unaffected limb to measure mirrored knee movements. Subjects were blindfolded and
asked to repeatedly use their unaffected knee to mirror their subjective maximum
perceived ROM of the phantom knee as it was moved throughout its range of motion

using residual muscle contraction.

3.2.3 Electrode Impedance Measurements

Impedance was measured using an analog ohmmeter for each intramuscular electrode
in a monopolar configuration with the titanium abutment serving as an electrical
ground. An AC carrier current at 1 kHz was used to avoid the high DC impedance of
soft tissue. Electrode impedance was measured twice for each subject, with the last

measurement up to 192 weeks post-implantation.

3.2.4 Signal-to-noise Ratio and Related Calculations

Average signal-to-noise ratio (SNR) for the RF and BF muscles in the TF AMI were
measured by recording EMG from bipolar pairs in each muscle during maximum
volitional contraction (MVC). EMG were processed into a normalized activation using
the technique described by Yeon et al. [60]. SNR was calculated using Eq. and

reported in decibels.

EMG?

Mazxz,Movement
EMG? (3:1)
Mazx,Rest

SNRdB = ]_OZOQH)
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Separately, a repeated measures test was conducted on the RF muscle at MVC
while intramuscular EMG and surface EMG were recorded simultaneously to provide
an estimate of the increased signal power available from intramuscular electrodes. A

signal power ratio was defined according to Eq. [3.2]

2 2
EMGImplanted,Movementi - EMGImplanted,Rest
2 _ 2
EMG EMGSurface,Rest

Sur face,Movement;

(3.2)

Signal power ratio =

3.2.5 Functional Electrical Stimulation

To test the potential of the OMP for providing sensory feedback, functional electrical
stimulation (FES) was applied to each electrode in a unipolar manner at a 50 Hz
stimulation frequency with 200 us positive pulse time and 2,000 ps negative pulse
time at % the positive pulse current amplitude. The Digitimer DS5 (Digitimer Ltd.)
unit was used to generate the stimulation pulses. Positive pulse current amplitude
was modulated from threshold levels to a maximum of 10 mA or pain, whichever was
lower. Subjects were asked to draw on a diagram of a leg to indicate the phantom

anatomical centers of stimulus perception.

A just-noticeable difference test was applied to the RF to determine the subjects’
discrimination threshold of the fixed FES pattern used to develop the sensation map.
A reference current amplitude was selected as 2 mA above threshold values. In
a repeated measures test, subjects were presented the reference stimulation for 2 s
followed by a brief pause before being presented with a stimulation current either lower
or higher than the reference stimulation. Subjects were asked to report whether the
stimulation was higher or lower than the reference. Correct and incorrect responses
were recorded. A test current range of 4 mA centered around the reference was tested
with intervals of 0.05 mA near the center, expanding to 0.2 mA at the extreme ends.
For each test current level, 10 trials were performed. Trials were administered in a

predetermined, pseudorandom order.
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3.3 Results

X-ray images taken during clinical followup of both OMP operative stages are shown

in Fig. B3

09/2022 Cortical
BioHelix window
fixture
Healing
cap

Figure 3-3: X-ray images following both OMP implementation stages. a) Post stage one
with healing cap during acute osseointegration period. b) Post stage two with
intramuscular electrodes routed to the titanium abutment through a cortical window.
Small round occlusions are tantalum beads placed for muscle position tracking. Longer
anisotropic occlusions are surgical staples.

Fig. demonstrates the appearance of successful osseointegration around the
helical threads of the BioHelix fixture in OMP2. Darker areas surrounding the fixture
indicate greater hard tissue density from bone remodeling.

Monopolar electrode impedance was measured over a period of up to 192 weeks
for each subject. As a note, both subjects experienced intermittent contact in two
of the most proximal electrode rings within the abutment central screw. These are
excluded from measurement. The remaining impedances are reported with revisional
TF AMI SNR in Fig. 3-5

Fig. demonstrates the relative improvements in EMG signal power from intra-
muscular electrodes compared to surface electrodes along with accompanying physical
measurements of muscle depth.

Range of motion of the phantom measured through contralateral mirroring for
both OMP subjects is reported in Fig. [3-7]

FES characteristics for both OMP subjects are reported Fig. (3-8
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Figure 3-4: X-ray images showing reduced bone lucency in OMP2 after long-term
osseointegration.
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Figure 3-5: Monopolar intramuscular electrode impedance and bipolar EMG SNR for OMP
subjects. a) Impedances of all functioning intramuscular leads over time. b) SNR of RF
and BF intramuscular electrodes measured at MVC of each muscle.
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Figure 3-6: Signal power ratio of implanted intramuscular electrodes over surface
electrodes. a) Diagram of placement of surface electrodes relative to intramuscular
electrodes. Signal power for a given source intensity follows the inverse square law,

putting surface electrodes at a relative disadvantage for signal quality. b) Signal power
ratio values for RF bipolar intramuscular electrodes compared to a bipolar surface pair.
Intramuscular electrodes detect significantly greater signal power compared to surface
electrodes (n=10 repetitions, ***P<0.001, paired t-test) c¢) Ultrasound images with RF
muscle depth indicated for both subjects. OMP1 demonstrates both deeper muscle
placement and greater signal power ratio compared to OMP2.
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Figure 3-7: OMP phantom knee range of motion. Both subjects demonstrate near
physiological perceived range of motion as a result of volitional muscle activation.
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Figure 3-8: OMP FES sensation maps and thresholds. a) Stimulation pattern used for all
subsequent testing. b) Just-noticeable difference (JND) at the RF. OMP1: orange
markers, OMP2: blue markers. Mean JND of both OMP subjects reported. c¢) Resultant
stimulation map for OMP1 using monopolar channels. d) Resultant stimulation map for
OMP2 using bipolar pairs.
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3.4 Discussion

Both OMP subjects successfully completed all stages of the operative and rehabili-
tation procedures indicated in Fig. [3-21 While OMP1 did not indicate any femoral
loading sensitivity, OMP2 remained somewhat sensitive to levels of axial force and
torque applied in the sagittal plane experienced during normal level-ground walking
for the duration of testing period, reported at level 2 out of 10 on a numeric pain scale.
However, upon questioning, it was reported by Integrum AB that some patients of
the standard TF OPRA procedure remain sensitive for up to two years following their
second stage surgery. Additionally, the subject had a previous diagnosis of osteopenia
determined through DEXA imaging at the femoral neck on the affected side. Thus,
the subject’s sensitivity was noted but deemed nominal given their medical history.

Bone remodeling, and hence not rejection of the fixture, is supported by the X-ray
shown in Fig. [3-4]

OMP subjects demonstrate long-term stability of electrode impedance in their
consistently contacting electrodes, as observed in Fig. [3-5h. Two of the electrodes
in each subject, the ones most proximal within the e-central screw of the abutment,
experienced intermittent contact depending on abutment loading conditions. After
discussion with the manufacturer, the cause was determined to likely be related to
tolerance stacking of the axially-aligned contact rings with the most proximal con-
tacts becoming fully open circuits due to loading hysteresis. These contact issues
have not been reported in upper-extremity implementations of the eOPRA system,
perhaps due to lack of body-weight loading. However, upper-extremity recipients of
the eOPRA system have also reported failure to osseointegrate for unknown reasons
[10], possibly indicating that body-weight loading may be a variable that influences
these two outcomes in opposite ways. For bipolar pairs in the RF muscles of both
OMP subjects, SNR was demonstrated to be on par with values measured from in-
tramuscular electrodes implanted in natively vascularized and innervated muscles in

upper-extremity eOPRA subjects [9].

As seen in Fig. [3-0] bipolar intramuscular pairs in the RF muscle of both subjects
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demonstrated a signal power ratio greater than one, suggesting the increased effec-
tiveness of intramuscular electrodes over surface electrodes for future efferent control
applications. Importantly, it can be suggested that muscle depth in the residuum
may correlate to the reduced signal power measured by surface electrodes according
to the inverse square law. This is evidenced by OMP1’s greater signal power ratio
compared to OMP2’s signal power ratio despite both subjects’ SNR values of the
same bipolar pair in the same muscle being nearly identical, as seen in Fig. [3-5p.

Both subjects demonstrated approximately physiological perceived phantom knee
ROM to suggest no major issues with the function of the revisional TF AMI. Both
subjects also anecdotally reported increased “vividness” of phantom knee movement
after the TF AMI revision.

Notably, both subjects reported a range of sensations from parasthetic vibration
to proprioceptive muscle-tendon stretch during the FES sensation mapping task in
Fig. and d. Only monopolar stimulation was provided to OMP1 and bipo-
lar stimulation to OMP2 due to subject time constraints in both testing periods.
Monopolar and bipolar FES methods were investigated to determine if drastic dif-
ferences between sensations elicited from stimulation types were apparent, but none
presented themselves as obvious to the researchers. The space of possible stimula-
tion patterns was not explored thoroughly so data are presented only to qualitatively
demonstrate the variety of phantom anatomical centers of stimulus perception. An
average just-noticeable difference (JND) of 0.21 mA for the OMP subjects, as seen in
Fig. is higher than that reported in a case study on a single subject with acute
transtibial AMI [36], though more data would be required to determine if this higher
JND has any influence on practical performance during feedback-based tasks.

