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CHAPTER 1

Introduction

1.1 Stumble Recovery: A gap in robotic lower-limb wearable assistive device development

Assistive technology (i.e., devices intended to assist or augment human performance from rehabilitation to industrial
settings) is a rapidly growing field and market. Lower-limb wearable assistive devices such as prostheses and ex-
oskeletons (Fig. 1.1) have shown promise as a means for individuals to regain independence, rehabilitate weaknesses,
decrease injury risk, or augment performance [125].

Figure 1.1: Examples of lower-limb wearable assistive devices. From left to right, Berkeley Lower Extremity Ex-
oskeleton (BLEEX) [128], Parker Indego, Ottobock C-Leg, Michigan Open-Source Robotic Leg [3]

Initially, research for these devices focused on optimizing the design and control for proper assistance during level-
ground walking, often the primary task of their intended use; however, in order for these devices to be safe and
ultimately adopted in the real world, they need to be functional and robust for all aspects of daily life. Thus there have
been recent efforts to direct research towards more non-steady state daily tasks such as turning, walking on uneven
terrain or slopes, responding to unexpected disturbances or perturbations, and transitions among these activities [91].
In order to truly be useful, it is crucial that lower-limb wearable assistive devices demonstrate effectiveness and safety
in these environments outside the lab.

An unexpected perturbation that is of primary concern is the event of a stumble, which is a major cause of falls and
subsequent injury [117, 4]. In this work, a stumble is defined as the event in which the foot unexpectedly encounters
an obstacle in swing phase, which requires a corrective response to clear the obstacle and recover without falling.
Examples of stumbles (Fig. 1.2) abound in daily life (e.g., encountering an uneven sidewalk on a walk, flooring
variations in the home, a child’s toy on the floor, etc.) and the workplace (e.g., contacting cord covers, warehouse
obstacles, rippled carpets, etc.). Moreover, stumbles are an eventuality for both prosthesis and exoskeleton users, but
a safe, beneficial response in this scenario has not been properly explored for either device.

1.1.1 Prostheses

1.1.1.1 Motivation for stumble recovery research for prostheses

The transfemoral prosthesis user population (i.e., individuals with an amputation or congenital defect such that their
lower limb ends above the knee joint) experiences a substantially high fall rate compared to the healthy population [53,

1



Figure 1.2: Daily-life stumble scenarios

95, 114, 46, 49]. This not only leads to higher injury incidence and medical costs, but also incurs psycho-social burdens
such as fear of falling and loss of confidence, which ultimately affects physical fitness, community engagement, and
overall well-being [68, 65, 53, 49]. Therefore addressing stumble recovery for transfemoral prosthesis users could
have a transformative impact on this population.

While retrospective studies provide this fall prevalence data, it is important to understand what specific factors lead to
falls for this population. A few studies have analyzed stumble recovery for transfemoral prosthesis users, and there is
evidence that both prosthetic-side and sound-side stumbles need to be addressed [17, 108, 48]. However, limitations
in study design and inconsistent results from previous works motivate further investigation. The field would benefit
from a more comprehensive understanding of the specific deficiencies that lead to falls for this population in order to
inform potential interventions.

1.1.1.2 Current state of prosthetic technology for stumble recovery

Transfemoral prosthesis users are typically prescribed prosthetic knees that are energetically passive, and as such
lack the power at the knee and ankle joints exhibited by the biological limb. These devices achieve swing phase
motion using the double-pendulum inertial mechanics of the swing limb driven by the thigh motion of the user. Such
functionality necessarily requires a low-impedance knee joint during swing, which make the devices particularly
susceptible to swing-phase perturbations. Furthermore, swing-stance transitions and stance-phase support are both
more compromised than in the healthy limb, therefore making them more susceptible to stance knee buckling in the
case when full knee extension is not achieved prior to heel-strike.

There have been some attempts to incorporate stumble responses into prosthetic knees. For example, with the rise
of microprocessor-controlled knees (i.e., knees with onboard sensors and microcontrollers that can change passive
knee parameters in real-time) came added stumble response functionality. For example, the Ottobock C-Leg increases
flexion resistance during the extension portion of swing phase so that the knee can safely be loaded in the event of a
stumble [7]. Indeed, several studies have shown the C-Leg performs better with respect to stumble perturbations and
fall risk [11, 7, 8, 41, 46, 12]. However, studies thus far have used a rope-tug procedure during swing extension to
simulate a trip, which may not accurately represent a stumble since there is no physical obstacle to clear; furthermore,
falls and compensation techniques were still reported in these studies. Regardless, microprocessor-controlled knees
still cannot provide any active response as a healthy biological limb would both during and following a stumble
perturbation.

In order to provide some of the powered behaviors exhibited by the healthy knee joint, many researchers have turned
to powered prosthetic devices, which have the potential to address the deficiencies of typically prescribed passive
knees. Indeed, active flexion and extension provided by powered prosthetic knees [56, 58, 3] have been shown to be
beneficial for walking, stair climbing, and other activities of daily living. In fact, there are currently two powered
prosthetic knees on the market (Ossur PowerKnee and Reboocon Bionics IntelLeg Knee). However, research in the
area of stumble recovery for powered prosthetic knees is limited. While many works have investigated methods for
perturbation detection and recovery strategy selection without implementation in an actual device [55, 126], and a few
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have implemented responses with limited testing in an able-bodied adaptor [115], successful implementation of active
stumble recovery behaviors with a transfemoral prosthesis user has not yet been reported.

Furthermore, to date there has been no development of potential prosthetic interventions that mitigate the effects of
stumbles to the sound limb. Investigations into the response of transfemoral prosthesis users to sound-side stumbles,
insights into what may improve their recovery rate, and testing of such interventions is a wholly unexplored area of
stumble recovery that is crucial for ultimately reducing fall risk for this population.

1.1.1.3 Open questions considered in this work

• How do transfemoral prosthesis users respond to stumbles?

• What deficiencies in these responses lead to falls?

• What interventions might improve stumble recovery?

• Can introducing powered stumble recovery behaviors into prosthetic knees improve responses and/or mitigate
falls?

1.1.2 Exoskeletons

1.1.2.1 Motivation for stumble recovery research for exoskeletons

Incorporating stumble recovery behaviors into lower-limb exoskeletons may serve two crucial purposes. To start, it
may mitigate falls that would have otherwise been caused by the exoskeleton itself. Without an incorporated stumble
response, existing mechanical or control features of an exoskeleton (e.g., added weight, joint impedance, or restrictive
controller) might limit the ability of the exoskeleton user to react adequately to an unexpected stumble. This is
especially concerning for individuals using these devices as walking aids (e.g., stroke survivors, post-polio patients,
spinal cord injury patients, elderly patients), as they may be particularly unable to compensate for these constraints
due to muscle weakness or neurological impairment.

Aside from the potential fall risk induced by the exoskeleton itself, many populations experience a high fall risk
regardless of exoskeleton use and could benefit from external stumble recovery assistance. Falls are a major cause of
injury for many patient groups (e.g., stroke survivors [45], older adults [33], and post-polio patients [66]) due to muscle
weakness, delayed reaction times, decreased range of motion, among other causes. Robotic lower-limb exoskeletons,
therefore, have the potential to improve recovery in the event of a stumble by providing active assistance to the lower
limbs.

1.1.2.2 Current state of exoskeleton technology for stumble recovery

The response of exoskeletons during stumble events has received little attention to date. Nevertheless, this field is
growing rapidly, with lower-limb exoskeletons encompassing a wide range of designs (e.g., multi or single joint,
unilateral vs. bilateral), control strategies (e.g., gait trajectory, model-based, adaptive oscillator-based, fuzzy) and ap-
plications (e.g., load carrying augmentation, healthy participant assistance, impaired participant assistance, paraplegic
patient assistance) [124]. Many recent review papers have highlighted the lack of an appropriate response to stumbles
as a knowledge gap in the field and a crucial barrier for widespread adoption [105, 91, 39, 124, 13]. To date only one
paper has studied individuals while stumbling in an exoskeleton; however, no active, stumble-specific controller was
implemented; rather, the conditions of continuing assistance or stopping assistance were investigated [1]. Moreover,
exoskeleton stumble recovery behaviors have yet to be explored or tested as (1) a safety mechanism for existing users
or (2) a stumble recovery intervention for those at high fall risk.
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1.1.2.3 Open questions considered in this work

• How should a stumble be detected?

• What type of active assistance should be provided following a stumble, and how is that decision made?

• Will the human accept active, external device behavior?

• Can introducing powered stumble recovery behaviors improve responses and/or mitigate falls?

1.1.3 Using the healthy adult stumble recovery response to inform devices: what we know and what we need
to know

Healthy adults rarely fall. A recent study reports the healthy adult population’s fall rate to be just 0.37 falls per
person per year [120]. This low fall rate is due to the healthy adult’s ability to react to an unexpected stumble with
a coordinated, corrective stepping response to avoid a fall. Therefore, the successful stumble recovery response of
healthy individuals can and should inform interventional device behavior.

Many works have characterized stumble recovery for healthy adults [38, 102, 24, 107, 15]. Upon contact with an
obstacle, the individual performs one of three primary recovery strategies (Fig. 1.3): In the elevating strategy, the
tripped limb elevates up and over the obstacle, clearing the obstacle in the same step. In the lowering strategy, the
tripped limb lowers to the ground posterior to the obstacle to terminate the step, and the contralateral limb subsequently
completes a recovery step; the tripped limb then clears the obstacle in the following step. In the delayed lowering
strategy, the tripped limb initially elevates, but ultimately elevation is abandoned and the limb is lowered posterior
to the obstacle akin to the lowering strategy. Researchers have termed the recovery limb as the limb that takes the
primary recovery step and the support limb as the stance limb during the recovery step. For the elevating strategy,
the tripped limb that elevates over the obstacle is the recovery limb, and the stance limb during the elevating step
is the support limb. For the lowering and delayed lowering strategies, the tripped limb that lowers is the support
limb, and the contralateral stepping limb is the recovery limb. Ultimately, an individual needs to restore trunk control
(arrest forward angular momentum induced by perturbation) with a sufficient and timely stepping response in order to
recover successfully [38, 37]. Previous works have highlighted the role of both the recovery limb and the support limb
in recovery success [86, 88].

Although the three primary recovery strategies used by healthy adults have been well characterized in previous works,
the basis upon which each is selected is unknown [101, 30, 107]. How to decide which recovery strategy to perform
(stumble recovery strategy identification) is a knowledge gap in the field and has crucial implications for prosthesis
and exoskeleton interventions. Since elevating and lowering strategies involve the opposite tripped-limb reaction
(hip and knee flexion for elevating, hip and knee extension for lowering), a prosthesis or exoskeleton that provides
stumble recovery assistance in theory needs to make the proper decision. Filling this knowledge gap could potentially
be beneficial not only by providing a better physiological understanding of human stumble recovery, but also by
providing a basis upon which to design stumble recovery controllers, informing sensor selection and algorithm design.

1.1.3.1 Open questions considered in this work

• How do healthy adults select stumble recovery strategy?

• What factors of the perturbation contribute to this decision?

• To what extent is the decision unique?

• How could a healthy adult decision model inform device interventions?
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Figure 1.3: Diagram of the three primary stumble recovery strategies.

1.1.4 State of the experimental study of stumble recovery

Addressing the many open questions and knowledge gaps introduced here requires the systematic, experimental study
of stumble recovery in a lab setting to properly characterize responses and test interventions. In order to elicit authen-
tic responses to stumbles akin to a real-world stumble event, the stumble needs to be realistic (i.e., involve a physical
obstacle to clear), unexpected (i.e., the individual does not have any auditory, visual, or tactile cues that the pertur-
bation is coming), and targetable (i.e., can be introduced at specific points during the gait cycle), all while allowing
for kinematic/kinetic analysis. Though various stumble perturbation systems have been designed and implemented
and improved the study of stumble recovery [102, 15, 38, 24, 107], none have comprehensively addressed all four
aforementioned goals.

1.1.5 Overarching Scope

The goal of this dissertation work is to examine the potential efficacy of implementing stumble recovery behaviors in
robotic lower-limb prostheses and exoskeletons, particularly for purposes of reducing fall risk for wearers. This en-
deavor requires addressing several preliminary knowledge gaps, such as experimental stumble system design, healthy
adult recovery strategy selection, and impaired population stumble response characterization. Thus this scope of work
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will address crucial blind spots in the fields of prosthetic and exoskeleton technology, ultimately to improve users’
stumble recovery and reduce fall risk for these populations.

1.2 Dissertation Contributions

1.2.1 Summary

This dissertation addresses several of the aforementioned knowledge gaps in the field of stumble recovery in order
to ultimately propose and test robotic lower-limb wearable assistive device interventions to reduce fall risk. First, a
stumble perturbation system was designed, built, and validated in order to reliably, repeatedly, and safely study stumble
recovery for healthy and impaired populations (Chapter 2). The subsequent work can be viewed in two parallel tracks,
one associated with a robotic lower-limb exoskeleton and one with a robotic lower-limb prosthesis as stumble recovery
interventions.

In the first track, the biomechanical dataset from the seven-participant validation in Chapter 2 was leveraged in order
to elucidate the healthy adult stumble recovery strategy selection process with a machine learning approach (Chapter
3), thus informing fall-prevention interventions. Using insights from the healthy adult stumble recovery strategy
characterization and selection model in Chapters 2 and 3, a preliminary stumble recovery controller for a powered
knee exoskeleton was designed, implemented, and validated a with one healthy adult (Chapter 4, Part 1). The stumble
detection and recovery strategy identification algorithms were refined in a subsequent work and validated with a five-
participant exoskeleton stumble experiment (Chapter 4, Part 2). Then, the effect of knee exoskeleton assistance on
the impaired recovery responses of three healthy individuals (Chapter 4, Part 3) was explored in a separate stumble
experiment.