Overall, the lack of serious adverse events, the successful osseointegration and
resulting ambulatory status of both subjects, and the clinical indications of revisional
TF AMI function suggest compatibility of the soft and hard tissue modifications
proposed in the OMP. Further, the stable electrode characteristics and sensation maps
requiring use of the implanted intramuscular electrodes suggest serviceable signal

input-output for subsequent applications in neurorobotic integration.
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Chapter 4

The OMP: Uniftying Knee Control

and Embodiment

With preliminary work performed to characterize individual aspects of the OMP in
isolation, it is now appropriate to test the potential of the platform for its intended
purpose of bionic interfacing. In this chapter, I recruit two experimental cohorts con-
sisting of persons with unilateral TF amputation without the AMI (n=7) and persons
with unilateral TF with the AMI (n=6), both of which depend on prosthetic sock-
ets for mechanical attachment. These two cohorts are compared against each other
and the two OMP subjects in terms of neuromechanical function, neurorobotic task
performance across a set of demanding conditions, and perceived embodiment of the
neurorobotic device. Despite possessing the greatest physical disadvantages in terms
of age, time since original amputation, rehabilitation potential K-level, and body-mass
index (BMI), the OMP subjects achieve scores in these experiments that consistently
exceed expectations, in several cases placing first among all cohorts. These results
demonstrate the advantages of a new paradigm of transfemoral rehabilitation that
leverages a highly integrated bionic platform to enable continuous user input for agile

behaviors.
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4.1 Rationale and Study Design

As discussed in the Introduction, increased invasiveness of a rehabilitative solution
must be justified by a corresponding increase in rehabilitation. This study was de-
signed to investigate the relative contributions of individual aspects of the OMP
platform to neurorobotic control so that researchers can make maximally-informed
decisions toward providing persons with transfemoral amputation optimal clinical

benefit. The categorical differences between all three cohorts are provided in Table

41l

&
CTL AMI OMP
Electrode interface Surface Surface Intramuscular
Mechanical interface Socket Socket Osseointegration
Intentional
agonist-antagonist No Yes Yes
muscle physiology

Table 4.1: Categorical differences between cohorts

Relevant individual subject data on the study participants are presented in Table
[4.2] Tt is notable that OMP subjects do not possess any obvious physical advantages
that would benefit their performance over other participants besides those poten-
tially provided by the platform itself. Fig. emphasizes this notion by graphically
demonstrating a distance metric based upon time since original amputation and BMI,
increasing values of which imply increased muscular atrophy and decreased physical
fitness, respectively.

Broadly, I hypothesize that the advantages bestowed by the OMP platform will

provide outsized ability to restore neuromechanics, facilitate efferent control, and
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Figure 4-1: BMI comparison across subjects
sustain prosthetic embodiment. Specifically, I hypothesize the following:

1. OMP subjects demonstrate increased control of peripheral neuromusculature,

both with and without visual feedback, compared to AMI and CTL cohorts.

2. OMP subjects demonstrate greater accuracy and speed in agility-based knee

control tasks compared to AMI and CTL cohorts.

3. OMP subjects demonstrate increased prosthetic embodiment with use of an
efferently-controlled prosthesis over their prescribed passive devices as mea-
sured by a repeatedly-administered embodiment questionnaire after task-based

experiments.

4.2 Methods

4.2.1 EMG Processing

For subjects with prosthetic sockets, surface EMG were acquired using the techniques
and hardware outlined by Yeon et al. [60]. For OMP subjects, distal leads of the
intramuscular electrodes were routed to the same EMG processing hardware described

by Yeon et al. [60]. For all subjects, EMG were processed to mitigate motion artifacts
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using the technique described by Yeon and Herr [6I]. EMG were collected from
the palpated flexor and extensor muscles in CTL subjects, from the palpated biceps
femoris and rectus femoris muscles in AMI subjects, and from the fixed, corresponding
bipolar pairs in OMP subjects. Processed EMG were converted into normalized
muscle activations using a nonlinear EMG to activation scaling function based on work
by Manal et al. [86]. Specifically, a quintic curve was used to transform EMG recorded
and normalized by maximum volitional contraction (MVC) into a corresponding value

of muscle activation. These two pipelines, along with the nonlinear EMG to activation

scaling parameters are shown by Fig. -2}
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For OMP subjects, electromagnetic interference (EMI) was observed to be present
on the signals read from intramuscular electrodes. These were characterized using a
power spectral density analysis and subsequently attenuated by modifying the FIR
bandpass filter within the EMG processing steps described by Yeon et al. [60]. The
characteristics of this OMP EMI filter are shown in Fig.

Raw counts

H.
N
1=}
S
L
o
o
S

=)

Frequency (
n
]
3
T
L
Power/frequency (dB/Hz)

—
&
g

o

5 10 15 20 25 30 35 40 45 50 55

Time (s)
0 0
-20 n = 300 stops
o _ Sampling rate = 2000 Hz
E o
@ -40 g Group delay = 150 ms
B (]
2 7]
= g
2.60 o Passband: 70 - 350 Hz
= Notches: 180, 300 Hz
-80
-443
0 0.5 1
Normalized frequency (x 7 rad/sample)
®
g
St 1
=
©
i

)

H
N
=]
=]

Frequency (
n
f=3
o

Power/frequency (dB/Hz)

5 10 15 20 25 30 35 40 45 50 55
Time (s)

Figure 4-3: OMP noise characteristics and filter configuration.

4.2.2 Torque Computation

A desired torque at the mechatronic knee joint was determined from the summation of
contributions from an impedance-based finite state machine (FSM) and a continuous,

myoneurally-informed impedance. The basic structure of this summation is shown in
Fig. [I-4]
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Figure 4-4: Desired knee torque computation.

The FSM alternates between two primary states: stance and swing. Within each
state are several unmodulated impedance-based components that individually con-
tribute to torque when their inclusion conditions are satisfied. Additionally, several
myoneural impedance modulation components that are informed by state and flexor
and extensor activation contribute to the final torque output at the joint. The com-
ponents may be active in any combination at any time, precluding any mutually
exclusive activation conditions. Appendix [A] details the controller torque calculation
loop run at 1 kHz. Importantly, the control structure does not contain features that
explicitly classify terrain detection. Rather, unmodulated impedance-based compo-
nents exist to provide safety and compensate for mechatronic dynamics to achieve
biomimetic behaviors based upon joint state only. The same component may be

active for different tasks over different terrains.

To compensate for individual variations from subject to subject, k4 and b4z

were scaled according to the following:

MaSSkg

kmaw = 1.4 4.1
ROMknee ( )

brnae = 0.1 e (4.2)

where RoMy,.. is in degrees if following the control algorithm outlined in Ap-
pendix [Al The scaling for k., ensured sufficient torque generation for the most
demanding tasks of stair ascent and descent. The scaling for b,,,, ensured stable

behavior of the joint across operating conditions, both during stance and swing. For
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OMP subjects, kqe and b,,., were scaled according to body mass, but peak torque

was clamped to 70 Nm due to abutment loading limits as defined in the associated

MIT IRB protocol.

4.2.3 Mechatronics

A single DOF mechatronic knee platform based on the design of Carney et al. [87]
was used for all subsequent experiments. The range of motion of the knee was limited
by hardware to be between 0 and 90 degrees of flexion. Force sensitive resistors were
fixed to the sole of the foot cosmesis at toe, midsole, and heel positions to determine
binary ground contact for informing the FSM.
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Figure 4-5: Single DOF mechatronic knee with passive ankle prosthesis and complementary
sensing peripherals

The open loop torque control bandwidth was determined to be approximately 4.5
Hz by sinusoidal frequency sweep, as shown by the Bode plot in Fig. -6 A system
ID was performed to fit a second order transfer function to this open loop response.
Inversion of the transfer function with an additional low pass filter centered at 20

Hz yielded a realizable feedforward term. The feedforward term was used to tune

69



the closed loop torque controller outlined in Fig. [4-7] yielding a closed loop torque
control bandwidth of approximately 10 Hz.
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Figure 4-6: Open loop torque control bandwidth for mechatronic knee. Yellow trace
represents second order system fitted to experimental data.

The complete implementation of EMG to joint actuation for OMP subjects is
represented in Fig. [4-§

4.2.4 Ultrasound

B-mode ultrasound (US) was recorded at 60 frames per second (MicrUs Pro, Telemed
inc.) and used to observe muscle fascicle dynamics of the knee flexor and extensor
in all subjects. US data were time-synced with EMG data using a custom script to

simultaneously collect both data streams.
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Figure 4-7: Closed loop torque controller for mechatronic knee

4.2.5 Experimental Tasks

Experimental tasks were performed to characterize the influence of the individual and

combined augmentative features listed in Table

4.2.5.0.1 Rhythmic Bandwidth In the rhythmic bandwidth task, subjects were
instructed to flex and extend their phantom knee joint at full perceived range of
motion while EMG data were recorded. US data were simultaneously recorded from
the extensor muscle to confirm cyclic movements of the appropriate musculature. A
click track with tempo accelerating from 90 to 200 beats per minute (BPM) over
the course of 1 minute was provided as an audio cue indicating when to move the
phantom joint in the opposing direction. Subjects performed cyclic movements until
failing to maintain pace with the click track for at least 10 s, at which point the task
was stopped. Subjects also cycled the unaffected, contralateral knee in tempo with
the click track until failure. Knee angle was measured using a digital goniometer
(Biometrics Ltd.).

EMG data were processed into muscle activations and used to generate torque
about a virtual knee joint and shank modeled as a point mass rotating around a
center with fixed radius. The same myoneural impedance modulation components
used to calculate torque applied to the mechatronic knee were used to calculate the

torque applied to the virtual knee joint. Subsequent time domain knee kinematics
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Figure 4-8: Complete control system for OMP subjects

for both virtual and contralateral knees were analyzed in the frequency domain to
extract the maximum stable frequency of movement before the trajectory became

acyclic due to the subject’s inability to match the increased movement speed.

4.2.5.0.2 Freespace Reaching A freespace control task was performed to char-
acterize subjects’ abilities to position the knee joint with only visual and propriocep-
tive feedback. Subjects were seated on an elevated stool with residuum exposed. The
neurorobotic knee was mounted on an isolated stand in front of the subject’s residuum
to approximately occupy the volume of the physiological knee. There was no direct
mechanical attachment between residuum and neurorobotic knee in order to prevent

the user from using afferent mechanical feedback to assist with the task. Three target
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knee positions (low, medium, high extension) were indicated by alignment of three
reflective markers placed on the medial aspect of the prosthesis’ shoe with a separate
reflective marker placed on a stand on the ground in front of the shank’s swing ra-
dius. Subjects used their fixed visual perspective from their seated position to align
the shoe markers with the stand’s marker. The quantifiable knee joint target angles
on the prosthesis were recorded by the experimenter by backdriving the joint to the

target positions confirmed by subjects’ verbal feedback.

For each individual reaching trial, a click track at 80 BPM played through noise-
cancelling headphones provided verbal instructions to rest for three beats, reach with
the neurorobotic knee for three beats, and rest for three beats for a total of eight
repetitions. Subjects were instructed on the specific knee extension target at the
beginning of each trial. Two trials were performed for each knee extension target. At
the beginning of the task, activation scalings for both the extensor and flexor muscles
were initially calibrated by MVC and then refined by allowing the subject to practice
reaching for the medium knee extension target only. Subjects indicated whether they
wanted more or less sensitivity to achieve the movement, corresponding to reducing
and increasing the scaling denominator, respectively. After a five minute tuning and

training session, subjects began the task.

Separately and subsequently, a blindfolded reaching task was performed to charac-
terize subjects’ abilities to generate useful efferent information for neurorobotic knee
control with proprioceptive feedback only. In this variant, subjects were blindfolded
with the neurorobotic knee’s motor disabled. Subjects repeated the reaching task
by moving their phantom knee to proprioceptively-ascertained target positions while
muscle activations was recorded. As with the condition with visual feedback, a click
track was played through noise-cancelling headphones to provide a consistent tempo
and instruction.

Performance during the freespace reaching task with visual feedback was deter-
mined by the average absolute angular divergence from the target knee extension
angle during steady-state (the middle second of the reaching movement instruction).

This error signal was averaged per target, per subject. The non-parametric Kruskal-
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Wallis test was used to determine any significant differences between performances
of populations reaching for each of the three targets. For any significant differences
between populations per target, a post-hoc multiple comparison with Tukey-Kramer
correction was performed to determine pairwise significant differences. Performance
during the freespace reaching task without visual feedback was determined by cal-
culating the Jensen-Shannon Divergence between each subject’s extensor activation
distributions between all low and medium extensions and then again between all
medium and high knee extensions. The Jensen-Shannon Divergence (JSD) provides
a scalar value corresponding to the amount of usable information between two given
distributions [88]. Statistically significant information differences at the population
level between low and medium and also between medium and high knee extension tar-
gets was determined using the non-parametric Kruskal-Wallis test. For any significant
differences between populations, a post-hoc multiple comparison with Tukey-Kramer

correction was performed to determine pairwise significant differences of JSD.

4.2.5.0.3 Static Obstacle Drills Static obstacle drills were performed to char-
acterize subjects’ abilities to achieve hybrid freespace positioning movements with
discrete ground contract events using the donned neurorobotic knee with efferent my-
oneural control. Two types of drills were performed with two types of obstacles in
a 2x2 factorial design. The first type of drill, so called the over-back drill, required
that the subject start from a standing position behind a fixed obstacle and overcome
the obstacle with the neurorobotic knee without non-physiological hip abduction. Af-
ter touching the ground on the other side of the obstacle with the prosthetic foot,
the subject was required to return the foot over the obstacle to the original start-
ing position without non-physiological hip abduction. Half a point was awarded for
each movement over or back from the obstacle without block contact and without
non-physiological hip abduction. The second type of drill, so called the top-tap drill,
required that the subject stand behind the fixed obstacle, touch the top of the obsta-
cle with any part of the prosthetic foot, and then touch the ground on the opposite

side of the obstacle with any part of the prosthetic foot. The backward movement
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involved performing this sequence in reverse. Any contact with the obstacle other
than on the top resulted in failure of the movement. Half a point was awarded for
each movement over or back from the obstacle with successful top tap. A medium
obstacle corresponding to a cinder block with 10 cm height and a large obstacle cor-
responding to two stacked cinder blocks with a combined height of 20 cm were used
in all drills.

For each of the four combination of trial conditions, subjects were provided 30
s to accomplish as many successful obstacle drills as possible. To tune the flexor
and extensor activation scaling denominators, confirm understanding of the drills,
and allow for practice of the required movements, a three minute training session
was provided before the first trial run wherein the subject provided feedback on
more or less sensitivity per channel while performing any desired movements with
the neurorobotic knee. Trials were administered in order of over-back with medium
obstacle, top-tap with medium obstacle, over-back with large obstacle, and top-tap
with large obstacle.

Significance testing for differences in performance between populations was per-
formed by aggregating scores from all four trials into an averaged success percent-
age per subject and proceeding with the non-parametric Kruskal-Wallis test. For
any significant differences between populations, a post-hoc multiple comparison with

Tukey-Kramer correction was performed to determine pairwise significant differences.

4.2.5.0.4 Sit to Stand A seated sit to stand task was performed to determine
each subject’s ability to produce useful positive power with constant ground contact.
A series of three trials consisting of five sit to stand movements each was recorded
per subject. To tune the flexor and extensor activation scaling denominators, confirm
understanding of the task, and allow for practice of the required movements, a three
minute training session was provided before the first trial run wherein the subject
provided feedback on more or less sensitivity while performing sit to stand movements
with the neurorobotic knee. The expert experimenter adjusted the muscle activation

scaling denominators to each subject’s satisfaction.
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Performance was scored for each movement using the sitting to standing segment
of the Berg Balance Scale [89]. Average performance per trial was calculated by taking
the mean of the Berg scores from all five movements. Significance testing for differ-
ences in performance between populations was performed by comparing the ultimate
score of each population in the third trial and proceeding with the non-parametric
Kruskal-Wallis test. For any significant differences between populations, a post-hoc
multiple comparison with Tukey-Kramer correction was performed to determine pair-
wise significant differences.

Additionally, for OMP subjects, ground reaction forces under each foot were

recorded using a split belt treadmill (Bertec Corporation).

4.2.5.0.5 Level Ground Walking and Obstacle Avoidance Subjects were
instructed perform level-ground walking on a split belt treadmill set to fixed speeds
using the neurorobotic knee without efferent myoneural control. These test condi-
tions were designed to acclimate subjects to walking on a powered prosthetic knee.
Subjects rated at a K3 activity level by their certified prosthetists were asked to
walk at 0.5 and 0.8 m/s, representing their greatest common speed without excessive
difficulty. Subjects rated at a K4 activity level by their certified prosthetists were ad-
ditionally asked to walk at 1.1 m/s, representing their greatest common speed without
excessive difficulty. Subjects walked at each speed for at least one minute while the
experimenter adjusted the swing phase impulsive flexion torque assistance scalar to
compensate for the prosthetic knee’s reflected inertia and produce biomimetic swing
kinematics across all tested speeds. After adjustment, subjects walked for at least
one minute at each speed while ground reaction forces and on-board prosthesis data
was recorded. For all testing on the treadmill, subjects were actively belayed from a
chest harness for safety. Gait symmetry was determined by a symmetry index defined

as:

SupportTZ.meunaffected,single - 8upportTimeaffected,single

Symmetry index = : :
2- Supporthmeunaffected,single + SuppOTtTZmeaffected,single

(4.3)
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A symmetry index of 0 indicates perfect single support symmetry.

For the obstacle avoidance task, subjects performed three trials at each of their
level ground walking speeds while avoiding foam blocks placed as they were in the
practice run. This task was designed to evaluate each subject’s ability to efferently
control the knee during a cognitively and physically demanding situation, representing
the holistic capabilities of an individual with specific augmentative interventions.
Subjects were provided efferent myoneural control of the neurorobotic knee. Muscle
activation scalings were adjusted to each subject’s preference over the course of a three
minute practice session to achieve controlled flexion and extension of the knee. Once
adjusted, subjects were provided a practice run involving walking on the treadmill at
0.5 m/s for 10 s before 10 foam blocks of 10 cm height were fed onto the affected leg’s

treadmill belt every 5 s.

Obstacle avoidance performance was assessed based upon the best of three trial
runs at each speed. This approach heuristically compensates for the opposing influ-
ences of fatigue and training effects that increase over time that may affect individuals
at different rates. It also incentivizes experimentation with different strategies by es-
tablishing a minimum score after each trial. Performance was scored per block with

the overall trial score being the mean of all per block scores according to Table {4.3|

This point structure incentivizes safer maneuvers to get over the block, such as
those a subject may choose to perform using a prescribed passive prosthesis, instead
of more agile movements in the case they are not confident in their ability to control
the knee. In this way, the point structure assesses both physical capabilities and
familiarity with the controller. Additionally, the rubric suggests performance with a
prescribed, variable damping knee prosthesis may score up to 0.5 points per block,
and scores above 0.5 points are only possible with active joint control, either direct
or indirect [90].