In the second track, the sound-side stumble responses of six transfemoral prosthesis users wearing their prescribed
prosthesis were characterized in order to understand the stumble recovery deficiencies of this population and suggest
potential interventions (Chapter 5). One of the interventions suggested, a powered knee prosthesis, was tested for
sound-side (Chapter 6, Part 1) and prosthetic-side (Chapter 6, Part 2) stumbles with a subset of those transfemoral
prosthesis users. These contributions are diagrammed in Fig. 1.4.

1.2.2 Chapter 2 Contributions

The primary contribution of this chapter is the design, implementation, and validation of a new stumble per-
turbation system that can be used to experimentally study stumble recovery in a lab setting. The experimental
study of stumble recovery for healthy and impaired individuals is crucial to better understanding the reflexive mecha-
nisms that help prevent falls and the deficiencies in some populations (or devices) that might increase fall risk. While
previous systems have been developed for this purpose, they fall short in meeting one or more of the four ideal char-
acteristics of a stumble system: perturbations (1) are akin to a stumble in real life (i.e., obstacle disrupting the foot
in swing phase), (2) are unexpected by participants, (3) can be targeted to a specific point in the gait cycle, and (4)
allow for kinematic and kinetic evaluation. The system presented in this work was shown to meet all four criteria.
First, the system involves a custom obstacle delivery apparatus that releases a steel block onto the treadmill, which
serves as the obstacle that must be encountered and cleared to recover. Second, the ramp design as well as sensory
occlusion techniques used in the experimental protocol ensure that the perturbation is unexpected, which was validated
in a perception study with seven healthy participants. Third, the system involves a predictive targeting algorithm that
controls the timing of the perturbation to the foot during swing phase, with a mean targeting accuracy of 25 ms (6.2%
of swing phase). The system was implemented with seven healthy adult participants, collecting motion capture and
ground-reaction forces and computing joint-level kinematics and kinetics.

Overall, the stumble perturbation system was shown to be effective in eliciting realistic stumbles and preventing
anticipation by the participants, an improvement over previous systems. Furthermore, the accurate targeting allows
for efficient data collection that minimizes mistrials and thus allows for fewer participants or time spent collecting
data as compared to previous studies. Also of note, the kinematic data collected was sufficiently similar to responses
reported in previous overground studies, validating the use of the treadmill in this setup. Finally, this work was
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published as an article titled “A novel system for introducing precisely-controlled, unanticipated gait perturbations for
the study of stumble recovery” in the Journal of NeuroEngineering and Rehabilitation in 2019. Of note, the obstacle
delivery apparatus CAD file and predictive targeting algorithm were provided with the open-access publication so
that the system can be recreated by other researchers. Additionally, this work was leveraged to draft an American
Society for Testing Materials (ASTM) International Standard Test Method titled “Standard Test Method for Evaluating
Exoskeleton Fall Risk due to Stumbling” which was published in July 2022.

1.2.3 Chapter 3 Contributions

The primary contribution of this chapter is a stumble recovery strategy selection model that uses dynamic
factors of the human body during the stumble event to predict strategy with substantially improved accuracy
relative to the conventional swing percentage criterion. Although the three primary recovery strategies used by
healthy adults have been well characterized in previous works, the basis upon which each is selected was unknown.
The convention has been to associate strategy selection with the swing percentage at which the perturbation occurs, but
previous studies have shown that this metric does not comprehensively determine strategy selection, and additionally
its measurement in real-time is based on many assumptions that lose accuracy as individuals vary movement patterns.
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Thus in this work the goal was to identify a set of real-time, physical measurements that better explain strategy
selection in order to inform potential assistive device interventions and physiological understanding. Specifically, a
set of biomechanical measurements at/after the perturbation from the seven-participant stumble experiment described
in Chapter 2 were considered in a two-stage classification structure to find the set of features that best explained the
strategy selection process. The proposed model yielded 99% and 94% classification accuracies in strategy selection
for Stages 1 and 2, respectively, compared to 94% and 85.6% with the swing percentage model.

Overall, this work is the first model to address stumble recovery strategy selection in healthy adults and provides a
set of features that predict strategy selection with substantially higher accuracy than swing percentage. Notably, the
use of real-time measurable features in this model (that do not require assumptions of a stationary gait required for
estimating swing percentage) not only provides insights into the human physiological response, but also points to
real-time signals that can be monitored for various fall-prevention interventions, such as wearables during a stumble
recovery training protocol or onboard interventional assistive devices such as prostheses or exoskeletons. This work
was published as an article entitled “On the basis for stumble recovery strategy selection in healthy adults” in the
American Society of Mechanical Engineers (ASME) Journal of Biomechanical Engineering in 2021.

1.2.4 Chapter 4 Contributions

1.2.4.1 Part 1

The primary contribution of Part 1 of Chapter 4 is the preliminary design, implementation, and validation of
a stumble recovery controller for a knee exoskeleton. While research and development of lower-limb exoskeletons
have been on the rise in the past decade, the focus of design and control has been for steady-state activities such as
walking; as such, these devices do not consider or account for common unexpected disturbances such as tripping over
obstacles. Addressing this event is crucial for safety and thus adoption of exoskeletons as daily-use devices on the
factory floor or in the rehabilitation clinic. Therefore, this work presents a stumble recovery controller for a knee ex-
oskeleton that detects a stumble perturbation, selects an anticipated recovery strategy, and provides appropriate recov-
ery assistance. Of note, the recovery strategy selection leverages work in Chapter 3 by repeating the feature selection
methods for an abbreviated set of potential measurements (only signals that could be accessed by the exoskeleton), and
fits the set of features that best modeled strategy selection from the seven-participant dataset to a logistic regression
model that was implemented onboard the device for real-time strategy selection. The knee exoskeleton was tested on a
single adult participant, with results showing successful perturbation detection, strategy selection, and some improve-
ments in recovery kinematics relative to alternate control approaches of maintaining walking assistance or disabling
walking assistance following perturbation.

Overall, this work presents the first active lower-limb exoskeleton stumble recovery controller, and it is the first study
to show that a device can act in concert with the healthy individual’s reflexive strategy decision. Of note, this controller
can be readily implemented in any lower-limb exoskeleton with control of the knee joint, potentially improving the
safety and adoption of existing and future devices. This work was published as a conference paper titled “Design
and implementation of a stumble recovery controller for a knee exoskeleton” for the 2021 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS 2021).

1.2.4.2 Part 2

The primary contribution of Part 2 of Chapter 4 is the development of real-time exoskeleton-based stumble
detection and stumble recovery identification algorithms with validation on a new, five-participant dataset of
stumbles. Though results from Part 1 suggest efficacy in terms of perturbation detection and strategy selection for one
participant, it was important that the approach be tested on multiple individuals to robustly assess its performance in
acting in concert with the individual’s reflexive response. Five healthy adults were recruited for a stumble experiment
while wearing the knee exoskeleton unassisted to collect sensor data on which to develop and test the algorithms, which
resulted in 109 stumbles and 109 normal swing phases. The stumble detection algorithm used thresholds on frequency
content and acceleration magnitude from IMU data to detect swing-phase obstacle perturbations with 100% accuracy
and no false positives with an average detection delay of 18 ms. The recovery strategy identification algorithm further
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modified the approach from Part 1, ultimately using logistic regression equations with data from three sensor signals
to predict recovery strategy with 96% classification accuracy.

Overall, this work presents the first stumble detection algorithm that uses data from a single IMU to detect obsta-
cle perturbations throughout swing phase with 100% accuracy and no false positives within the typical human re-
sponse muscle latency for stumbles. Likewise, this work presents the first recovery strategy identification algorithm
to use real-time sensor data from a separate test set and achieve 96% classification accuracy for obstacle perturbations
throughout swing phase. As in Part 1, these algorithms can be readily implemented on any lower limb exoskeleton
with a thigh IMU and knee encoder, offering a critical first step in the development of exoskeletons that are robust to
stumble perturbations. This work will be submitted to a peer-reviewed journal or conference.

1.2.4.3 Part 3

The primary contribution of Part 3 of Chapter 4 is the first demonstration of exoskeleton knee assistance
as a stumble recovery intervention to decrease fall risk. While previous works studying stumble recovery had
highlighted the role of the recovery limb in successfully performing the elevating strategy, interventions thus far had
focused on training; moreover, exoskeleton assistance had never been explored after stumbles. In this work three
healthy adult participants were first impaired using leg weights attached to their shank, with stumble experiments
validating that the weights indeed impeded their recovery limb kinematics (local effect) and increased overall fall risk
(global effect). Then, knee exoskeleton assistance (i.e., active flexion and extension after the perturbation) was tested
as an intervention, and was shown to improve recovery limb kinematics and reduce fall risk.

Overall, this work is the first to show knee exoskeleton assistance as a successful intervention to improve an impaired
stumble recovery response, with many promising future applications to reduce fall risk for fall-prone populations and
improve the safety and adoption of lower-limb exoskeletons. This work will be submitted to a peer-reviewed journal
or conference.

1.2.5 Chapter 5 Contributions

The primary contribution of this work is a case-series characterization of sound-side stumble responses to
obstacle perturbations in early, mid, and late swing phase for six transfemoral prosthesis users of various
ages and prosthesis types. While retrospective studies highlight the high fall rate of transfemoral prosthesis users
compared to healthy adults, studies that actually analyze the response of transfemoral prosthesis users to stumbles
are limited. Previous studies presented limited analysis with respect to side tripped, participant age, prosthesis type,
and swing percentage of perturbation; in fact, only one short communication has reported stumbles to the sound limb
without handrails. Thus the aim of this study was to address these knowledge gaps in sound-side stumble recovery.
Specifically, a high fall rate was reported, with five out of six participants falling at least once, and stumbles in mid
swing resulting in the most falls. Participant age corresponded to higher fall rate, while prosthesis type did not.
Transfemoral prosthesis users recovered with similar strategies to that of healthy control data, but with exaggerated
trunk flexion, thigh abduction, and arm motion. Falls were attributed to deficiencies in lower-limb kinematics that led
to more trunk flexion, trunk flexion velocity, and less anterior foot positioning relative to the body’s center of mass.

Overall this work provides a comprehensive characterization of sound-side stumble responses for six transfemoral
prosthesis users and consequently suggests several interventions that may benefit prosthesis users. On the sound side,
muscle strength and motor skill training and/or exoskeleton assistance may help facilitate the elevating strategy. On the
prosthetic side, muscle strength and motor skill training and/or powered prosthetic knee assistance may help initiate
and complete swing phase, limit buckling, and provide counteracting torques in stance to reduce forward angular
momentum. This work is currently in press as an article entitled “Factors leading to falls in transfemoral prosthesis
users: A case series of sound-side stumble recovery responses” at the Journal of NeuroEngineering & Rehabilitation.
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1.2.6 Chapter 6 Contributions

The primary contribution of Chapter 6 is the analysis of the efficacy of a powered knee intervention for stumble
recovery for transfemoral prosthesis users. While previous characterizations of transfemoral prosthesis user stumble
recovery suggested that powered behaviors might improve responses to both sound-side and prosthetic-side stumbles, a
powered prosthesis intervention had never been tested for this population. In Part 1, a closed-loop walking controller is
tested as an intervention for sound-side stumbles; this served to benefit prosthesis users by reducing falls in mid-swing
as well as reducing trunk motion (i.e., fall risk) and thigh motion (i.e., compensation techniques) during recoveries. In
Part 2, active stumble recovery responses along with the closed-loop walking controller were tested as an intervention
for prosthetic-side stumbles; after training, this served to benefit prosthesis users by enabling the elevating strategy
after early swing stumbles as well as reducing trunk motion and thigh abduction during recoveries.

Overall this work provided a critical first step in exploring and testing powered prosthesis interventions for stumble
recovery and yielded many important insights and directions for future work. The sound-side intervention (Part 1) will
be submitted as a short communication to a peer-reviewed journal.

1.2.7 Contribution Deliverables

1.2.7.1 First-author journal papers

Eveld, M. E., King, S. T., Zelik, K. E and Goldfarb, M. (2022) Efficacy of a powered knee prosthesis with closed-loop
walking controller in reducing falls and recovery deficiencies after sound-side stumbles. Planned submission as Short
Communication.

Eveld, M. E., King, S. T., Zelik, K. E and Goldfarb, M. (2022) Factors leading to falls in transfemoral prosthesis users:
A case series of sound-side stumble recovery responses. J NeuroEngineering & Rehabilitation. In Press.

Eveld, M. E., King, S. T., Vailati, L. G., Zelik, K. E and Goldfarb, M. (2021) On the basis for stumble recovery strategy
selection in healthy adults. J. Biomech Eng. doi:10.1115/1.4050171.

Eveld, M. E., King, S. T., Martı́nez, A., Zelik, K. E and Goldfarb, M. (2019). A novel system for introducing precisely-
controlled, unanticipated gait perturbations for the study of stumble recovery. J NeuroEngineering & Rehabilitation.
16(1), 69. (Co-first author with Shane King)

1.2.7.2 First-author conference papers

Eveld, M. E., King, S. T., Zelik, K. E and Goldfarb, M. (2022) Efficacy of knee exoskeleton assistance in improving
an impaired stumble recovery response. Planned submission.

Eveld, M. E., King, S. T., Zelik, K. E and Goldfarb, M. (2022) Development and assessment of real-time, exoskeleton-
based stumble detection and recovery strategy identification algorithms. Planned submission.

M. Eveld, S. King, K. Zelik and M. Goldfarb. (2021) Design and implementation of a stumble recovery controller
for a knee exoskeleton. 2021 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), pp.
6196-6203, doi: 10.1109/IROS51168.2021.9636879.