Significance testing for differences in obstacle performance between populations
was performed by comparing the best trial score of K3 and K4 subjects separately and
at their max speeds with the non-parametric Kruskal-Wallis test. For any significant

differences between populations, a post-hoc multiple comparison with Tukey-Kramer
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correction was performed to determine pairwise significant differences.

4.2.5.0.6 Stair Ascent and Descent To determine performance of the efferent
myoneural controller in stair ascent and descent, subjects were instructed to ascend
and descend a staircase consisting of four steps with a height between steps of 20 cm.
Each trial consisted of three ascent /descent cycles and three trials were performed by
each subject at a self-selected speed. Muscle activation scalings were adjusted by the
examiner as each subject repeatedly attempted to take the first step leading with the
neurorobotic knee. This adjustment was performed over three minutes to familiarize

subjects with the task.

4.2.5.0.7 Embodiment Questionnaire A prosthetic embodiment questionnaire
was administered to each subject before any exposure to the neurorobotic knee to de-
termine a baseline embodiment level for their prescribed knee prosthesis. After four of
the experimental tasks above (freespace reaching, obstacle drills, obstacle avoidance,
stair ascent and descent), subjects were asked to repeat the questionnaire with respect
to their perceived embodiment of the efferently controlled neurorobotic knee. Subjects
were not administered the questionnaire after the sit to stand task due to redundant
coverage of positive power production during stance of the stairs task. Differences
from their baseline prosthesis were recorded and used in subsequent analyses. The
questionnaire consisted of 10 questions adapted from the work of Bekrater-Bodmann
[91]. Questions were divided to assess each subcategory of embodiment (ownership,

body representation, agency) as defined by Segil et al. [I], and as seen in Table .

4.3 Results

Figure shows the frequency domain analysis stemming from the maximum speed
phantom knee flexion and extension cycling task. The results demonstrate that sub-
jects with AMI muscular constructs can stably cycle a virtual prosthetic knee joint
faster than their contralateral, unaffected knee. In contrast, those with conventional

amputation musculature demonstrate no such ability.
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Freespace reaching was evaluated in two ways: ability to accurately position the
efferently controlled prosthetic knee with visual feedback, and ability to generate
distinct EMG information that can be used for subsequent efferent control of a pros-
thetic knee in a hardware-agnostic manner. The results of these two task conditions
are shown in Fig. [I-10] Only OMP subjects demonstrate significantly greater target-
ing accuracy with visual feedback at a cohort level. These improvements manifested
at low and medium knee extension targets when compared to CTL subject perfor-
mance. In terms of generating distinct information that could be applied toward
controlling the position of a prosthetic knee at steady state, OMP subjects again
demonstrate significantly greater EMG information between low and medium knee

extension compared to the CTL cohort.

OMP subjects were studied for their ability to ambulate on level ground pre- and
post-operatively. The top right subfigure of Fig. demonstrates typical gait dy-
namics for OMP1 walking with the powered knee prosthesis controlled only by the
FSM without myoneural information. The bottom right subfigure shows that OMP1
improved in terms of gait symmetry with their prescribed device post-operatively, ad-
ditionally gaining an additional 0.2 m/s to maximum walking speed without handrails.
However, OMP2 demonstrated increased asymmetry when walking with their pre-
scribed device post-operatively. OMP2 gained an additional 0.1 m/s to maximum
walking speed without handrails, though this was obtained only through use of the
powered knee prosthesis with FSM control only.

Results from the static obstacle drill task are shown in Fig. [4-12 OMP subjects
demonstrate significantly improved average accuracy across all four drills compared
to CTL subjects. Representative knee kinematics and muscle activation trajectories
demonstrate a lack of impact artifacts that would negatively affect performance.

OMP subjects perform significantly better than K3 CTL subjects at the maximum
tested speed of 0.8 m/s during the obstacle avoidance task. This task tests each sub-
ject’s physical abilities along with their ability to efferently control the neurorobotic
knee simultaneously.

In the sit to stand task, both OMP subjects achieve maximum Berg scores by the
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time of the third trial while AMI and CTL cohorts do not. Improvement of OMP
and AMI Berg scores over CTL subjects’ approach significance. OMP subjects also
demonstrate qualitatively improved vertical GRF symmetry when using the efferently
controlled neurorobotic knee, as seen in Fig. |4-14ii.

OMP subjects demonstrate limited power production when ascending stairs and
damping when descending stairs relative to physiological reference values [92]. Still,
OMP subjects gain the ability to ascend step-over-step with efferent control whereas
use of passive knee prostheses limits them to step-by-step ascension.

OMP subjects demonstrate significantly improved embodiment scores when using
the efferently controlled knee relative to other cohorts under some conditions and

within some subcategories, as seen in Fig. 4-16]
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Relevant characteristics of all study subjects.

Amputation

Subject type Age T‘m":‘:‘e Biological Height Weight Causeof
ID (activity (years) amputation sex (m) (kg) amputation
(vears)
level)
e-OPRA C
OMP 1 : 64 13.7 Femal 163 966 ancer
AMI (K3) st
omMp2  ¢-OPRA, 61 23.0 Male 178 934 Cancer
AMI (K3)
AMI1  AMI (K4) 53 2.0 Male 1.83 72.6 Trauma
AMI2  AMI (K4) 35 2.1 Male 177 748 Trauma
AMI3  AMI(K3) 55 0.5 Male 183 862 Trauma
Distal
AMI4  AMI(K4) 46 35 Male 180 771 vascular
pathology
AMI5  AMI (K4) 59 38 Male 178 748 Cancer
AMI6  AMI (K3) 47 0.5 Male 181 975 Trauma
Distal
CTL1 TMR (K4) 23 93 Male 175 816 vascular
pathology
CTL2 TMR (K4) 40 6.0 Male 165 703 Trauma
CTL3 TMR (K3) 36 30.0 Female 152 526 Trauma
CTL4 TMR(K3) 59 2.0 Female 158 544  Infection
CTL5 TMR (K4) 44 2.0 Male 185 907 Trauma
Distal
CTL6 TMR (K3) 56 15 Male 165 689 vascular
pathology
CTL7 TMR (K4) 52 53 Female 170  62.1 Trauma
Mean 486 3.0 1.73 76.9
+SEM £11.5 +8.8 0.1  £142

Table 4.2: Subject table
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Table 4.3: Obstacle avoidance scoring rubric

1 point obstacle avoidance using efferently controlled knee flexion and ex-
tension without unphysiological hip abduction, without handrails
obstacle avoidance using efferently controlled knee flexion and ex-

0.75 points | tension without unphysiological hip abduction, with handrails for
balance assistance

. vaulting over the obstacle without efferently controlled knee flexion

0.5 points . . .
and extension, without handrails

0.25 points | obstacle avoidance requiring hip circumduction, without handrails

0 points contact with the obstacle, vaulting over obstacle with handrails,
hip circumduction with handrails

Test subjects instructed to look at their prosthesis for 60s then answer on a 1-7 point

Likert scale:

| feel as if | were looking at my own leg, rather than at a prosthesis
The prosthesis belongs to me

It feels as if | had two legs

The prosthesis is my leg

The prosthesis is part of my body

The posture of the prosthesis corresponds to that of a real leg

My body feels complete

The prosthesis is in the location where | would expect my leg to be, if it was not
amputated

The prosthesis is moving in the way | want it to move

| am in control of the prosthesis

Table 4.4: Embodiment questionnaire provided to assess each subject’s embodiment with
their prescribed prosthesis. This questionnaire was administered again after freespace
reaching, obstacle drills, obstacle avoidance, and stair ascent and descent to compare

changes in embodiment when using an efferently controlled knee.
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Figure 4-9: Maximum phantom knee cycling bandwidth. Panel (i) shows the processing
steps to convert EMG collected during full range of motion movements to kinematic
trajectories. Panel (ii) shows that the AMI surgery improves volitional knee movement
bandwidth by 15% to supraphysiological levels (Wilcoxon signed rank, n = 7, *P<0.05.
OMP subjects: brown circles, AMI subjects: pink circles, CTL subjects: gray circles).
Meanwhile, conventional amputation demonstrates no significant difference in bandwidth
(Wilcoxon signed rank, n = 7). Both comparison groups demonstrated similar baseline
contralateral bandwidth as measured with a goniometer (Wilcoxon ranked sum, n = 8 and
7 for OMP+AMI and CTL, respectively). All bars mean and SEM.
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Figure 4-10: Evaluation of volitional free space targeting ability. Panel (i) shows angular
targeting error for three levels of prosthetic knee extension with visual feedback allowed.
OMP subjects demonstrated significantly less absolute steady-state error compared to
CTL subjects at low and medium extension levels (38% and 33% as much error as CTL at
low and medium extension, respectively. Kruskal-Wallis with post-hoc multiple
comparisons and Tukey-Kramer correction. n = 16 movements per target level, per
subject. *P<0.025). Panel (ii) shows activation of extensor muscles for three levels of
steady-state prosthetic knee extension without visual feedback. OMP subjects generated
significantly more information to distinguish between adjacent low and medium extension
levels compared to CTL subjects as measured by Jensen-Shannon divergence (JSD)
(Kruskal-Wallis with post-hoc multiple comparisons and Tukey-Kramer correction. n = 16
movements per target level, per subject. *P<0.025).

84



1511 Angle B Angle, reference
OMP1 'Tg = | M Power Power, reference
2 years = o .
post-op o =x Inertia
@ =3 compensation
T o
o =
(0]
g &0
-0.5 .
Stance Swing
08- l Pre-op, prescribed
) B Post-op, prescribed
2 ‘Y M Post-op, active
> 054 I +0.1 max
*qu | 2 —
%) — | |
+0.2 max 1'
% % %0 % % "o’
Speed (m s™)
OMP1 OMP2

Figure 4-11: OMP level ground walking symmetry. Left panel demonstrates OMP1
completing the level ground walking task. Top right panel shows representative knee
dynamics for OMP1. Bottom right panel shows symmetry index determined at different
walking speeds for both subjects. A symmetry index closer to 0 indicates more symmetric
single support stance time between affected and unaffected sides. Both subjects were able
to walk at a faster maximum speed post-operatively, with OMP1 walking faster on their
prescribed variable damping knee and OMP2 walking faster with the active powered knee
without efferent control.
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Figure 4-12: Obstacle drill performance. Panel (i) shows that OMP subjects demonstrate
significantly better performance than CTL subjects when completing throughout all
combinations of obstacle size and drill type. (Average population accuracy of 98.75%,
85.04%, and 60.13%, for OMP, AMI, and CTL, respectively. Average accuracy per subject
calculated over all four obstacle drill conditions. Kruskal-Wallis with post-hoc multiple
comparisons and Tukey-Kramer correction. *P<0.025). Panel (ii) shows representative
knee angle kinematics and muscle activation patterns during the large obstacle over-back
drill for one subject from each cohort (n = 5 movements each. Shaded area, SD). Vertical
green rectangle indicates heel strike window without EMG impact artifacts. Verticle red
rectangles indicate heel strike windows with EMG impact artifacts. Horizontal red
rectangle indicates spatial separation of the thin electrode on the flexor muscle within a
socket and liner that produces an inability to efferently control the neurorobotic knee in
flexion.
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Figure 4-13: Obstacle avoidance task. Panel (i) shows average powered knee dynamics and
causal EMG for OMP2 when successfully avoiding obstacles (n = 8 movements. shaded
regions, SD). Panel (ii) plots best of three scores obtained for the obstacle avoidance trial
per treadmill speed per subject. Subjects rated K3 activity level are shown separately
from subjects rated K4. K4 subjects performed an additional set of trials at 1.1 =*. OMP
subjects performed significantly better than K3 CTL subjects at 0.8 % (0.64 vs. 0.06
mean score, Kruskal-Wallis with post-hoc multiple comparison and Tukey-Kramer
correction. *P<0.025). No significant difference in performance was observed for K4
subjects at their fastest tested speed of 1.1 " (Kruskal-Wallis with post-hoc multiple
comparison and Tukey-Kramer correction, P=0.64). Panel (iii) shows that OMP subjects
use significantly less peak hip abduction to overcome medium obstacles on the treadmill
when utilizing efferent control of a powered knee compared to their prescribed devices
(74% reduction), and this advantage remains when utilizing volitional control of a
powered knee to overcome larger obstacles in a static setting (73% reduction, Friedman
test with post-hoc Wilcoxon signed rank test and Tukey-Kramer correction, n = 10
movements each condition, ***P<0.001).
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Figure 4-14: Sit to stand task performance. Panel (i) shows representative mean EMG and
resultant powered knee dynamics for OMP1 (n = 15 movements, shaded regions, SD).
Panel (ii) shows sit to stand Berg scores over three successive trials using myoneural
control. OMP and AMI subjects demonstrate improvements in ultimate performance over
the CTL group that approach significance. (Kruskal-Wallis test with post-hoc multiple
comparison and Tukey-Kramer correction. Score per subject averaged from n = 5
movements each). Panel (iii) shows the time traces of vertical ground reaction forces
between legs for OMP subjects during sit to stand movements (n = 10 movements per
subject). OMP subjects qualitatively demonstrate improved symmetry when using the
powered knee under myoneural control compared to their prescribed passive devices.
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Figure 4-15: Stair ascent and descent. Panel (i) shows stair ascent dynamics and muscle
activations for both subjects (n = 8 gait cycles each. Shaded regions, SEM). Panel (ii)
shows stair descent dynamics and muscle activations for both subjects (n = 8 gait cycles
each. Shaded regions, SEM). Importantly, the mechanical limits of the eOPRA abutment
restrict peak permissible torque to 70 Nm at the knee joint.
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Figure 4-16: Prosthetic embodiment results. Left subfigure shows overall changes in
embodiment compared to prescribed device responses by subcategory of embodiment and
by task. Right subfigure shows changes in embodiment over prescribed device grouped by
significant terms as determined by a sparse multiple linear regression model. Significance

testing within each triplet of cohort responses was performed (Kruskal-Wallis test with
post-hoc multiple comparison and Tukey-Kramer correction. *P<0.025, ***P<0.001.)
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4.4 Discussion

It must be understood if and in which ways an increasing level of surgical invasive-
ness may improve rehabilitative outcomes over established alternatives in the case of
transfemoral amputation. The tasks and tests performed in this section were designed
to assess individual and combined interventional aspects for their relative effects on
factors which may be relevent to rehabilitation both in the present, and in a future

where efferently controlled knee prostheses are commercially available.

Regarding the relative influence of agonist-antagonist musculature in the trans-
femoral case, it can be observed in Fig. i that those with the AMI (whether
OMP or AMI cohort proper), demonstrate significantly increased maximum cycling
frequency of a virtual prosthetic knee joint using the same myoneural impedance
controller implemented on the physical neurorobotic knee. No such improvements
are observed in the CTL cohort who do not have intentional agonist-antagonist mus-
cle configurations. This is notable in that there exists a special condition and task
wherein amputated musculature offers improvements over intact physiology. The no-
tion is heterodox from the perspective that amputation is understood by most as a

disability with no perceived advantages over intact physiology.

Regarding the influence of agonist-antagonist musculature and EMG sensing com-
ponent combinations to effect changes in prosthetic knee control, it can be seen that
extracting EMG from intramuscular electrodes embedded in AMI musculature sug-
gests advantages over extracting EMG from surface electrodes. As observed in Fig.
[4-10i, OMP subjects demonstrate significant improvements in knee control with visual
feedback at low and medium knee extension levels over CTL subjects. In contrast,
AMI subjects who must use surface electrodes do not demonstrate significant im-
provements over CTL subjects. However, a direct comparison between OMP and
AMI subjects does not yield significant differences in freespace reaching performance
with visual feedback, in part attributable to the pilot nature of this study on the
OMP. When relying on proprioceptive feedback only to generate EMG corresponding

to knee movement, it is again observed that OMP subjects generate significantly more
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information to discriminate between low and medium knee extension levels compared
to CTL subjects. This distinction, seen in Fig. [I-10ji, implies that for a given down-
stream neurorobotic system, OMP subjects may have an innate advantage toward
its control, especially at low levels of activation, due to a greater ability to generate
graded control information. A qualitative analysis of average CTL subject JSD be-
tween targets suggests that CTL subjects may not be able to distinguish finer levels

of knee position, instead producing a binary low or high level of extensor activation.

The sit to stand, static obstacle drill, and obstacle avoidance tasks represent an
increasing level of interaction of each subject with the efferently controlled prosthesis.
These tasks span from stance-only control, to hybrid free space and stance interac-
tions, and finally to hybrid interactions with a strong emphasis on general physical
ability in the obstacle avoidance task. In the sit to stand task, the OMP and AMI
cohorts each demonstrate improvements over the CTL cohort that approach signif-
icance, as seen in Fig. {4-14ii. Not only do OMP subjects demonstrate a maximum
Berg score by the third trial while starting from a higher baseline in the first trial,
but CTL subjects demonstrate limited improvement from first to third trial. With
all subjects having the same amount of exposure to the task, this difference in per-
formance suggests that OMP subjects are better able to learn and utilize efferent

myoneural control toward functional gains, despite their physical disadvantages indi-

cated in Table .21

In the static obstacle drill, OMP subjects demonstrate significantly greater av-
erage drill accuracy across all four variants compared to CTL subjects, as seen in
Fig. f-12j. The AMI cohort is overall less accurate than OMP subjects, though the
reduced accuracy is not statistically significant. Causal factors for this difference in
performance are suggested by the representative knee kinematics and muscle acti-
vation trajectories of Fig. [4-12ji. At the moment of ground contact on the other
side of the large obstacle during the over-back drill, at least two AMI and CTL sub-
jects demonstrate impact artifacts on the flexor channel that cause failure of the drill
cycle. Meanwhile, OMP2’s muscle activations and corresponding knee kinematics re-

main relatively less variable and qualitatively smoother. In this task, it is suggested
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that the lack of altered electrode impedance from a socketless interface may provide

practical advantages when efferent myoneural control is required during hybrid tasks.

The obstacle avoidance task places an increased demand on a subject’s overall
physical abilities in addition to their ability to efferently control the neurorobotic
knee. Importantly, OMP subject obstacle avoidance performance at 0.8 m/s as seen
in Fig. [-13]i is significantly better than K3 CTL performance at the same speed.
K3 AMI subjects perform similarly to OMP subjects, but not significantly better
than K3 subjects. In this controlled task, it may be that OMP subjects were able to
compensate for their disadvantaged physical attributes through increased agility with
myoneural control of the knee. By enabling the physiological ability to more easily
overcome incoming obstacles without undue hip abduction, seen in Fig. [-13}ii, OMP
subjects may be better equipped to maintain balance and stable gait compared to

CTL subjects.