1.2.7.3 Second-author journal papers

King, S. T., Eveld, M. E., Zelik, K. E and Goldfarb, M. (2022) Efficacy of a powered knee prosthesis with stumble
recovery assistance in reducing falls and recovery deficiencies after prosthetic-side stumbles. Planned Submission.

King, S. T., Eveld, M. E., Zelik, K. E and Goldfarb, M. (2022) Design and validation of powered knee stumble
recovery controller. Planned submission.
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King, S. T., Eveld, M. E., Zelik, K. E and Goldfarb, M. (2022) Transfemoral prosthesis user responses to prosthetic-
side stumbles: a Case Series. Planned submission.

1.2.7.4 First-author conference presentations

Eveld, M. E., King, S. T., Zelik, K. E. and Goldfarb, M. Addressing stumble recovery for transfemoral prosthesis
users. World Congress of Biomechanics (Virtual), July 2022. Oral Presentation.

Eveld, M. E., King, S. T., Zelik, K. E. and Goldfarb, M. Transfemoral prosthesis user stumble recovery responses
for both limbs across swing phase. International Society of Biomechanics (Virtual) Conference, July 2021. Poster
Presentation.

Eveld, M. E., King, S. T., Zelik, K. E. and Goldfarb, M. Stumble recovery strategies for healthy individuals and trans-
femoral prosthesis users. American Society of Biomechanics (Virtual) Conference, August 2020. Poster Presentation.

Eveld, M.E., King, S. T., Zelik, K. E., and Goldfarb, M. Aerial Phase during Stumble Recovery: Causes, Effects, and
Implications. Mid-South Biomechanics Conference, February 2020, Memphis, TN, USA. Oral Presentation.

Eveld, M. E., King, S. T., Martinez, A., Zelik, K. E. and Goldfarb, M. Stumble recovery: Strategies, kinematics and
kinetics as a function of foot perturbation timing during swing phase. ISB/ASB Conference, August 2019, Calgary,
Canada. Oral Presentation.

1.2.7.5 Second-author conference presentations

King, S. T., Eveld, M. E., Zelik, K. E. and Goldfarb, M. A case series of early swing perturbation recovery strate-
gies in transfemoral prosthesis users. International Society of Biomechanics (Virtual) Conference, July 2021. Oral
Presentation.

King, S. T., Eveld, M. E., Vailati, L. G., Zelik, K. E. and Goldfarb, M. Development and evaluation of a powered
knee stumble recovery controller for transfemoral prosthesis users. American Society of Biomechanics (Virtual)
Conference, August 2020. Poster Presentation.

King, S. T., Eveld, M. E., Martinez, A., Zelik, K. E. and Goldfarb, M. Development of a novel gait perturbation system
for the study of stumble recovery. ISB/ASB Conference, August 2019, Calgary, Canada. Poster Presentation.

King, S. T., Eveld, M. E., Martinez, A., Zelik, K. E. and Goldfarb, M. Development of a novel gait perturbation system
for the study of stumble recovery. Mid-South Biomechanics Conference, February 2019, Memphis, TN, USA. Oral
Presentation.

1.2.7.6 Reports

Standard Test Method for Evaluating Exoskeleton Fall Risk due to Stumbling. American Society for Testing & Mate-
rials (ASTM) International. July 2022.

1.2.7.7 Additional academic contributions not discussed in dissertation

Eveld, M. E., Lamers, E. P., and Zelik, K. E. (2019) Subject-Specific Responses to an Adaptive Ankle Prosthesis
during Incline Walking. J Biomechanics. 95: 109273. (Co-first author with E.P. Lamers)

Walking with Ossur ProprioFoot on Level Ground, Incline/Decline and Stair Ascent/Descent. Collaboration with
Ossur. Industry Report. November 2017.
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Eveld, M. E., Wolfe, A.E., Cruz, J.P., Sifuentes, N.J., Ausec, B.N., Zelik, K.E., McDonald, K.A. Task-specific device
use in paediatric prosthesis users. 12th Australasian Biomechanics Conference (ABC12) Conference, December 2021,
Adelaide, SA, Australia. Oral Presentation.

Eveld, M.E., Teater, R.H., Matijevich, E.S., King, S.T., Ziemnicki, D.M., Nurse, C.A., Zelik, K.E. Pivoting to virtual
outreach efforts for K-12 students: A comparison of two approaches. Orthopaedic Research Society (ORS) Annual
Meeting, February 2022, Tampa, FL, USA. Oral Presentation. (Co-first author with R.H. Teater)

Eveld, M. E., Lamers, E. P., and Zelik, K. E. Effects of an Adaptive Prosthesis on Level and Sloped Walking for
Transtibial Prosthesis Users. American Congress of Rehabilitation Medicine, September 2018, Dallas, TX, USA. Oral
Presentation.

Lamers, E. P., Eveld, M. E., and Zelik, K. E. Effects of an Adaptive Ankle Prosthesis on Level and Sloped Walking.
American Society of Biomechanics Annual Conference, August 2018, Rochester, MN, USA. Poster Presentation.
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CHAPTER 2

A novel system for introducing precisely-controlled, unanticipated gait perturbations for the study of stumble
recovery

2.1 Chapter Summary

The experimental study of stumble recovery is essential to better understanding reflexive mechanisms that help prevent
falls as well as deficiencies in fall-prone populations. This study would benefit from a system that can introduce
perturbations that: 1) are realistic (e.g., obstacle disrupting the foot in swing phase), 2) are unanticipated by subjects, 3)
are controllable in their timing, and 4) allow for kinematic and kinetic evaluation. A stumble perturbation system was
designed that consists of an obstacle delivery apparatus that releases an obstacle onto a force-instrumented treadmill
and a predictive targeting algorithm which controls the timing of the perturbation to the foot during swing phase.
Seven healthy subjects were recruited to take part in an experimental protocol for system validation, which consisted
of two sub-experiments. First, a perception experiment determined whether subjects could perceive the obstacle as it
slid onto the treadmill belt. Second, a perturbation experiment assessed the timing accuracy of perturbations relative
to a target percent swing input by the experimenter. Data from this experiment were then used to demonstrate that
joint kinematics and kinetics could be computed before and after the perturbation. Out of 168 perception trials (24 per
subject), not a single obstacle was perceived entering the treadmill by the subjects. Out of 196 perturbation trials, 190
trials successfully induced a stumble event, with a mean targeting accuracy, relative to the desired percent swing, of 25
ms (6.2% of swing phase). Joint kinematic and kinetic results were then computed for three common stumble recovery
strategies and shown to be qualitatively consistent with results from prior stumble studies conducted overground.
The stumble perturbation system successfully introduced realistic obstacle perturbations that were unanticipated by
subjects. The targeting accuracy substantially reduced mistrials (i.e., trials that did not elicit a stumble) compared to
previous studies. This accuracy enables stumble recovery to be studied more systematically as a function of when
the perturbation occurs during swing phase. Lastly, joint kinematic and kinetic estimates allow for a comprehensive
analysis of stumble recovery biomechanics.

2.2 Introduction

Falls due to tripping are a common cause of injury [117, 57]. The experimental study of tripping (i.e., stumbling)
and the subsequent recovery response in healthy and impaired people is essential to better understanding reflexive
mechanisms that help prevent falls and the deficiencies in some populations that increase the proclivity for falls.
Such studies are an important element of developing interventions that can reduce the likelihood or severity of falls,
particularly in impaired populations.

An effective experimental system for studying stumble recovery would ideally have several characteristics. First, it
should be able to introduce a perturbation to elicit a stumble. This perturbation should be delivered in a realistic man-
ner. As such, the perturbation should be applied to the foot during swing phase using a three-dimensional object which
must be cleared by the swing foot in order to recover, analogous to stumble events in daily life (e.g., stumbling on an
uneven sidewalk or a toy on the floor). A perturbation of this nature is hereafter referred to as an obstacle perturbation.
Second, the system should be capable of introducing repeated, unanticipated perturbations so that multiple responses
can be characterized as a function of the experimental conditions and analyzed statistically. The repeated presentation
of perturbations, however, is challenging because eliciting an authentic stumble response (i.e., a reflexive response)
relies on the subject not anticipating each perturbation (i.e., the subject receiving no sensory cues indicating when or
where the perturbation will occur). Third, the timing of the perturbation should be controllable, such that it can be
targeted within a specific window of the gait cycle (i.e., to perturb the foot at different portions of swing phase). Con-
trollable timing of the perturbation minimizes the number of mistrials in an experiment and allows for a more thorough
analysis of stumble recovery responses. Fourth, the experimental system should enable measurement of kinematics
and kinetics on both the perturbed (ipsilateral) and contralateral limbs before, during, and after the stumble in order to
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effectively assess recovery biomechanics.

Several systems have been developed to produce stumbles in human gait, including overground floor-deployable ob-
stacle perturbations (e.g.[86, 25, 24, 17, 81, 82, 79, 118, 87, 88, 55, 38, 97], overground rope-blocking (e.g. [11])),
treadmill-based belt-deployable obstacle perturbations (e.g., [100, 102, 101, 103]), treadmill-based rope-blocking (e.g.
[108, 106, 107, 109]), and treadmill-based belt-speed perturbations (e.g. [30, 16, 47, 126, 104, 121]). Although these
systems can each be effective in causing a person to stumble, each also entails some limitations with respect to the
aforementioned desired characteristics of a system for studying stumble recovery. For instance, overground floor-
deployable obstacle perturbations are an effective means of emulating the described conditions for obstacle perturba-
tions, but are limited by constrained walkway length. In this type of setup, subjects are frequently aware of the nominal
location of the perturbation, and as such introducing a large number of perturbations in an unexpected manner has been
challenging. As described in [81], to avoid the possibility of subject anticipation, 79 subjects were recruited, each to
be stumbled once; however, only 61 subjects were successfully stumbled, resulting in unusable data from 18 subjects.
Further, it can be difficult to ensure a large number of strides between the initiation of walking and the introduction of
the perturbation due to limited walkway lengths. Finally, in previous studies, the relative phasing between the subject
and the obstacle has been determined by the subject at the start of the walkway, and once established, the timing of
the perturbation has been difficult to control. Overground rope-blocking perturbations entail similar limitations due to
walkway length, do not emulate a physical obstacle which must be cleared, and may complicate kinetic analysis due
to the rope applying a force to the foot before and after the perturbation [10].

Other researchers have employed treadmill-based systems which largely address the challenges of limited walkway
length associated with overground setups. Treadmill-based setups enable a large number of perturbations in a given
session, provide an assurance of steady-state walking prior to the perturbation, and allow for better control of perturba-
tion timing with respect to swing percentage. However, neither rope-blocking nor belt-speed perturbations recreate an
obstacle perturbation due to the lack of a physical object to clear. Also, in the case of belt-speed perturbations, the per-
turbation is not applied to the swing foot, introducing both mechanical and sensory differences relative to an obstacle
perturbation. The belt-deployable obstacle approach, as employed in [100, 102, 101, 103], most closely resembles the
ideal system characteristics detailed above. This previous system used an electromagnet to release an obstacle from
a small height above the treadmill belt. However, a subject was easily able to detect when an obstacle was released
onto the belt through the impulsive vibration produced by the impact, which introduced the potential for anticipatory
responses. In [102, 101], the authors describe circumventing this issue by using a metal rod to strike the treadmill
at irregular intervals, in order to disorient the subject as to which impact preceded the impending perturbation. This
tactic may decrease the likelihood of an anticipatory response from the subject, but may not completely eliminate it.
Further, the repeated impacts confound the calculation of kinetics prior to the perturbation.

It should be noted that of all the stumble studies previously described, only two have presented joint-level kinetic
data. Ipsilateral limb kinetics were reported in [25], and contralateral limb kinetics were reported in [87]. The lack of
reported joint-level kinetic data is likely due to the challenge of reliably measuring force and moment data in several
of the aforementioned systems associated with stumble experimentation.

In this paper, the authors describe the design and methodology of a novel stumble perturbation system that 1) pro-
vides an obstacle perturbation (i.e., one similar to stumble events encountered in daily life), 2) enables introduction
of repeated perturbations while eliminating the subject’s ability to perceive the obstacle’s entry and thus anticipate the
events, 3) provides controllable timing of the perturbation, and 4) enables calculation of joint-level kinematics and
kinetics before, during, and after the perturbation. The proposed system is based on and improves upon the system
presented by [100, 102, 101, 103]. However, the one described here precludes subjects from perceiving the deploy-
ment of the obstacle, is able to time the perturbation to within 2.5% of the stride cycle, and enables straightforward
computation of joint kinetics using conventional inverse dynamics techniques. This paper describes the design of the
system and employs it to collect kinematic and kinetic data on seven healthy subjects in order to confirm that the
four aforementioned objectives are met. Apparatus design files and targeting algorithm scripts are included with the
supplemental material such that other researchers can reproduce the experimental system for the study of stumble
recovery.
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2.3 Methods

2.3.1 Stumble Perturbation System

The stumble perturbation system consists of (i) an obstacle delivery apparatus that inconspicuously releases an obstacle
onto a split-belt force-instrumented treadmill, and (ii) a predictive targeting algorithm which controls the timing of the
perturbation. The major components of the system are illustrated in Fig. 2.1.

2

3
4

1

Force-instrumented Treadmill

Obstacle Delivery 
Apparatus

Predictive Targeting 
Algorithm

Figure 2.1: Schematic of the stumble perturbation system. The subject walks on the instrumented treadmill. Ground
reaction forces and moments are collected (1) and used to calculate the center of pressure under the foot, which is then
used to detect gait events. These gait events are used to calculate the time at which the obstacle should be released
using the predictive targeting algorithm (2). At this time the electromagnet turns off (3) and releases the obstacle onto
the treadmill such that a perturbation is introduced (4) at the desired percent of swing phase.

2.3.1.1 Obstacle Delivery Apparatus Design

As with the system described in [100, 102, 101, 103], the essential mechanism of inducing a stumble is based on
introducing a weighted obstacle onto a treadmill belt. The obstacle used in this study was a 16 kg (35 lb) block of
steel, chosen to ensure minimal movement relative to the treadmill belt during a stumble compared to previous designs
which used a 2.2 kg (5 lb) obstacle [100, 102, 101, 103]. The obstacle measures 20 cm wide, 12.5 cm long, and 7.5
cm high (8.125” x 5” x 3”). Firm foam padding of 1.25 cm in thickness (0.5”) is adhered to the front and bottom of the
obstacle to protect the subject’s toes and the treadmill belt, respectively. Note that while this specific weight and shape
were used for this study, an obstacle of any given weight and various shapes could be used in its place depending on
the objective of the experiment. The system’s functionality is independent of the obstacle’s weight and shape, within
certain bounds of size and form-factor.

Additionally, deployment of the obstacle onto the belt without perception necessitates that the obstacle be transferred
to the belt with minimal impulse, which requires that the obstacle be deployed with near-zero vertical velocity, and
horizontal velocity that approximates the treadmill belt speed. Any substantial variation from these velocities will
result in a noticeable force impulse on the treadmill due to the change in obstacle momentum, which will be perceptible
to the user, as was the case in previous designs [102, 101] and evident in the authors’ pilot testing.

In order to deploy the 16 kg obstacle with minimal impulse, a ramp-based obstacle delivery apparatus (Fig. 2.2) was
designed to deploy the obstacle onto the treadmill belt, as illustrated in Fig. 1, at near-zero vertical velocity and at a
prescribed, adjustable horizontal velocity in order to match a given belt speed. The ramp consists of an acrylic track
attached to an aluminum frame with adjustable, vibration-damping feet. The obstacle is held at a given point along the
ramp via an electromagnet, which is held by a rod located by a pair of holes in the ramp (Fig. 2.2). When released via
computer control (discussed subsequently), the obstacle rolls down the ramped track on a set of flanged roller bearings
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mounted on shoulder bolts threaded into each corner of the obstacle (Fig. 2) and then onto the front of the treadmill
belt (Fig. 2.1). Note that a large, padded bin was used to catch the obstacle on the posterior end of the treadmill. The
initial height of the center of mass of the obstacle determines the horizontal velocity at exit, and thus the ramp includes
multiple starting points for the obstacle (i.e., multiple initial heights) in order to approximate a range of treadmill belt
speeds. The starting height can additionally be fine-tuned via a threaded interface between the electromagnet and the
rod to more precisely match a given belt speed. While any curve that is tangent to the treadmill belt at the exit could be
employed, in order to simplify and improve the timing algorithm, a tautochrone curve [84] was implemented, which
has been shown to have two desired features for this application. For a mass without friction in a constant gravitational
field, a tautochrone curve: 1) provides the fastest path between two points, and 2) provides a constant time of travel,
regardless of the starting point. These features respectively: 1) minimize the delay between obstacle release and the
perturbation, which reduces associated predictive error, and 2) enable multiple belt speeds while considering only a
single, fixed ramp travel time in the algorithm.

Figure 2.2: Obstacle delivery apparatus. A steel block (1) rests on an acrylic track (2) via flanged bearing stacks (3).
The block is held in place by an electromagnet (4), whose position is determined by the height of the metal rod (5).
The track is mounted to an aluminum frame (6) with adjustable, vibration-damping feet (7). Foam (8) is adhered
to the front and bottom of the block to protect the subject’s toes and reduce the impulsive loading on the treadmill,
respectively.

2.3.1.2 Predictive Targeting Algorithm

A predictive targeting algorithm was developed so the system could elicit precisely timed perturbations during a
given stride, in order to: 1) reduce the proportion of mistrials (e.g., in [81, 102], where 23% and 39% of attempts
failed to elicit a stumble, respectively), and 2) enable a more precise study of the variation in response mechanics
as a function of when the perturbation occurs during swing phase. The targeting algorithm assumes the use of a
lateral split-belt, force-instrumented treadmill. The control flow information is illustrated in Fig. 2.3. Note that
both a left and right obstacle delivery apparatus were used for the human subject experiment described here, but
each is independent (i.e., only requires kinetic signals from the side to be perturbed) and therefore the algorithm is
described in the context of a single obstacle delivery apparatus. The predictive targeting algorithm is initialized with
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a desired percent swing at which the perturbation should occur. At the next toe-off event after the obstacle release is
triggered by the experimenter, the algorithm calculates a time delay (trelease) such that the perturbation will occur at
the desired percent of swing phase. The desired percent of swing phase corresponds to a point in space and time after
toe-off, hereafter referred to as the targeted perturbation point and the targeted perturbation time, respectively. The
algorithm requires real-time measurement of the two sagittal plane forces (vertical and anterior-posterior (AP) ground
reaction forces (GRF)) and the one sagittal plane moment (mediolateral ground reaction moment (GRM)) from the
instrumented treadmill. These kinetic signals are used to calculate the AP center of pressure (CoP) which is then
used to detect gait events. The detected gait events are used to determine the timing of the release of the obstacle to
achieve a perturbation at the desired percent of swing phase. The specific algorithm by which the appropriate time
delay is calculated is described below. The key measurements and variables used in the algorithm are defined in Fig.
4. For the implementation described here, the force and moment signals were sampled at 1 kHz and filtered with a 1st
order low-pass filter with a cut-off frequency of 30.5 Hz. Additionally, an experimentally determined 90 N threshold
was used on the vertical GRF to reduce noise in the CoP signal near heel-strike and toe-off. Below this threshold the
CoP signal was zeroed. Also note, as indicated in Fig. 2.4, the sagittal plane forces and moment are measured by the
instrumented treadmill with respect to a coordinate frame, which is provided by the treadmill manufacturer (Bertec,
Columbus, USA).
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Figure 2.3: Predictive targeting algorithm control flow diagram. The targeting algorithm receives the desired percent
swing input from the experimenter and the Fy, Fz, and Mx signals from the instrumented treadmill. Once the ex-
perimenter triggers a perturbation (a), the system waits until the next toe-off event (b), then passes to the time delay
block where the time delay, trelease, is received from the Targeting Algorithm. The system then releases the obstacle
following the time delay (c) which results in a targeted perturbation during the subject’s swing phase. The unit step
plots indicate the obstacle release signal at each point in the flow diagram: (a) indicates the immediate switch to high
at the time of the trigger, (b) indicates the delay of the switch due to the time between the trigger and the subsequent
toe-off, and (c) represents the added algorithmically-computed time delay before the obstacle is released. Note that
trelease is calculated in Eqs. (1) – (10).

The targeting algorithm assumes a uniform periodic motion (i.e., treadmill velocity is constant and the subject’s posi-
tion on the treadmill does not change substantially between time of release and time of perturbation). The time delay
trelease signifies when the obstacle should be released by the electromagnet in order to perturb the subject at a desired
percent of swing phase. The time delay trelease is calculated at a specified toe-off as a function of several component
times, illustrated in Fig. 2.4, as:
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Figure 2.4: Schematic depicting variables used in the predictive targeting algorithm. The algorithm calculates the
release time (trelease) such that the obstacle contacts the subject’s foot at the desired time in swing phase. The time
domain variables (top) and position domain variables (bottom) depicted here are used in Eqs. (1) – (10).

trelease = ntst + t f oot − tobstacle (2.1)

where tst is the average stride time, t f oot is the time required for the foot to travel from toe-off position to the targeted
perturbation point, tobstacle is the time required for the obstacle to travel from its initial position on the ramp to the
targeted perturbation point, and n is the smallest integer that makes trelease ≥ 0. The component times in (2.1) are
computed as follows. The time tobstacle is defined by:

tobstacle = ttm + tramp (2.2)

where tramp is the time required for the obstacle to travel down the ramp to its point of entry on the treadmill belt
and ttm is the time required for the obstacle to travel on the treadmill belt from its point of entry on the treadmill to
the targeted perturbation point. The time tramp is a constant due to the nature of the tautochrone curve and thus is
independent of the starting position of the obstacle on the ramp. Although this time can be estimated analytically, it
was determined experimentally to account for frictional effects. The time ttm is given by:

ttm =
dtm

vtm
(2.3)
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where vtm is the treadmill belt velocity, assumed to be constant, and dtm is the distance the obstacle must travel on the
treadmill to the targeted perturbation point, which is calculated as:

dtm = dCoP,to − pswlst (2.4)

where dCoP,to is the computed distance from the obstacle’s point of entry on the treadmill to the CoP at the toe-off
event, psw is the targeted percent of swing phase (converted to a decimal) which is provided as an experimenter input
into the algorithm, and lst is the computed average stride length (see Fig. 2.4). In this equation, the computed distance
dCoP,to is given by:

dCoP,to = d − yCoP,to (2.5)

where d is the AP positional offset between the obstacle’s point of entry on the treadmill and the force plate origin
(Fig. 2.4), and yCoP,to is the distance from the AP CoP of the ipsilateral foot at toe-off to the force plate origin, which
is given by calculating yCoP at the time of toe-off using:

yCoP =
Fyh+Mx

Fz
(2.6)

where h is the vertical positional offset between the belt surface and force plate origin, Fy is the AP GRF, Fz is the
vertical GRF, and Mx is the mediolateral GRM (Fig. 2.4).

The stride length in (2.4) is computed as a moving average of the previous 10 stride lengths, each of which is calculated
as the difference of the AP CoP at heel-strike and the prior toe-off:

lst = yCoP,hs(i)− yCoP,to(i−1) (2.7)

where i is the stride index, and ycop,hs and yCoP,to are the distances from the AP CoP signal to the force plate origin at
heel-strike and toe-off, respectively. The heel-strike event is detected as an increase in the vertical GRF beyond the
90 N threshold, and heel-strike position is computed as the average of the first 10 non-zero samples of the AP CoP
signal after the heel-strike event. The toe-off event is detected as a decrease in the vertical GRF below the threshold,
and toe-off position is computed as the last 10 non-zero samples of the AP CoP signal prior to toe-off. Both of these
CoP values are calculated using (2.6) at the time of their respective events. Stride time in (2.1) is the measured time
between each successive ipsilateral heel-strike:

tst = ths(i)− ths(i−1) (2.8)

which is computed as a moving average of the past 10 stride times. Heel-strike time (ths) is the time of the heel-strike
event, which is detected at the first non-zero sample of the AP CoP signal after swing phase.

The time t f oot , which is the time within the periodic cycle required for the foot to advance from the toe-off position to
the targeted perturbation point, is given by:
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t f oot = pswtsw (2.9)

where tsw is the moving average of the previous 10 swing times, each of which is calculated as the time difference
between heel-strike and the prior toe-off:

tsw = ths(i)− tto(i−1) (2.10)

where toe-off time (tto) is detected at the time of the last non-zero sample of the AP CoP signal during stance phase.
Note that the calculation of swing time (tsw) may be affected by the threshold set on the force signals, thus artificially
increasing the value. In this implementation an experimentally determined scaling factor that was inversely propor-
tional to the subject’s average stride length was used to account for this effect of thresholding the GRF. As illustrated
in Fig. 2.3, the time delay value calculated in (2.1) is computed at the toe-off event, using (2.2)-(2.10), to enable
the experimenter to specifically target a perturbation at a desired percent of the swing phase. The computer-aided
design (CAD) files for the obstacle delivery apparatus and scripts implementing the targeting algorithm are included
in the supplemental material of this paper. The following section provides a validation of the experimental setup and
algorithm.

2.3.2 Experimental Validation

A 7-subject study of stumble recovery responses in healthy subjects was conducted in order to validate the efficacy of
the stumble perturbation system. The protocol for this study and data analysis methods are outlined respectively in the
subsections below.

2.3.2.1 Experimental Protocol & Data Collection

Seven subjects participated, three females and four males (age: 23.6 yrs, height: 1.8 m, mass: 81.3 kg). All experimen-
tal protocols were approved by the Vanderbilt Institutional Review Board, and all subjects gave their written informed
consent. Subjects walked on the treadmill at 1.1 m/s [102]. The handrails were removed so they could not be used as
a recovery aid; however, a full-body harness with slackened safety rope was worn to prevent a true fall. To prevent
subjects from hearing or seeing the obstacle being deployed, each subject listened to white noise via earbuds, wore
noise-canceling headphones, and wore dribble goggles that occluded the inferior visual field. Each subject watched
on-screen visual feedback to ensure a centered position on the treadmill and avoid crossing over to the contralateral
force plate. As a distraction technique, subjects were instructed to count backwards aloud from an arbitrary number
by intervals of seven [112] (i.e., perform Serial Sevens). Subjects were given several minutes to walk on the treadmill
prior to testing in order to acclimate to the setup.

Various data were recorded during each trial, including GRF data, which were recorded under each foot at a sampling
rate of 2 kHz via a lateral split-belt, force-instrumented treadmill (Bertec, Columbus, USA). Full-body kinematic data
were collected via infrared motion capture at a sampling rate of 200 Hz, which included feet, shanks, thighs, pelvis,
torso, upper arms, and forearms (Vicon, Oxford, GBR). The experimental protocol consisted of two sub-experiments.
First, a perception experiment (hereafter referred to as Perception Trials) was performed to determine the extent to
which subjects could perceive the deployment of the obstacles due to the potential introduction of vibrations to the
treadmill, as this perception would induce an anticipatory response. Second, a perturbation experiment (hereafter
referred to as Perturbation Trials) was performed to assess the timing accuracy of perturbations and quantify the
kinematics and kinetics of the stumble recovery responses. In the Perception Trials, for each of the two belts, an
obstacle delivery apparatus was aligned laterally on the treadmill belt to ensure that when the obstacle was released it
would not contact the subject’s foot (i.e., it would pass lateral to the foot path). Subjects walked for approximately 15
min while the obstacles were released 6 times per belt at approximately 20, 30, 40, 50, 60, and 70% of swing phase.
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The subjects were asked to raise their hand on the respective side if or when they perceived the obstacle entering the
treadmill.