One major limitation of the OMP platform relates to the mechanical limits of the
titanium abutment in the eOPRA implant system. A restriction of 70 Nm of torque
at the knee in both flexion and extension is enforced to prevent damage to both the
subject and implant system. This limit manifests most clearly during stair ascent
and descent, as seen in Fig. [4-15] as power and damping are limited by peak torque
production. OMP subjects do gain the ability to ascend stairs with a step-over-step
gait, but require use of handrails to alleviate some of the load at the knee. It is
important to note that these mechanical torque limits at the implant also apply to
the standard transfemoral OPRA system. Any advantages of the OMP platform over
the standard transfemoral OPRA system may be considered to be potential benefits

for an individual that is already opting for osseointegration.

Finally, analysis of prosthetic embodiment of an efferently controlled knee rela-
tive to a prescribed baseline indicates that OMP subjects demonstrate significantly
greater perceived agency compared to both AMI and CTL cohorts. This is indicated
by the averaged differences in agency across all surveyed tasks as seen in the right sub-
figure of Fig. [4-16] Perhaps unsurprisingly, no significant differences in altered body

representation were observed between cohorts. Assuming the three subcategories of
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embodiment are appropriately defined, and as the efferently controlled knee used
for testing was the same across all subjects, changes to body representation changes
should also be the same across cohorts. Further afferent information to the subject
from the prosthesis may be required to gain corresponding increases to ownership and

body representation.
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Chapter 5

Conclusion

In this dissertation, an invasive osseointegrated mechanoneural knee prosthesis was
characterized in a pilot study of two individuals with unilateral transfemoral am-
putation. Evidence is provided that the revisional transfemoral AMI likely retains
the ability to restore neuromechanics in a manner similar to the acute AMI imple-
mentation. Further, it is suggested that neurophysiology of the motor cortex and
supplementary motor area recovers as a result of peripheral intervention to provide
the revisional transfemoral AMI. When the revisional transfemoral AMI is imple-
mented alongside osseointegrated femoral implants and intramuscular electrodes, all
interventions demonstrate successful function without obvious interference between
components. Finally, in a comparison of functional task performance and subjective
embodiment of OMP subjects, AMI subjects, and CTL subjects, OMP subjects are
demonstrated capable of significant improvements in terms of efferent myoneural con-
trol and prosthetic agency over CTL subjects while these same improvements are not
seen in those with AMI only. Such testing also establishes the existence of a hybrid
intrinsic and efferent myoneural control architecture that produces unprecedented
agility at the knee joint.

The results suggest that an increase in invasiveness at the transfemoral level can
yield improvements in tasks and factors that have close association with rehabili-
tation following transfemoral amputation. Further study is warranted with a larger

population of OMP subjects to more strongly assess these advantages at a population
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level.
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Appendix A

Knee Torque Control

Implementation

void ControlLogic:

, float maxkK,

//agonist = BF,

:calcKneeControl (float commandTorqueKnee,

float maxB) {

antagonist =

float agAct,

float antAct

enum {

STANCE ,

SWING
1
static float ascendDescendTransitionAngle = m_helper->c_pushOffAngle ();
static int16_t preswingTimeout = m_helper->c_stanceTorqueThresh_counter () ;
static float swingAngleThresh = m_helper->c_swingAngleThresh();
static float swingTorqueThresh = m_helper->c_stanceTorqueThresh () ;
static float swingAngleSafetyThresh m_helper->c_swingAngleSafetyThresh () ;
static float swingStanceThresh = m_helper->c_swingStanceThresh();
static float plantarTorqueThresh = m_helper->c_plantarTorqueThresh();

static

//%, b,

static

static

static

float swingVelSafetyThresh =

theta

float stanceOneParams [3]

m_helper->c_swingVelSafetyThresh();

{m_helper->c_stanceOneParams_K (),

m_helper->c_stanceOneParams_B(),

m_helper->c_stanceOneParams_TH() };

float stanceTwoParams[3] = {m_helper->c_stanceTwoParams_K(),
m_helper->c_stanceTwoParams_B (),
m_helper->c_stanceTwoParams_TH() };

float swingParams [3] = {m_helper->c_swingParams_K(),



27 m_helper->c_swingParams_B(),

28 m_helper->c_swingParams_TH() };
29 static float standParams [3] = {m_helper->c_standParams_K(),
30 m_helper->c_standParams_B (),
31 m_helper->c_standParams_TH()};
32 static float transitionTime = m_helper->c_transitionTime();

34 float agTorque = 0;

35 float antTorque = 0;

36 float muscleTorque = O0;
37 float impTorque = O0;
38 float restoreTorque = O0;

39 float commandTorque 0;

40 float gravityTorque = 0;

41 float climbStiff = 0; //stiffness gain for cocontraction
42 static int state = STANCE;

43 static int prev_state = STANCE;

44 static bool flex_now = false;

15 float gravComponent = m_helper->getFilteredGravityComponent ();

46 static size_t cnt = 0;

A7 static size_t cnt_state = 0;

48

49 /* CALCULATE CONTRIBUTION FROM NEURAL CONTROL */
50 static float lockThetaDeg = O0;

51 static float lockDeltaAct = 0.0;

52 static bool lockOn = O0;

53 const float lowAngleLimitOg = 5;

54 static float lowAngleLimit = lowAngleLimitOg; //-5

55 static float highAngleLimit = 90;

56 static float angleRange = highAnglelLimit-lowAnglelLimit;

57 const float agActMax = 1.0;

58 const float antActMax = 1.0;

59 const float actLockThresh = 0.04;

60 const float cutoffPercent = 0.02; //sets the limit of the entry point for the
inverse logistic function (to prevent super saturation)

61 const float logisticExp = -10; //logistic function exponent that sets deltalAct

magnitude between lowAnglelLimit + angleRange*f (deltaAct)

62 const float stanceFlexLimit = 20;
63 static bool m_isLimitExtension = false;
64 static bool armLimitExtension = false;

65 const float extendLimitAngleThreshold = 60;
66 const float extendLimitActThreshold = 0.6;
67 float deltaAct = 0;

68 float deltaTheta = 0;

69 static float oldDeltaAct = O;
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99
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101
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106

float desiredMuscleTheta

0;

static bool enableStiffnessControl =

static bool swingAssist
static bool descendFlag
float antActAngleScale =

float antActGravScale =

0:

0:

false;

false;

H

/* NEURAL CONTROL CONTRIBUTION */

false;

if (m_helper->_neuralControlEnabled()) {

//nonlinear activation scaling

aghct = 6.6779*powf (aghct ,5)

- 19.5677*powf (aghct ,4) + 21.4299*powf (aghct ,3) -

10.7903*powf (aghAct ,2) + 3.2602*agAct - 0.0030;

antAct = 6.6779xpowf (antAct ,5) - 19.5677*powf (antAct ,4) + 21.4299*powf (anthAct,3)

- 10.7903*powf (antAct ,2) + 3.2602*antAct - 0.0030;

//1limit output after nonlinear activation scaling

agAct = fmin(aghActMax,

fmax (0.01,

antAct = fmin(antActMax,

fmax (0.01,

aghct - 0.03));

antAct - 0.03));

if (m_measuredJointAngleDegl[0] < 15) {

armLimitExtension =

m_isLimitExtension =

true;

£

alse;

//add muscle torque contribution with significant activation

if (agAct > actLockThresh || antAct > actLockThresh) {

//if we overflex, then assist with stair climbing

if (!m_isLimitExtension && m_measuredJointAngleDeg[0] >

extendLimitAngleThreshold && fabs(gravComponent-0.15) < 0.05 &&

'm_isHeelContact &&

m_isLimitExtension

armLimitExtension

true;

false;

Im_isToeContact && !swingAssist &% armLimitExtension) {

std::cout << "LIMITING EXTENSION" << std::endl;

} else if (m_isLimitExtension && (m_jointVelValDegl[0] < -200 &&

m_measuredJointAngleDeg [0] < 45 ||

m_isLimitExtension

armLimitExtension

false;

false;

std::cout << "Released limited

velocity under 45 degrees" << std::

} else if (m_isLimitExtension &&

gravComponent -0.2) > 0.25) {

m_isLimitExtension

armLimitExtension

false;

false;

m_isHeelContact || m_isToeContact)) {

extension rule 1: contact or extension
endl ;
(antAct < 0.15 && agAct < 0.15) && fabs(
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109

110

114

116

118

138

std::cout << "Released limited extension rule 2: relaxed and flexed" << std::
endl;
} else if (m_isLimitExtension && antAct > 0.4 && fabs(gravComponent-0.2) >
0.25) {
m_isLimitExtension = false;
armLimitExtension = false;
std::cout << "Released limited extension rule 3: extension while flexed" <<
std::endl;
}

//if knee is statically flexed and close to vertical, reduce extension
activation to account for hip flexed posture increasing knee extensor activation
without corresponding intent to do so

if (fabs(m_jointVelValDeg[0]) < 60 && (!m_isHeelContact && !m_isToeContact)
|l (m_jointVelValDeg[0] > -5 && (m_isHeelContact || m_isToeContact))) {

antActAngleScale = 1/(1 + exp(-30*x((highAngleLimit -
m_measuredJointAngleDeg[0]) /highAngleLimit - 0.35))); // sigmoidal reduce antAct
to 0 beyond “50 degrees flex
antActGravScale = fmin(1,2000*powf ((gravComponent-0.15) ,4)); //quartic
function
antAct = antAct*fmax (antActAngleScale ,antActGravScale); //screen for both
correct knee and hip angle for stairs