Following the Perception Trials, each obstacle delivery apparatus was repositioned such that the obstacles, when re-
leased, would be in the line of progression of the subject’s foot. During the Perturbation Trials, each subject was
perturbed 14 times per lower limb, targeted from 10% to 75% of swing phase in 5% increments. The order of pertur-
bations was randomized in terms of targeted percent swing, the number of strides prior to the perturbation (between
25 and 120) and the side perturbed (i.e., left vs. right). A video of representative stumbles from these trials is provided
in the supplemental material.

Note that prior to each trial the subject was not informed when or on which side the obstacle would be released, and
as such they did not know when or where to expect the perturbation. The instructions given to the subjects prior to
the Perturbation Trials were as follows: 1) Watch the visual feedback on screen to ensure a centered position on the
treadmill, 2) perform serial sevens out loud, and 3) when the perturbation occurs, try to recover and return to steady
state walking. They were also informed that in the event of a fall (i.e., in which they were caught by the overhead
harness), the treadmill would be stopped.

Additionally, 60 seconds of unperturbed walking data were collected before and after the set of 28 perturbations, and
the Perception Trials were repeated after the Perturbation Trials to ensure subjects did not acclimate to the system.

2.3.2.2 Data Processing

GRF and motion capture data were filtered with a zero-phase, 3rd order, low-pass Butterworth filter with a cut-off
frequency of 15 and 6 Hz, respectively. Next, inverse dynamics were computed using Visual3D (C-Motion, German-
town, USA) to estimate joint-level kinematics and kinetics for each trial. Additionally, the kinetic signal profile of
the obstacle (i.e., the GRF and GRM profiles due to the obstacle as it travels across the treadmill from entry to exit)
was obtained prior to the testing session (i.e., without a subject on the treadmill) and subsequently subtracted from
the kinetic signals recorded during the Perturbation Trials. This removed the obstacle’s contribution to the measured
kinetic data.

Prior to analysis, unperturbed walking data were parsed by heel-strike into strides and normalized to 100% of the
stride cycle. Perturbed strides were normalized such that the toe-off event matched that of the unperturbed walking
strides (i.e., perturbed strides were normalized based strictly on the stance phase, which is devoid of the perturbation).

The percent swing at which the stumble actually occurred was calculated as:

Psw =
tpto

tsw,avg
(2.11)

where tpto is the time the perturbation occurred relative to the preceding toe-off event, and tsw,avg is the average swing
time of 25 strides prior to the perturbation. The perturbation event was determined as the instant at which the foot
contacted the obstacle, which was identified via a transient peak in the AP GRF measured by the treadmill. The actual
percentage of swing phase of the perturbation, Psw, was then compared to the targeted percentage of swing phase of
the perturbation, psw, to assess the accuracy of the system.

The responses of the subjects to each perturbation were divided into three stumble recovery strategies that have been
defined in previous works: the elevating strategy [24, 38, 101, 107], lowering strategy [24, 101, 107], and delayed
lowering strategy [101, 107]. The recovery strategy was determined by the trajectory of the perturbed foot after contact
with the obstacle. For the elevating strategy, the perturbed foot lifts up and over the obstacle, landing anterior to the
obstacle. For both the lowering and delayed lowering strategies, the perturbed foot lowers posterior to the obstacle.
During the delayed lowering strategy, the perturbed foot lifts slightly before lowering posterior to the obstacle, while
in the lowering strategy the perturbed foot shows no upward movement before lowering.
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To demonstrate that the system enables calculation of joint-level kinematics and kinetics, hip, knee, and ankle angle
and moment trajectories over the recovery period for each strategy were computed and shown for a single subject in
Fig. 2.6 and Fig. 2.9. To briefly summarize group-level results, peak GRFs, trunk deflection and joint flexion angles,
and joint flexion and extension moments were also computed and the inter-subject means of these metrics for each
recovery strategy were determined.

These summary metrics served to 1) provide values with which to compare to previous overground studies as further
validation that the system is able to provide realistic perturbations leading to authentic stumble recovery responses,
and 2) present initial findings to show trends in magnitude and range of responses across different recovery strategies.
Wilcoxon rank-sum tests (α = 0.05) with a Holm-Bonferroni correction were used to determine statistical significance
of these summary metrics, for each recovery strategy compared to the unperturbed control values.

2.4 Results

2.4.1 Subject Perception

Of the 168 obstacle deployments that occurred during the Perception Trials (12 pre-test and 12 post-test trials for 7
subjects), none were perceived by subjects.

2.4.2 Targeting Accuracy

The Perturbation Trials yielded 190 successful stumbles out of 196 attempted. Six trials were excluded due to the
subject stepping onto the obstacle. Therefore, only 3% (6 of 196) of the trials were deemed mistrials. The authors note
this failure rate is an order of magnitude lower than the overground experiments described in [81, 102].

Fig. 2.5 shows the targeted versus actual swing percentage corresponding to the 190 successful stumble perturba-
tions. The mean absolute error was 6.2% of swing phase (or 2.5% of the stride cycle, assuming that swing phase is
approximately 40% of the total stride cycle). This corresponds to an average error of approximately 25 ms based on
the average swing time (0.41 s ± 0.027 s) from the 7 subjects.

2.4.3 Kinematics

The observed recovery strategies and associated movements measured for the 7 subjects were qualitatively consistent
with those previously reported for healthy individuals [24, 101, 107]. In total, 126 elevating strategies, 23 lowering
strategies, and 39 delayed lowering strategies were observed. Two anomalous trials were excluded, one due to the
subject scuffing his toe during the recovery, and the other due to the subject falling during the attempted recovery (i.e.,
caught by the safety harness). Sagittal plane kinematic trajectories for each of these strategies for a single subject are
shown in Fig. 2.6, while inter-subject (N = 7) mean peak joint angles and trunk deflection angle (i.e., the mean of each
subject’s average peak angle for each strategy) are given in Fig. 2.7.

For the elevating strategy (Fig. 2.6 top row), the subject exhibited an increase in ipsilateral hip and knee flexion
immediately following the perturbation as the leg cleared the obstacle. The ankle showed initial plantarflexion as the
foot contacted the obstacle; however, this was quickly followed by dorsiflexion as the foot crossed over the obstacle.
The contralateral limb kinematics did not deviate substantially from the unperturbed trajectories. The subject’s hip
and knee flexion increased slightly in the step following the perturbation, along with a more substantial increase in
ankle plantarflexion.

For the lowering strategy (Fig. 2.6 middle row), the subject exhibited ipsilateral hip extension after contact with the
obstacle. In late swing phase, knee extension was exhibited as the foot lowered to the ground. There was slight ankle
plantarflexion and initial knee flexion on the ipsilateral side as the foot impacted the obstacle. The ankle plantarflexion
gave way to dorsiflexion before the foot hit the ground. In the following stride an increase in hip and knee flexion was
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Figure 2.5: Targeted percent swing of perturbation versus the actual percent swing. Targeted percent swing is the input
of the predictive targeting algorithm. Data are shown for 190 stumbles (28 trips per 7 subjects, excluding 6 mistrials).
The mean absolute error of the system was 6.2% swing (2.5% stride), which corresponds to approximately 25 ms.
An identity line is included to better visualize the system’s accuracy. The stride equivalent axis assumes swing phase
makes up 40% of the stride cycle.

seen while the ankle maintained a slight dorsiflexion as the foot cleared the obstacle. The contralateral side displayed
increased hip flexion and knee flexion during the following swing phase.

For the delayed lowering strategy (Fig. 2.6 bottom row), the subject’s response began with increased hip and knee
flexion on the ipsilateral side, prior to switching to hip and knee extension as the foot was subsequently lowered to
the ground. The ankle displayed initial plantarflexion as it contacted the obstacle before transitioning to dorsiflexion.
In the next stride, an increase in hip and knee flexion and an increase in ankle dorsiflexion were observed as the
foot cleared the obstacle. On the contralateral side, increased hip and knee flexion as well as ankle dorsiflexion were
observed during the subsequent swing phase

To complement the single subject results, Fig. 2.7 shows averaged results across all subjects in this study for various
kinematic metrics associated with each strategy. During the perturbed step, the elevating strategy exhibited the highest
deviation from unperturbed walking in peak trunk deflection angle (16° greater), ipsilateral peak hip flexion angle
(34° greater), ipsilateral peak knee flexion angle (42° greater), and ipsilateral peak ankle dorsiflexion angle (12°
greater). For the stride following the perturbation, the delayed lowering response exhibited the greatest deviation from
unperturbed walking in peak trunk deflection angle (23° greater), ipsilateral peak knee flexion angle (50° greater),
and ipsilateral peak ankle dorsiflexion angle (6° greater). On the contralateral side, the lowering strategy yielded the
greatest deviation from unperturbed walking peak knee flexion angle (28° greater), and peak ankle dorsiflexion angle
(9° greater). Statistical significance for each metric compared to the unperturbed data is illustrated in Fig. 2.7.
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Figure 2.6: Kinematic trajectories of the hip, knee, and ankle. Depicted are the kinematic trajectories of the ipsilat-
eral and contralateral limbs during an elevating, lowering, and delayed lowering strategy from a single subject. The
trajectories were normalized to the toe-off of the unperturbed stride and extended accordingly. The unperturbed stride
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Figure 2.7: Peak joint and trunk deflection angles. Values are depicted for the elevating, lowering, and delayed
lowering strategies on the ipsilateral and contralateral limbs. Each bar depicts the inter-subject (N = 7) mean of the
average peak angles for each strategy, with standard deviation displayed as error bars. For the ipsilateral (perturbed)
limb, peak joint flexion angle or trunk deflection angle within the perturbed step (before the perturbed foot contacts
the treadmill after perturbation) and after the perturbed step (in the step following the perturbation) are reported. For
the contralateral limb, peak joint flexion angle in the step following the perturbation are reported. For the ankle,
flexion refers to dorsiflexion. The unperturbed values shown are the inter-subject mean of the 25-stride average prior
to the perturbation. Angles are reported in degrees. For each metric, values that are significantly different from that of
unperturbed walking are marked with an asterisk.

Fig. 2.8 compares summary metrics across all subjects in this study to the same metrics reported in previous overground
studies, specifically those reported in [24, 38]. For the elevating strategy, the peak trunk deflection, hip flexion, knee
flexion, and ankle dorsiflexion angles are qualitatively comparable to previous studies, although slightly larger. All
metrics reported in both this paper and [24, 38] are significantly different from their respective unperturbed metrics
for the elevating strategy. For the lowering strategy, trunk deflection angle during the perturbed stride was again
qualitatively comparable to [24] (both this paper and [24] found no significant difference between this metric and that
of the unperturbed stride). In the stride following the perturbation, trunk deflection angle is significantly different from
that of the unperturbed stride for this paper and [24], though this paper reports slightly higher trunk deflection angle
during the perturbed stride. Statistical significance for each metric compared to the unperturbed data for this paper
and for [24, 38] is illustrated in Fig. 2.8.

25



Eng e
t a

l. 1
994

Gra
bin

er e
t a

l. 1
993

This 
paper0

5

10

15

20

25

30

M
a

x 
fl

e
xi

o
n

 a
n

g
le

Trunk

0

20

40

60

80
Hip

0

50

100

150
Knee

0

5

10

15

20

25
Ankle

Unperturbed

Perturbed

Eng e
t a

l. 1
994

Gra
bin

er e
t a

l. 1
993

This 
paper

Eng e
t a

l. 1
994

Gra
bin

er e
t a

l. 1
993

This 
paper

Eng e
t a

l. 1
994

This 
paper

M
a

x 
fl

e
xi

o
n

 a
n

g
le

 

w
it

h
in

 p
e

rt
u

rb
e

d
 s

te
p

Trunk

M
a

x 
fl

e
xi

o
n

 a
n

g
le

a
ft

e
r 

p
e

rt
u

rb
e

d
 s

te
p

Trunk

0

5

10

15

20

25

30

Eng e
t a

l. 1
994

This 
paper

0

5

10

15

20

25

30

Eng e
t a

l. 1
994

This 
paper

Elevating

Lowering

*

*

* *

*

*

*

* ** *

*

*

Figure 2.8: Peak joint angles for the elevating and lowering strategies. Results from this study as well as from previous
works ([5, 32]) are reported. For this paper, the bars depict the inter-subject (N = 7) mean of the average peak angles
for each strategy, with inter-subject standard deviation displayed as error bars. For [5], the bars depict the total average
peak angle for each strategy (n = 25 stumbles for elevating, n = 17 stumbles for lowering, n = 25 for unperturbed
control), with standard deviation displayed as error bars. For [32], the bars depict total average peak angles for the
elevating strategy (n = 42 stumbles), with standard deviation displayed as error bars. For the elevating strategy, peak
flexion angle is defined as the peak joint angles of the ipsilateral limb and peak trunk deflection angle during the
swing phase of the recovery. For the lowering strategy, peak trunk deflection angle within perturbed step (before the
perturbed foot contacts the treadmill after perturbation) and after perturbed step (in the step following the perturbation)
are reported. For the ankle, flexion refers to dorsiflexion. The unperturbed values shown are the inter-subject mean of
the 25-stride average prior to the perturbation. Angles are reported in degrees. Asterisks above bars indicate that the
value is significantly different from the same metric for unperturbed walking.

2.4.4 Kinetics

Joint-level kinetics were computed for each of the strategies for both the ipsilateral and contralateral limbs. Sagittal-
plane joint moments for each strategy from the same subject are shown in Fig. 2.9. Inter-subject mean peak kinetic
metrics across all subjects for each strategy as well as unperturbed walking are given in Fig. 2.10. Although the
system enables the estimation of joint-level kinetics as intended, in several trials the subject crossed over onto the
contralateral belt during recovery which compromises the inverse dynamics calculations, or the obstacle moved relative
to the treadmill belt after impact with the swing foot (which would require an additional correction algorithm, not yet
implemented, in order to properly estimate inverse dynamics). Because of these factors, trials in which either event
occurred were removed from the kinetic analysis. As such, for the contralateral foot 126 (N = 7) elevating strategies,
18 (N = 7) lowering strategies, and 22 (N = 6) delayed lowering strategies were included. For the ipsilateral foot 24
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(N = 7) elevating strategies, 2 (N = 2) lowering strategies, and 16 (N = 6) delayed lowering strategies were included.
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Figure 2.9: Kinetic trajectories of the hip, knee, and ankle. Depicted are the kinetic trajectories of the ipsilateral and
contralateral limbs during an elevating, lowering, and delayed lowering strategy from a single subject. The trajectories
were normalized to the toe-off of the normal stride and extended accordingly. The unperturbed stride shown is the
average of 25 strides prior to the perturbation. For the hip and knee, positive moments indicate flexion moments and
negative moments indicate extension moments. For the ankle, positive moments indicate dorsiflexion moments and
negative moments indicate plantarflexion moments. Moments are reported in Newton-meters.
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For the elevating strategy (Fig. 2.10 top row), the subject exhibited a semi-periodic ipsilateral hip moment oscillating
between extension and flexion during swing before producing a large extension torque upon contact with the ground.
The ipsilateral knee displayed similar behavior as it oscillated between flexion and extension moments in swing before
exerting a large extension moment upon heel-strike. These hip and knee moment behaviors are qualitatively consistent
with the findings of [25]. During stance as the ipsilateral limb elevated over the obstacle, the contralateral limb
experienced an extension moment at the hip and flexion moment at the knee, which is qualitatively consistent with the
results of [88].

For the lowering and delayed lowering strategies (Fig. 2.10 middle and bottom row respectively), the subject displayed
very similar kinetic characteristics. After contact with the obstacle, the ipsilateral hip produced an extension moment
before producing a flexion moment upon ground contact and then switching back to an extension moment in late stance.
The ipsilateral knee demonstrated a flexion moment after contact with the obstacle before exhibiting an extension
moment during early stance and switching to a flexion moment in late swing. The ipsilateral ankle demonstrated
a large plantarflexion moment during stance after the perturbation. The contralateral limb initially exhibited a hip
and knee flexion moment before entering swing phase and then exerted a large hip and knee extension moment on
subsequent heel-strike.

Fig. 2.10 shows averaged data across all subjects in this study for various kinetic metrics associated with each strategy.
On the ipsilateral side, the elevating strategy exhibited the greatest deviation from unperturbed walking in peak hip
extension moment (1.2 Nm/kg greater), peak knee extension moment (1.4 Nm/kg greater), peak vertical GRF (8.7
N/kg greater) and peak AP GRF (1.3 N/kg greater). The delayed lowering strategy exhibited the greatest increase
in peak ankle plantarflexion moment (0.9 Nm/kg greater) on the ipsilateral side. As the perturbed limb elevates, the
contralateral limb showed increases in peak hip extension moment, peak knee flexion moment, peak ankle plantarflex-
ion moment, and peak GRFs compared to unperturbed walking. In the stance phase after perturbation, lowering and
delayed lowering strategies exhibited increases in peak joint moments and GRFs on the contralateral side, compared to
that of unperturbed walking. Significance for each metric compared to the unperturbed data is illustrated in Fig. 2.10.

2.5 Discussion

The stumble perturbation system presented here provides a realistic obstacle perturbation to the swing foot, which
both disrupts the foot’s trajectory and requires the person to clear a physical obstacle in the course of recovery to avoid
falling. The system is capable of introducing repeated perturbations in a targeted manner without subjects being able
to perceive or anticipate the perturbation. The system was able to elicit the three stumble recovery strategies previously
described in literature, and kinematic and kinetic results obtained were qualitatively consistent with behaviors observed
in previously published overground studies of stumble (Fig. 2.8). Further, the system enables precise, controllable
timing of the perturbation to within 25 ms, or 2.5% of the stride cycle (Fig. 2.5). Finally, the system allows for the
collection of joint-level kinematic and kinetic data for both limbs before, during, and after the perturbation (Fig. 2.6
and Fig. 2.9). The obstacle delivery apparatus design and predictive targeting algorithm are detailed in a manner to
enable replication of the system for those wishing to study stumble recovery.

This system has eliminated the introduction of detectable vibrations to the treadmill, as evidenced by the Perception
Trials, in which no subject indicated any perception of the obstacle out of 168 trials. Note that the Perception Trials
were performed both before and after the Perturbation Trials, indicating that the subjects did not acclimate to the
system. Avoiding perception of the obstacle prior to perturbation is imperative for the stumble perturbation system,
as any anticipation of the impending perturbation will alter the reflexive nature of the stumble recovery response and
compromise the authenticity of the response.

The apparatus itself has removed the issue of inducing vibrations to the treadmill, and thus the subject’s ability to
feel the obstacle entering the treadmill. However, several other measures were taken experimentally to ensure that
the subject was unaware of the obstacle’s entry (similar to previous works [19]). First, though efforts were made to
reduce the audible noise from the obstacle rolling down the ramp (e.g., greased roller bearings), it is impossible to
make such an event completely silent. Thus, white noise and noise-cancelling headphones were used. Second, the
inferior visual field-blocking goggles were necessary to avoid subject temptation of looking down at the apparatus.
Lastly, the Serial Sevens task was not necessary to avoid detection, but rather was chosen as a distraction task, since
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Figure 2.10: Peak joint moments and GRFs. Values are depicted for the elevating, lowering, and delayed lowering
strategies on the ipsilateral and contralateral limbs. Each bar depicts the inter-subject mean of the average peak values
for each strategy, with standard deviation displayed as error bars. The unperturbed values shown are inter-subject
mean of the 25-stride average prior to perturbation. Moments are reported as Newton-meters/kilogram, and forces are
reported as Newtons/kilogram. Asterisks above bars indicate that the value is significantly different from the same
metric for unperturbed walking.

anticipation of stumble can alter the stumble response. The Serial Sevens task therefore was intended to distract and
relax the subjects, in order to produce a more authentic stumble response.

The accuracy of the system in targeting specific times in swing phase helped to minimize mistrials and improve
analytical resolution (Fig. 2.5). In this study, only 3% of trials were deemed mistrials (compared to [81, 102], in
which 23% and 39% were mistrials, respectively). Minimizing mistrials is particularly important in the study of the
stumble recovery response in populations with gait pathologies, for whom an excessive number of mistrials can lead
to longer experiments, which can be physically taxing. Additionally, by ensuring the stumble perturbation system is
accurate, a larger data set can be obtained without requiring as many sessions or as large of a subject pool.

The kinematic trends produced by the system (comparing unperturbed to perturbed strides) were qualitatively similar
to those found in previous overground studies (Fig. 2.8), with the possible exception of peak hip flexion. The greater
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difference between unperturbed and perturbed peak hip angle is likely attributable to the fact that this study employed a
heavier obstacle resulting in a greater impedance perturbation than from obstacles employed in the studies by [24, 38].
The similarity shown between the system depicted in this article and previous overground systems is notable as it
demonstrates that the treadmill-based gait perturbation system provides kinematically and kinetically similar responses
to overground stumble. Note that because the treadmill belt velocity was held constant for each trial, no acceleration
was applied to the subject and as such the treadmill can be treated as an inertial reference frame, just as the ground is
for overground walking.

The system allowed for the first time the calculation of ipsilateral and contralateral joint-level kinetics before, during,
and after the stumble event. Time series data for a single subject and a brief set of kinetic summary metrics for all
subjects are presented (Fig. 2.9 and Fig. 2.10). The purpose of this paper was simply to demonstrate the capability of
the system. A more comprehensive analysis and interpretation of stumble recovery kinetics warrants further study but
is beyond the scope and objective of this paper. One important consideration for future work is that the obstacle did
not always remain stationary upon foot contact. Rather, in approximately 60% the recorded trips, the obstacle rotated
about the vertical or mediolateral axis during the stumble. This behavior was similarly reported in other studies [102],
and is representative of many actual stumble events (i.e., stumbling over a rock or heavy object that may shift on the
ground). Movement of the obstacle, however, must be accounted for in the kinetic computations. A method for doing
so could be developed and implemented using motion capture markers on the obstacle; however, it was not presented
here, and therefore the ipsilateral kinetic data presented here (Fig. 2.10) corresponds to only the trials in which the
obstacle did not move (70 of the 190 trials).

Beyond the limitation in kinetic analysis, other limitations of this system include the predictive targeting algorithm’s
inability to respond to instantaneous changes in the subject’s gait immediately prior to or after the release of the
obstacle and the assumption of constant foot velocity during swing phase. The predictive nature of the system (due
to the travel time of the obstacle being notably longer than that of the subject’s foot) requires the system to take
a moving average of several gait metrics which are used to determine the release time of the obstacle. Once the
obstacle is released, the system cannot respond to deviations from the period motion, or belt location. Since the
release occurs one to two strides prior to the perturbation, some deviations may occur, which are likely the limiting
factor in determining targeting accuracy. Finally, the system’s assumption of constant foot velocity (in its calculation
of the travel time of the subject’s foot) could also contribute to the slightly different levels of error in early and late
swing (Fig. 2.5), since these regions are where this assumption is less robust.

The system’s efficacy in producing realistic, unanticipated, and controllable perturbations to the swing foot while
allowing for the measurement and calculation of joint-level kinetics and kinematics lends itself to several prevalent
research applications. First, its targeting capabilities could provide insight into several unknowns regarding the biome-
chanics of stumble recovery for healthy individuals, such as when and why healthy individuals choose specific recovery
strategies. Second, this system can be used to study individuals who are particularly susceptible to perturbations of
the swing foot (e.g., transfemoral prosthesis users) to study how their strategies differ from healthy individuals, and
ultimately how to inform better interventions (e.g., prostheses) to recover from such perturbations. Lastly, as proposed
and described by others, this system could be used for fall training purposes [62]; however, the efficacy of using this
apparatus as a training device to potentially reduce the incidence or severity of community falls is unknown.

2.6 Conclusion

The stumble perturbation system described in this paper was shown to be an effective means of inducing stumbles
and evaluating recovery strategies during human walking. The system provided realistic obstacle perturbations and
was also shown to prevent anticipation by the subjects due to the obstacle’s imperceptible entry onto the treadmill.
The accurate targeting demonstrated by the system enables efficient and systematic data collection, thus reducing
the required subject sample size or the amount of time spent collecting data on each subject. The ability to collect
kinematic and kinetic data for both the ipsilateral and contralateral lower limbs allows for versatile use of the system
across a diverse range of studies. Finally, this work provides the necessary obstacle delivery apparatus CAD files
and predictive targeting algorithm scripts such that this system could be recreated and adopted by other researchers
studying stumble recovery.
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CHAPTER 3

On the basis for stumble recovery strategy selection in healthy adults

3.1 Chapter Summary

Healthy adults employ one of three primary strategies to recover from stumble perturbations – elevating, lowering, or
delayed lowering. The basis upon which each recovery strategy is selected is not known. Though strategy selection
is often associated with swing percentage at which the perturbation occurs, swing percentage does not fully predict
strategy selection; it is not a physical quantity; and it is not strictly a real-time measurement. The objective of this
work is to better describe the basis of strategy selection in healthy individuals during stumble events, and in particular
to identify a set of real-time measurable, physical quantities that better predict stumble recovery strategy selection,
relative to swing percentage. To do this, data from a prior seven-participant stumble experiment was reanalyzed. A
set of biomechanical measurements at/after the perturbation were taken and considered in a two-stage classification
structure to find the set of measurements (i.e., features) that best explained the strategy selection process. For Stage
1 (decision between initially elevating or lowering of the leg), the proposed model correctly predicted 99.0% of the
strategies used, compared to 93.6% with swing percentage. For Stage 2 (decision between elevating or delayed lower-
ing of the leg), the model correctly predicted 94.0% of the strategies used, compared to 85.6% with swing percentage.
This model uses dynamic factors of the human body to predict strategy with substantially improved accuracy relative
to swing percentage, giving potential insight into human physiology as well as potentially better informing the design
of fall-prevention interventions.

3.2 Introduction

People exhibit various balance recovery strategies in response to a stumble perturbation. The three primary responses
to a perturbation in swing phase have been identified as (1) the elevating strategy, in which the foot lifts up and
forward to clear the obstacle in the same step, (2) the lowering strategy, in which the foot lowers to the ground behind
the obstacle and clears it in the following step, and (3) the delayed lowering strategy, in which the foot initially lifts up
but subsequently lowers to the ground behind the obstacle before clearing it in the following step [101, 24]. The causal
factors that underlie the selection of these recovery strategies are not well known. Better understanding the factors
associated with strategy selection (i.e., the process by which a perturbation results in one of the three aforementioned
recovery strategies), and particularly the information upon which this selection is based, may improve the design of
interventions intended to mitigate the effect of stumble perturbations, especially for individuals at heightened fall risk
(e.g., elderly individuals, stroke patients, and lower-limb prosthesis users).