}

oldDeltaAct = deltalAct; //store the sign of the deltaAct

if (!m_isHeelContact && !m_isToeContact) {
deltaAct = agAct - antAct; //positive is flexion, hence agAct is amount to be
subtracted from
} else {
//allow for descent but both sensors must be on the ground and time in stance
more than 500 ms (avoid impact jitter)
if (m_measuredJointAngleDeg[0] < stanceFlexLimit && m_isHeelContact &&

m_isToeContact && cnt_state > 600) {

deltaAct = -fmax(agAct, antAct);
} else {
deltaAct = -fmax(agAct, antAct); //if foot on ground, both muscles act to

extend knee

3

//if the sign of deltaAct switches, then turn lockOn off to get a new reference
lock angle
if (oldDeltaAct * deltaAct < 0) {
lockOn = false;
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139

140

141

143

160

161

162

163

166

167

168

//note the theta upon entry into activated muscle state
if (!lockOn) {
lockThetaDeg = fmin(fmax(m_measuredJointAngleDeg[0]-lowAngleLimit,
cutoffPercent*angleRange) ,(1-cutoffPercent)*angleRange); //bound lockThetaDeg so
log () works
//inverse logistic function to convert lockThetaDeg to equivalent lock delta
activation
lockDeltaAct = log(angleRange/lockThetaDeg-1)/logisticExp;

lockOn = true;

//if limiting extension, then set the desired muscle theta to max flexion
if (m_isLimitExtension) {

//1limit the amount of extension for free space control

lowAnglelLimit = 50;

angleRange = highAnglelLimit - lowAngleLimit;

lockThetaDeg = fmin(fmax(highAngleLimit-lowAngleLimit ,cutoffPercentx*
angleRange) ,(1-cutoffPercent)*angleRange); //bound lockThetaDeg so log() works
//inverse logistic function to convert lockThetaDeg to equivalent lock delta
activation
lockDeltaAct = log(angleRange/lockThetaDeg-1)/logisticExp;
} else {
lowAnglelimit = lowAnglelLimitOg;
angleRange = highAnglelLimit - lowAngleLimit;

deltaTheta = angleRange * 1/(l+exp(logisticExp*(lockDeltaAct+deltalct))); //

amount to set the desired angle at above lowAngleLimit

desiredMuscleTheta = lowAnglelLimit + deltaTheta;

//allow for knee flexion during stance
if ((m_isHeelContact || m_isToeContact) && m_measuredJointAngleDegl[0] <
stanceFlexLimit) {
descendFlag = true;
//if stanceFlexLimit exceeded, then set lockDeltaAct to limit to minimize
sudden changes
} else if ((m_isHeelContact || m_isToeContact) && descendFlag &&
m_measuredJointAngleDeg [0] >= stanceFlexLimit) {

desiredMuscleTheta = stanceFlexLimit;
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189

190

191

192

193

194

195

196

197

198

199

200

204

205

206

//only damping during stance

float dampGain = 1.0;
const float kFloor = 0.2;
const float u = 45;

const float sigma = -10;

const float gain = 6.5;

if (m_jointVelValDeg[0] < O && m_measuredJointAngleDeg[0] < angleRange/2) {
dampGain = 1 + 1.3/(1+exp(-10*x(-((m_measuredJointAngleDeg[0]-angleRange/2) /(
angleRange/2) +0.25))));
} else if (m_jointVelValDeg[0] > O && m_measuredJointAngleDeg[0] >= angleRange
/2) A
dampGain = 1 + 2/(1+exp(-10*(((m_measuredJointAngleDeg[0] -angleRange/2) /(
angleRange/2) -0.25))));
} else {

dampGain = 1;

if (!m_isHeelContact && !m_isToeContact && !swingAssist) {
// if flexing quickly, keep linear stiffness response
if (m_jointVelValDeg([0] > 50) {
muscleTorque = calcImpedance (kFloor+(maxK - kFloor)x*fmax(agAct,antAct),
dampGain*maxB*fmax (aghAct ,antAct), desiredMuscleTheta, m_helper);
// if flexing slowly, use sigmoidal stiffness boost. If extending quickly,
use linear stiffness
} else if (m_jointVelValDeg[0] <= 50 || m_jointVelValDegl[0] < -50) {
muscleTorque = calcImpedance (kFloor+( (0.5/(1+exp(-0.2%*(
m_measuredJointAngleDeg [0]-60))) + 1)*maxK - kFloor)*fmax(agAct,antAct), dampGain
*maxB*fmax (agAct ,antAct), desiredMuscleTheta, m_helper);
// if extending slowly, use sigmoidal stiffness boost
} else {
muscleTorque = calcImpedance (kFloor+( (0.5/(1+exp(-0.2%(-
m_measuredJointAngleDeg [0]+5))) + 1)#*maxK - kFloor)x*fmax(agAct,antAct), dampGain*
maxB*fmax (agAct ,antAct), desiredMuscleTheta, m_helper);

}

} else if (m_isHeelContact || m_isToeContact) {
//stair descent
if (descendFlag) {
if (m_measuredJointAngleDeg[0] < stanceFlexLimit) {
muscleTorque = calcImpedance (kFloor+(1.0*maxK-kFloor)*fmin(agAct,antAct),
dampGain*maxB*fmax (aghAct ,antAct), desiredMuscleTheta, m_helper);
} else if (m_jointVelValDeg[0] > O && m_measuredJointAngleDegl[0] >

stanceFlexLimit) {
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209 muscleTorque = calcImpedance (0.0*maxK*fmax (agAct,antAct), 0.1 + dampGainx

maxB*fmax (agAct ,antAct), desiredMuscleTheta, m_helper);

210 }

211 //torque booster for power ascent

212 } else if (m_jointVelValDegl[0] < 20) {

213 muscleTorque = calcImpedance (kFloor + (2.3*maxK*(gain/powf (2*M_PI*sigma*

sigma ,0.5) *exp(-( powf(m_measuredJointAngleDeg[0]-u,2)/(2*sigma*sigma))) + 1 ) -
kFloor)*fmin(agAct+antAct ,1), dampGain*maxB*fmax (agAct,antAct),

desiredMuscleTheta, m_helper);

214 //standard stance control
215 } else {
216 muscleTorque = calcImpedance (kFloor+(1.3*maxK-kFloor)x*fmax (agAct,antAct),

dampGain*maxB*fmax (agAct ,antAct), desiredMuscleTheta, m_helper);

217 ¥

218 }

219

220 //disable muscle flex when ascending or descending - safety catch

221 if ((m_isHeelContact || m_isToeContact) && m_measuredJointAngleDeg[0] >=

stanceFlexLimit) {

222 if (muscleTorque > 0) {
223 muscleTorque = O0;

224 }

225 }

226

227 } else {

228 lockOn = false;

229 muscleTorque = O0;

230 }

231

232 //turn off descendFlag

233 if (m_measuredJointAngleDeg[0] > 55 && m_jointVelValDeg[0] < -30 || (!

m_isHeelContact && !m_isToeContact)) {

234 descendFlag = false;

235 }

236

237 }

238

239 /* CALCULATE CONTRIBUTION FROM GRAVITY x*/

240 static float gravComponentPrev = 0;

241

242 //trust accelerometer only at low velocities and omit swing states

243 if (fabs(m_jointVelValRad[0]) < 2.0 && !m_isLimitExtension) {
244 if (gravComponent != gravComponentPrev && (agAct < 0.2 && antAct < 0.2)) {
245 gravityTorque = calcGravityTorque (gravComponent, m_jointVelValRad [0])*(1.01-

fmax (agAct ,antAct)) ;
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248

249

286

287

}

//gravity compensation term at high velocities (off for now)

} else {

gravityTorque = 0;

/* CALCULATE CONTRIBUTION FROM FSM x*/

//ratcheting setpoint

static float entryTheta 90;

const float thetaThresh = 20; //deviation beyond which to reset spring
static float heelToeCounter = 0;

const float heelToeMinCount = 100;

const float stanceTwoTimeLimit = 900.;

static bool heelToeAchieved = false;

static bool disableStanceTwo = false;

static const float reasonableStanceTime = 1400;

static float timeSinceHeelToe = O0;

static float prevTimeInStance = 10000;

static float timeInPrevSwing = 10000; //swing is roughly 40% of entire gait cycle

float prevSwingDivisor = 1.7;

float stanceTwoKScalar i3
switch (state) {

case STANCE:

//set entryTheta to maximum knee extension observed
if (m_measuredJointAngleDeg[0] < entryTheta) {

entryTheta = fmax(m_measuredJointAngleDeg[0], 5.0);

//start counting time with both heel and toe on and detect if midstance
achieved
if (m_isHeelContact && m_isToeContact && m_measuredJointAngleDeg[0] <
stanceTwoParams [2]) {
heelToeCounter++;
if (heelToeCounter >= heelToeMinCount) {
heelToeAchieved = true;
}
//if we’re climbing stairs and joint is over bent, disable preswing
} else if (m_isHeelContact && m_measuredJointAngleDeg[0] < stanceTwoParams [2]
&% cnt_state < reasonableStanceTime) {
heelToeCounter++;
} else if (m_isToeContact && heelToeCounter > heelToeMinCount) {

heelToeAchieved = true;
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289

290

296

297

298

299

300

302

303

304

305

309

310

311

316

317

319

320

} else if (m_measuredJointAngleDeg[0] >= stanceTwoParams[2]) {
disableStanceTwo = true;
//reset counter to account for transients at impact, otherwise keep
heelToeCounter value
} else if ('heelToeAchieved && cnt_state > stanceTwoTimeLimit) {

heelToeCounter = 0;