Over the past several decades, the majority of stumble-related research has focused on three topics: experimental
apparatus design, fall prediction, and recovery characterization. Regarding the first, various methods of eliciting stum-
bles in a lab setting have been presented and validated in order to study stumbling and the subsequent recovery or
fall of healthy and impaired individuals. Methods include overground floor-deployable obstacle perturbations (e.g.,
[24]), overground rope-blocking (e.g., [11]), treadmill-based belt-deployable obstacle perturbations (e.g., [102, 50]),
treadmill-based rope-blocking (e.g., [107, 30]), and electrical stimulation (e.g., [6]). Using these techniques, re-
searchers have explored the risk factors for falls in various populations. Some studies investigate the effect of dynamic
factors such as trunk flexion angle on recovery success [81, 118, 98, 18, 29, 111], while others consider demographics
and physical characteristics such as age, sex, strength and gait pattern [82, 80, 79]. Other studies characterize the na-
ture of recovery in healthy individuals, namely the elevating, lowering, and delayed lowering strategies. The focus of
these studies include: the kinematics of the tripped limb for each recovery strategy [24, 102, 38], the reflexes involved
in each recovery strategy [101, 24, 103, 100, 96, 119], the role of the support limb [87, 87], the role of arm movements
[97], the mechanical modeling of recovery [15], and segmental energy changes in recovery strategies [31].

Although the kinematics and kinetics of the three primary recovery strategies have been characterized, the basis upon
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which each is selected is not well established. The convention in prior literature is to associate stumble recovery
strategy selection with the swing percentage at which the perturbation occurs. For example, it has been observed
that elevating strategies are typically used following early-swing perturbations, while lowering strategies are typically
used following late-swing perturbations (e.g., [24]). However, there is evidence that healthy individuals do not select
a recovery strategy during a stumble event based upon swing percentage.

First, the accuracy with which swing percentage predicts strategy selection is limited, particularly in the mid-swing
regime (i.e., 40-70% swing phase). Reference [101] introduced stumble perturbations to eight healthy individuals,
targeted at early, mid, and late swing phase. The authors found that there was no clear swing percentage threshold
that separated elevating from lowering strategies, concluding that the final strategy used was not simply a function of
the swing percentage of the perturbation. Similarly, [30] introduced stumble perturbations of various durations and
at various points in swing phase to five healthy individuals and concluded that the factors that led to the selection of
a specific recovery strategy were unknown. Reference [107] also reported that perturbations during mid-swing can
result in various recovery strategies, suggesting that other factors (besides swing percentage of perturbation) affect
strategy selection. This idea was also highlighted in [93].

Second, swing percentage is neither a real-time measurement nor a physical quantity. Swing percentage is defined
relative to the entire swing phase (time duration), which cannot be exactly known until the entire swing phase has
been completed. Furthermore, swing percentage is not a direct physical measurement of the body’s dynamic state at
perturbation. Rather, a person (or device) who has stumbled must make a strategy selection in real-time, presumably
based on sensing of one or more measurable quantities. Note that swing percentage can be estimated in real-time via
measurement of at least one measurable proxy (e.g., ground reaction force), where the accuracy of the estimate de-
pends on the degree of stationarity (i.e., invariant periodicity) and structural invariance (i.e., invariance in relationships
between states). The accuracy of this real-time estimation therefore decreases as individuals change cadence or vary
movement patterns. Thus there is ample motivation for exploring the extent to which real-time physical measurements
(which do not require assumptions of stationarity or structural invariance) can provide improved accuracy relative to a
phase variable (e.g., swing percentage).

A couple papers have investigated factors beyond swing percentage for strategy selection [106, 81]. Reference [106]
investigated the effect of perturbation duration and limb tripped (i.e., left vs. right), in addition to swing percentage, on
strategy selection. They found that swing percentage and perturbation duration significantly improved the prediction
of their multinomial logistic regression model, and that limb tripped improved the prediction but not significantly.
Reference [81] investigated the effect of forward hip velocity and speed and height of the swing ankle (in addition to
swing percentage) on strategy selection. They found that the odds of employing a lowering strategy increased as swing
ankle height decreased, and the odds increased as swing percentage increased, but recovery strategy was unrelated to
the forward hip velocity or swing ankle speed. The delayed lowering strategy was not investigated.

This work builds upon this prior research, and specifically leverages a large experimental set of stumble data to offer
insight into the nature of the strategy selection process, specifically by identifying a set (or sets) of factors that (i)
are real-time measurable, physical quantities and (ii) predict strategy selection with better accuracy than using the
traditional swing percentage input. The intent is to provide a better understanding of which physical factors may
form the basis of strategy selection, giving potential insight into human physiology as well as informing the design of
interventional devices such as prosthetic limbs.

3.3 Methods

In order to gain insight into which real-time measurable quantities best describe the outcomes observed in a prior study
of healthy participant stumble perturbations, the problem was treated as a classification problem with a large number of
possible measurable inputs, and with three output classes: Elevating, Lowering, and Delayed Lowering. The authors
established a basic framework for the strategy selection process, based on foot trajectory timing. Next a set of potential
model inputs was identified. Data from the prior stumble experiment were then processed and organized in such a way
that the classification problem could be tested (i.e., features were extracted from the potential inputs as predictors, and
data were organized into a set of potential features and corresponding output class for each trial). After several feature
exploration steps, a feature selection process was implemented to obtain the final feature sets. Finally, classification
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results using the final feature sets were compared to results using swing percentage of perturbation as the feature set
(within the same selection framework). The following subsections enumerate: i) the stumble recovery experiment, ii)
the strategy selection framework, iii) the set of potential model inputs, iv) the composition of datasets for each stage,
v) feature exploration, vi) feature selection, and vii) model comparison.

3.3.1 Stumble Perturbation Experiment

In order to provide an extensive dataset upon which a stumble recovery strategy selection model could be constructed
and tested, seven healthy participants (three female, four male, mean age: 23.6 yrs, mean height: 1.8 m, mean mass:
81.3 kg) were recruited in a prior study for a series of stumble perturbation experiments. The stumble perturbation
system and protocol used are described in [50]. All experimental protocols were approved by the Vanderbilt Insti-
tutional Review Board, and all participants gave their written informed consent. Each participant experienced 14
unexpected obstacle perturbations to each limb, targeted between 10% and 75% swing phase in 5% increments, while
walking on a treadmill at 1.1 m/s. Note that the obstacle perturbations were imperceptible to the participants prior to
contact due to obstacle delivery apparatus design choices and sensory occlusion techniques, as detailed in [50]. This
seven-participant, single-speed stumble experiment is hereafter referred to as Experiment A.

In order to better inform a potential dependence on walking speed, the experimental protocol was repeated for one of
the seven participants (Participant 3) at two additional speeds. For these trials, the participant experienced a total of
13 obstacle perturbations at 0.8 m/s and 13 obstacle perturbations at 1.4 m/s, targeted between 10% and 75% swing
phase. This single-participant, two-speed stumble experiment is hereafter referred to as Experiment B.

For all trials, ground reaction force (GRF) data were collected under each foot at 2 kHz via a force-instrumented split-
belt treadmill (Bertec, Columbus, USA), in addition to full-body kinematic data (including foot, shank, thigh, pelvis,
torso, upper arm, and forearm segments), which were recorded at 200 Hz via an infrared motion capture system (Vicon,
Oxford, GBR). GRF and motion capture data were processed with a zero-phase, 3rd order, Butterworth low-pass filter
at a cutoff frequency of 15 and 6 Hz, respectively. Inverse dynamics were computed using Visual3D (C-Motion,
Germantown, USA) to estimate full-body kinematics and kinetics for each trial.

The swing percentage at which the stumble occurred was calculated as the time of perturbation relative to the preceding
toe-off event divided by the average swing time of 25 strides prior to the perturbation. The perturbation event was
determined as the instant at which the foot contacted the obstacle, which was identified via a transient peak in the
anterior-posterior GRF measured by the treadmill.

The recovery strategy used for each stumble event was identified as Elevating, Lowering, or Delayed Lowering, as
determined by the trajectory of the swing foot immediately after the perturbation as follows: in the Elevating strategy,
the foot lifts up and over the obstacle after contact with the obstacle; in the Lowering strategy, the foot lowers to
the ground behind the obstacle after contact with the obstacle; in the Delayed Lowering strategy, the foot initially
elevates (i.e., shows some upward motion) before elevation is abandoned and the foot subsequently lowers to the
ground without clearing the obstacle.

3.3.2 Strategy Selection Framework

Strategy selection was modeled using a two-stage process. During initial exploration, the response to the stumble
perturbation was modeled as a one-stage process, in which at the time of perturbation one of the three responses
(Elevating, Lowering, or Delayed Lowering) was selected. Upon further analysis of the data, however, it became clear
that a two-stage process, as depicted in Fig. 3.1, is more representative of the observed stumble recovery strategy
selection process. Figure 3.1(a) shows a representation of typical data for foot height immediately following the
stumble perturbation. As observed in the trajectories, the data indicate two points of bifurcation that occur at two
distinct points in time: at the instant of perturbation, and tens of milliseconds after the perturbation. The first time
point corresponds to either Elevating vs. Lowering, while the second time point corresponds to either continuing to
Elevate vs. abandoning the Elevating strategy in favor of Lowering (i.e., Delayed Lowering). As such, the selection
process was modelled as a two-stage process, as diagrammed in Fig. 3.1(b). Existence of a two-stage decision process
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is also supported by [101], which reports that the EMG signals during a Delayed Lowering strategy suggests that
on-line afferent information during the recovery is incorporated into the response and may be used to alter the final
stumble recovery strategy. References [103, 72, 22] support the existence of a two-stage muscle activity response to
perturbations, and [92, 94] explore this concept further by introducing a secondary constraint during trip recovery.
Thus, the Delayed Lowering strategy is modeled as a change in initial strategy rather than a strategy in itself. The
authors note that the existence of a two-stage selection process, such as that proposed here, was further substantiated by
improved accuracy of the models (see Supplementary Material Table D1 for results from alternate one-stage selection
frameworks as a comparison). As such, model formulation was separated into two sequential classification problems:
a first between Elevating vs. Lowering, and a second between Elevating vs. Delayed Lowering, each with a potentially
distinct set of real-time inputs.

time

fo
o

t 
h

e
ig

h
t

Perturbation

Lowering

Delayed Lowering

Initially Elevating

Elevating

2

1

1

2

Elevating

Lowering
Delayed Lowering

(a) (b)

Figure 3.1: Representative plot of the foot’s vertical trajectory for the first approximately 250 ms after a stumble
perturbation (a), which motivates the two-stage selection process, diagrammed in (b). In the first stage, immediately
after perturbation the individual initially either begins Elevating or Lowering; in the second stage, if the individual
initially elevated, he/she either continues Elevating or abandons elevating and instead lowers (Delayed Lowering).

There are numerous classification algorithms that can be used for each stage in this model. In initial processing,
multiple classification schemes were compared and all performed similarly; logistic regression was chosen based
on its straightforward ability to report probability of membership in a certain class, which provides insight into the
weight/confidence of each prediction, and its relative computational simplicity, which lends itself well to real-time
implementation within embedded systems (e.g., for eventual implementation in interventional devices such as robotic
prostheses).

3.3.3 Potential Model Inputs

To capture the body’s configuration and body-mass-normalized kinetic state, the potential inputs included joint (in-
ternal) and segment (external) angles, joint and segment angular velocities, joint and segment angular accelerations,
foot center-of-mass (COM) linear velocities and accelerations, body COM linear velocities and accelerations, as well
as each foot’s anterior-posterior position relative to the body center of mass (and corresponding derivatives). The
quantities considered are illustrated in Fig. 3.2.

3.3.4 Composition of Datsets

Data from the stumble perturbation trials were treated as the classification problem discussed in the Strategy Selection
Framework subsection. To start, two datasets were generated from Experiment A – one to test each stage.

34



φ
θ

(a)

x

η

β

δ

λ

α

γ

ψ
x

z

Thigh: β, β, β

Shank: δ, δ, δ

Foot: λ, λ, λ

Hip: α, α, α

Knee: γ, γ, γ

Ankle: ψ, ψ, ψ

Foot COM: 

x
COM, f,  

x
COM,f 

z
COM,f , 

z
COM,f 

¨

¨

¨

¨

¨

¨

¨

¨

˙

˙

˙

˙

˙

˙

˙

˙

(b) (c) (d)

¨

Ipsilateral foot center-of-mass relative to body center-of-mass (IF-to-COM): φ, φ, φ

Contralateral foot center-of-mass relative to body center-of-mass (CF-to-COM): θ, θ, θ

COM: x
COM, 

x
COM , 

z
COM, 

z
COM 

Trunk: η, η, η

¨

¨ ¨˙ ˙

˙

˙

z

¨˙

Figure 3.2: Diagram of the real-time measurable, physical quantities considered as potential inputs to the two-stage
strategy selection model. The quantities capture (a) the whole-body configuration and body-mass-normalized kinetic
states, (b) perturbed lower limb external configuration and body-mass-normalized kinetic states, (c) perturbed lower
limb internal configuration and body-mass-normalized kinetic states, and (d) foot COM linear dynamics.

To test Stage 1 (see Fig. 3.1), each of the potential inputs was extracted for each trial at the instant of perturbation
(hereafter referred to as features), and each trial was given the class tag Initially Elevating or Lowering (i.e., Elevating
and Delayed Lowering strategies were labelled Initially Elevating while Lowering strategies were labeled Lowering).
This dataset is hereafter referred to as Dataset A1, comprised of 35 features for each of the 188 relevant experimental
trials.

To test Stage 2 (see Fig. 3.1), each of the potential inputs was extracted for all Initially Elevating trials (1) at the instant
of perturbation and (2) 60 ms after the perturbation (hereafter referred to as features), and each of these trials was given
the class tag Elevating or Delayed Lowering. The difference in each potential input from the instant of perturbation to
60 ms after the perturbation was also recorded and used as a feature. This dataset is hereafter referred to as Dataset
A2, comprised of 105 features for each of the 165 relevant experimental trials. The 60-ms post-perturbation delay
was chosen because it is sooner than the time-to-peak of the foot height trajectories of all Delayed Lowering strategies
recorded (minimum: 90 ms, maximum: 200 ms; average: 128.7 +/- 28.2 ms) but long enough after the perturbation to
allow for the integration of a new physiological reflex [101, 103].