//start counting time since midstance
if (heelToeAchieved) {

timeSinceHeelToe++;

//only provide impedance damping and stiffness if there’s ground contact and
knee flexing
if (m_jointVelValDegl[0] > -5) {
//if preswing detected, apply stance two params
if (!disableStanceTwo && heelToeAchieved && timeSinceHeelToe >
timeInPrevSwing/prevSwingDivisor &&
timeSinceHeelToe < stanceTwoTimeLimit && cnt_state < reasonableStanceTime
&& //&& antAct < 0.5
swingAssist) { //only allow stanceTwo if swingAssist persisted after
previous step
if (timeInPrevSwing > 200) {
stanceTwoKScalar = fmin(1.5, fmax(0.8, transitionTime/timeInPrevSwing)) ;
impTorque += calcImpedance(stanceTwoKScalar*stanceTwoParams [0],
stanceTwoParams [1], stanceTwoParams[2], m_helper);
} else {
stanceTwoKScalar = 0; //if stutter or short step, no stanceTwo flexion
torque
impTorque += calcImpedance(stanceOneParams[0], stanceOneParams[1],
stanceOneParams [2] , m_helper);

}

// else provide flexion damping
} else {
//prevent flexion if close to full extension heel strike
if (m_measuredJointAngleDeg[0] < thetaThresh && cnt_state < 100) {
impTorque += calcImpedance(stanceOneParams[0], stanceOneParams[1],
stanceOneParams [2] , m_helper);
//if we happen to be in the air for a brief moment near full extension (
short step), then extend leg to catch
} else if (m_measuredJointAngleDeg[0] < thetaThresh && !m_isHeelContact &&
'm_isToeContact) {

impTorque += calcImpedance(stanceOneParams[0], stanceOneParams[1],
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stanceOneParams [2] , m_helper);

322 //general stronger damping when close to full extension otherwise

323 } else if (m_measuredJointAngleDeg[0] < entryTheta + thetaThresh) {

324 impTorque += calcImpedance(0, O.7*stanceOneParams[1], stanceOneParams[2],
m_helper);

325 //half damping for extreme deviations (sitting)

326 } else {

327 impTorque += calcImpedance(0, 0.3*stanceOneParams[1], stanceOneParams/[2],

m_helper);

328 }

329 }

330 //only provide a limited amount of extension depending on deviation from
entryTheta

331 } else {

332 if (m_measuredJointAngleDeg[0] < entryTheta + thetaThresh) {

333 impTorque += calcImpedance(stanceOneParams[0], stanceOneParams[1]%0.2,

entryTheta, m_helper);
334 //slide entryTheta if extension velocity, but currently overflexed

335 } else if (m_measuredJointAngleDeg[0] > entryTheta + thetaThresh) {

336 entryTheta = m_measuredJointAngleDeg[0] - thetaThresh;

337 }

338 }

339

340 //transition to swing

341 if (!m_isHeelContact && !m_isToeContact && cnt_state > 400) {
342 state = SWING;

343 prev_state = STANCE;

344 entryTheta = 90;

345 heelToeAchieved = false;

346 disableStanceTwo = false;

347 swingAssist = false;

348 prevTimeInStance = cnt_state;

349 cnt_state = 0;

351 if (m_jointVelValDeg[0] > 5 && m_measuredJointAngleDeg[0] < swingParams[2]) {
352 impTorque = calcImpedance (swingParams[0], swingParams[1], swingParams[2],

m_helper);

353 } else {

354 impTorque = 0;
355 }

356

357 }

358

359 cnt_state++;

360
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361

362

363

364

365

366

367

368

369

376

386

389

390

391

392

393

394

395

396

397

398

break;

case SWING:
static const int assistTime = 70;
static const int extendTime = 800;
static int assistDuration = 0;
static int assistDurationlLimit = 60;
static const float extendTransAngle = 50;
static int holdCnt = O;

//assist with motor impedance if we’re flexing upon entry
static float swingKgain = fmin(1.3, fmax (0.8, swingStanceThresh/

prevTimeInStance));

if (cnt_state < assistTime && assistDuration < assistDurationlLimit &&
m_measuredJointAngleDeg [0] < swingParams[2]) {
if (m_measuredJointAngleDeg[0] < swingParams[2]) {
impTorque += fmax(0,calcImpedance(swingKgain*swingParams[0], O, swingParams
[2], m_helper));

assistDuration++;

} else {

assistDuration = assistDurationLimit;
}
swingAssist = true;

//else assume we are descending from step and got to swing phase

} else if (cnt_state < assistTime && m_measuredJointAngleDeg[0] >= swingParams

[2] && assistDuration == 0) {
swingAssist = true;
assistDuration = assistDurationLimit;
}

//turn off swing assist if flexion desired if detected flex intent upon
transition into swing

if (swingAssist && agAct > extendLimitActThreshold && m_helper->

_neuralControlEnabled () && (cnt_state < 30 || m_targetJointAngleDeg[0] < 15)) {
swingAssist = false;
assistDuration = assistDurationLimit;

//if detected flex beyond some nominal amount of flexion
} else if (swingAssist && m_measuredJointAngleDeg[0] > extendTransAngle - 20 &&
(aghAct > extendLimitActThreshold && m_helper->_neuralControlEnabled())) {
holdCnt ++;
if (holdCnt > 5) {
swingAssist = false;

assistDuration = assistDurationLimit;
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399

104

405

106

108

109

410

118

119

420

} else if (swingAssist && m_measuredJointAngleDeg[0] > extendTransAngle - 30 &&
(aghct > extendLimitActThreshold+0.1 && antAct < extendLimitActThreshold-0.3 &&

m_helper->_neuralControlEnabled())) {

swingAssist = false;
assistDuration = assistDurationLimit;
} else {

holdCnt = 0;

//knee extension assistance if taking a step
if (swingAssist && cnt_state < extendTime && (cnt_state >= assistTime ||
assistDuration == assistDurationLimit) ) {
if (m_measuredJointAngleDeg[0] > extendTransAngle) {
impTorque += fmax(plantarTorqueThresh - 0.60*(m_measuredJointAngleDeg[0]-
extendTransAngle), -60);
} else if (m_measuredJointAngleDeg[0] <= extendTransAngle &&
m_measuredJointAngleDeg[0] > 30 && m_jointVelValDegl[0] < -5) {
impTorque += calcImpedance(standParams[0], standParams[1]*0.6, standParams
[2], m_helper);
} else if (m_measuredJointAngleDeg[0] <= 30 && m_jointVelValDegl[0] < 0) {
impTorque += calcImpedance(standParams[0], standParams[1], standParams[2],
m_helper);
} else if (m_jointVelValDeg[0] < -5) {

impTorque += -5;

}
#endif

//compensate for knee dynamics during swing extension to catch next stance
phase
if (cnt_state >= extendTime || !swingAssist) {

if (m_measuredJointAngleDeg[0] > 55 && m_jointVelValDeg[0] > 50 && ((aghct <
0.5 &% m_helper->_neuralControlEnabled()) || !m_helper->_neuralControlEnabled())
) {

impTorque += calcImpedance(0, 0.08, O, m_helper);

} else if ((!m_isLimitExtension && m_helper->_neuralControlEnabled()) &&
m_measuredJointAngleDeg [0] < 20 && m_jointVelValDeg[0] > -20 && m_jointVelValDeg
[0] < 50 && ((aghAct < extendLimitActThreshold && antAct < extendLimitActThreshold

&% m_helper ->_neuralControlEnabled()) || !m_helper->_neuralControlEnabled()) ) {
impTorque += calcImpedance (standParams[0], O.2*xstandParams[1], standParams
[2], m_helper);

} else if ((!m_isLimitExtension && m_helper->_neuralControlEnabled()) &&
m_measuredJointAngleDeg[0] < 15 && m_jointVelValDeg[0] <= -50 && ((antAct < 0.2
&& agAct < 0.2 && m_helper->_neuralControlEnabled()) || !m_helper->
_neuralControlEnabled ()) ) {
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149

150

151

impTorque += calcImpedance (standParams[0], O.5*standParams[1], standParams

[2], m_helper);

}
swingAssist = false; //we timed out of swing extension
}
if ((m_isHeelContact || m_isToeContact) && cnt_state > 200) {

state = STANCE;
prev_state = SWING;

if (swingAssist) { //only update this value if we don’t activate volitional

control
timeInPrevSwing = cnt_state;
}
cnt_state = 0;

entryTheta = m_measuredJointAngleDegl[O0];
lockOn = false;
assistDuration = O0;

holdCnt = 0;

heelToeCounter 0; //reset stance variables

timeSinceHeelToe = 0; //reset stance variables

cnt_state++;

break;

default:

break;

commandTorque = muscleTorque + impTorque + gravityTorque;
cnt++;
m_state->updateValue (state);
m_system->getAllGenVariables () [0] ->updateValue (desiredMuscleTheta); //update state
m_system->getAllGenVariables () [1]->updateValue (agAct) ;
m_system->getAllGenVariables () [2] ->updateValue (antAct);

m_system->getAllGenVariables () [3] ->updateValue (muscleTorque); //update muscleTorque

commandTorqueKnee ->updateValue (commandTorque) ;
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