As in Dataset A, all Experiment B trials were tagged as Initially Elevating or Lowering for Dataset B1, and all Initially
Elevating trials were tagged as Elevating or Delayed Lowering for Dataset B2, and the corresponding set of features
was generated for each trial. Features were standardized to zero-mean and unit-variance [43].

3.3.5 Feature Exploration

To gain an initial (and unsupervised) understanding of the information provided by the features for each stage, a
Principal Component Analysis (PCA) was computed for the 35-feature set (Stage 1) and 105-feature set (Stage 2),
which gives an estimate of the dimensionality of each feature set. Additionally, the Pearson’s Linear Correlation
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Coefficient was calculated for each feature against every other feature, which gives insight into the redundancy or
interdependence of some features.

In order to understand the performance of each feature individually in explaining strategy selection, each feature was
singularly considered as a feature subset. For Stage 1, each feature in Dataset A1 was fit to a logistic regression
model with L2 (i.e., Ridge) regularization and cross-validated by participant [43]. Specifically, a model was fit to
six participants’ data and then tested on the remaining participant; this step was repeated seven times (until all trials
had been tested). Initially Elevating was set as the reference class, such that for each trial, if the logistic regression
model output a probability greater than 0.5, the trial was predicted as Initially Elevating; otherwise, it was predicted
as Lowering. The probability and prediction for each trial were recorded. The percentage of trials that were predicted
correctly (classification accuracy) was computed for each fold (which consisted of one participant’s trials). After
the seven iterations, the average of each participant’s classification accuracy was computed and recorded as total
classification accuracy. This process was performed for each of the following regularization strength (hyperparameter)
values: 0.001, 0.01, 0.1, 1, 10, 100, 1000; the value that produced the highest total classification accuracy was used.
For Stage 2, each individual feature in Dataset A2 was fit to a logistic regression model with L2 regularization and
cross-validated by participant. Elevating was set as the reference class, such that for each trial, if the logistic regression
model output a probability greater than 0.5, the trial was predicted as Elevating; otherwise, it was predicted as Delayed
Lowering. This process was performed for each of the following regularization strength values: 0.001, 0.01, 0.1, 1,
10, 100, 1000; the value that produced the highest total classification accuracy was used.

3.3.6 Feature Selection

A wrapper method was used to find the subset of features that produced the highest total classification accuracy for
each stage (i.e., the subset of features that best modeled the strategy selection process for Dataset A1, and then again
for Dataset A2) [40]. Specifically, every combination of features for each stage (with a maximum number of features
based on PCA results) was considered using the cross-validation procedure with hyperparameter tuning described in
the previous subsection, and the subsets that produced the highest total classification accuracy were recorded for each
stage.

In order to arrive at a final feature set for each stage, the feature subsets that best predicted strategy selection for 1.1
m/s trials (i.e., the feature subsets that resulted in the highest total classification accuracy from the wrapper method on
Experiment A) were then tested to determine whether they also extended across walking speeds (i.e., also extended
to Experiment B). Recall that Experiment B consisted of Participant 3 walking at two other walking speeds. In
order to test the extent to which the feature sets identified in Experiment A also described Experiment B, each of
the best performing subsets for Stage 1 was trained on Dataset A1, excluding data from Participant 3, and tested on
Dataset B1 (Participant 3’s data at other walking speeds related to Stage 1) for each of the regularization strength
values. Likewise, each of the best performing subsets for Stage 2 was trained on Dataset A2, excluding data from
Participant 3, and tested on Dataset B2 (Participant 3’s data at other walking speeds related to the Stage 2) for each
of the regularization strength values. Classification accuracy was recorded for each stage for each feature subset-
hyperparameter combination, calculated as the percentage of correctly predicted trials in Datasets B1 and B2. The
feature subsets for each stage that performed best on Datasets B1 and B2 were chosen as the final feature sets.

Logistic Regression model fitting and testing using the wrapper method with cross-validation and hyperparameter
tuning were all performed in Python (Python 3.8, Amsterdam, NL) using the Scikit-learn module [83]. Preliminary
data exploration was performed using the Orange Data Mining Toolbox [20].

3.3.7 Model Comparison

The classification results for the final feature sets for Stage 1 and Stage 2 were compared to the classification results
for the feature set of swing percentage (using the same selection framework, classification algorithm, cross-validation
process, and hyperparameter tuning) for Experiment A. Likewise, the classification results for training on Dataset A
and testing on Dataset B using the final feature sets were compared to results using swing percentage as the feature
set.
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3.4 Results

3.4.1 Stumble Perturbation Experiment Results

In total, Experiment A elicited 126 Elevating strategies, 39 Delayed Lowering strategies, and 23 Lowering strategies.
Note that six trials were excluded due to the participant stepping onto the obstacle (i.e., targeting error), and two trials
were excluded due to anomalous recoveries (i.e., due to foot scuff and falling, which prevented these trials from being
classified as one of the three defined recovery strategies). The breakdown of strategy used as a function of swing
percentage of perturbation is depicted in Fig. 3.3.
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Figure 3.3: Breakdown of strategy used for each binned percentage of swing phase for Experiment A. In total there
were 126 Elevating strategies, 39 Delayed Lowering strategies, and 23 Lowering strategies, depicted in the illustrations
on the right.

Experiment B elicited a total of 8 Elevating, 3 Delayed Lowering, and 2 Lowering strategies at 0.8 m/s and 6 Elevating,
6 Delayed Lowering, and 1 Lowering strategy at 1.4 m/s. These results are expanded upon in Supplementary Material
Fig. C1, which shows the breakdown of strategy used as a function of swing percentage of perturbation.

3.4.2 Feature Exploration Results

The PCA results indicated that approximately 80% of the variance of the Stage 1 set of features can be accounted for
with three principal components, and 80% of the variance of the Stage 2 set of features can be accounted for with
four principal components. Thus, four was set as the maximum number of features in a subset for the wrapper method
described in Methods. To elaborate on the results of the PCA, Scree plots are reported in Supplementary Material
Fig. A1. Correlation coefficients of every feature pair are given in the Supplementary Material Figs. A2 and A3 for
reference.
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Table 3.1: The final feature sets chosen for the model for each stage of the strategy selection process, with correspond-
ing total classification accuracies from the cross-validation process for Datasets A1 and A2 (i.e., the average of the
percentage of correctly predicted trials from each participant/fold). Note that the “+” indicates that the feature is the
measurement taken 60 ms after perturbation, and the “∆” indicates that the feature is the change in value from the
instant of perturbation to 60 ms after the perturbation. Refer to Fig. 3.2 for diagrams depicting each physical quantity.

Dataset Feature Set Classification Accuracy

A1 (Stage 1)

CF-to-COM Angle (θ )
Knee Angular Velocity (γ̇)
Body COM Vertical Velocity (żcom)
Foot Angular Acceleration (λ̈ )

99.0%

A2 (Stage 2)

IF-to-COM Angular Acceleration (φ̈ )
Shank Angular Acceleration (δ̈ )
Knee Angle+ (γ+ )
Body COM Vertical Velocity ∆ (żcom∆ )

94.0%

The feature that best predicted strategy selection alone for Stage 1 was hip angular velocity (α̇) with 96.3% classifi-
cation accuracy, and for Stage 2 was ipsilateral foot to body COM (IF-to-COM) angle at perturbation (φ ) with 88.3%
classification accuracy. Notably, eight features individually outperformed swing percentage (93.7%) for Stage 1, and
13 features individually outperformed swing percentage (85.6%) for Stage 2. The classification accuracy of each
individual feature for each stage is tabulated in Supplementary Material Tables A1 and A2 for reference.

3.4.3 Feature Selection Results

For Stage 1, using the wrapper method, four subsets of features (out of 59,500 possible subsets) produced a classifica-
tion accuracy of 99.0% or higher. For Stage 2, 28 subsets of features (out of 4,973,150 possible subsets) produced a
classification accuracy of 94.0% or higher. The final feature sets (i.e., the feature subsets for each stage that performed
best when also testing on Dataset B) are reported in Table 3.1. Figures 3.4 and 3.5 further delineate the results for
each stage with a) the confusion matrix of prediction results and b) scatter plots of the datasets as a function of inputs
used. For reference, the classification results from remaining top performing subsets are tabulated in Supplementary
Material Tables B1 and B2.

3.4.4 Model Comparison Results

The results from the two-stage strategy selection framework with final feature sets of real-time measurable, physical
quantities (i.e., the final feature sets chosen as explained in Methods and reported in Table 3.1) will hereafter be
referred to as the RTMM (real-time measurable model). The results from the same framework using swing percentage
of perturbation as the feature set will hereafter be referred to as the SPM (swing percentage model).

Table 3.2 reports the classification accuracy results of the RTMM versus the SPM for each stage, as well as a composite
accuracy for Dataset A. Specifically, the first two rows give the total classification accuracy from the cross-validation
process for Datasets A1 and A2 (i.e., the average of the percentage of correctly predicted trials from each partici-
pant/fold). The composite accuracy (third row) was calculated by combining the Stage 1 and Stage 2 classification
accuracies, weighted by the number of trials in each class. Table 3.3 reports the classification accuracy results of the
RTMM versus the SPM for testing on Dataset B. Specifically, the first two rows give the percentage of trials from
Datasets B1 and B2 that were predicted correctly (after training on Datasets A1 and A2 with the final feature sets,
excluding data from Participant 3). The composite accuracy (third row) was calculated by combining the Stage 1 and
Stage 2 percentages, weighted by the number of trials in each class. Additional figures delineating the results of the
model for testing on Experiment B (i.e., confusion matrices and scatter plots) are provided in Supplementary Material
Figs. C2 and C3 for reference. For comparison, Fig. 3.6 reports the confusion matrix for each stage when using swing
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Figure 3.4: (a) The confusion matrix of prediction results and (b) scatter plots of the datasets as a function of features
used for Stage 1 of the strategy selection process. For Stage 1, the scatter plot depicts contralateral foot to body COM
(CF-to-COM) angle (θ ), knee angular velocity (γ̇), body COM vertical velocity (żcom), and foot angular acceleration
(λ̈ ) at the time of perturbation for each of the 188 trials. Refer to Fig. 2 for diagrams of these physical quantities.
Purple indicates Initially Elevating, while green indicates Lowering. Marker outline color represents the actual strategy
used, while marker fill color represents the model’s prediction. Shading of the marker fill indicates the probability of
being that strategy as indicated by the logistic regression model, in which the gradient from transparent to opaque
indicates a probability of 0.5 to 1.0, respectively.

percentage as the feature set.

3.5 Discussion

Unlike using the conventional swing percentage criterion for describing stumble recovery strategy selection, the
RTMM provides a physically implementable model (i.e., employs real-time measurable, physical quantities as inputs),
and better accuracy.

For Stage 1 (Initially Elevating or Lowering), the model correctly predicts 99.0% of the strategy selection observed
in Experiment A with the feature set of contralateral foot to body COM (CF-to-COM) angle (θ ), knee angular veloc-
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Figure 3.5: (a) The confusion matrix of prediction results and (b) scatter plots of the datasets as a function of features
used for Stage 2 of the strategy selection process. For Stage 2, the scatter plot depicts the ipsilateral foot to body COM
(IF-to-COM) angular acceleration ( φ̈ ) and shank angular acceleration (δ̈ ) at the time of perturbation, knee angle 60
ms after the perturbation (γ+), and change in body COM vertical velocity (żcom∆) for each of the 165 trials. Note that
the “+” indicates that the feature is the measurement taken 60 ms after perturbation, and that the “∆” indicates that
the feature is the change in value from the instant of perturbation to 60 ms after the perturbation. Refer to Fig. 3.2
for diagrams depicting each physical quantity. Purple indicates Elevating while green indicates Delayed Lowering.
Marker outline color represents the actual strategy used, while marker fill color represents the model’s prediction.
Shading of the marker fill indicates the probability of being that strategy as indicated by the logistic regression model,
in which the gradient from transparent to opaque indicates a probability of 0.5 to 1.0, respectively.

ity (γ̇), body COM vertical velocity(żcom), and foot angular acceleration ( λ̈ ) at the time of perturbation, compared
to 93.7% when using swing percentage. Note that CF-to-COM angle captures how far the contralateral foot leads
(anterior to) or trails (posterior to) the body’s COM at the time of perturbation. As shown in Fig. 3.4(b), as the
contralateral foot becomes more posterior to the COM at perturbation (i.e., more negative angle), the more likely a
Lowering strategy is used (i.e., the incidence of Lowering strategies increases). Knee angular velocity captures the
mass-normalized momentum of the perturbed limb at perturbation. The faster the knee is extending at perturbation
(i.e., more positive angular velocity), the more likely a Lowering strategy is used. Body COM vertical velocity cap-
tures the mass-normalized momentum of the whole body. As the velocity becomes more positive at perturbation, the
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Table 3.2: Classification accuracy for the RTMM and SPM for each stage of the strategy selection process as well
as composite accuracy for Dataset A. Specifically, the first two rows give the total classification accuracy from the
cross-validation process for Datasets A1 and A2 (i.e., the average of the percentage of correctly predicted trials from
each participant/fold). The composite accuracy (third row) was calculated by combining the Stage 1 and Stage 2
classification accuracies, weighted by the number of trials in each class.

Dataset RTMM Classification Accuracy SPM Classification Accuracy
A1 (Stage 1) 99.0% 93.7%
A2 (Stage 2) 94.0% 85.6%
Composite 93.8% 81.3%

Figure 3.6: The confusion matrix of prediction results for (a) Stage 1 and (b) Stage 2 of the strategy selection process
when using swing percentage as the feature set.

Table 3.3: Classification accuracy for the RTMM and SPM for each stage of the strategy selection process as well as
composite accuracy for Dataset B. Specifically, the first two rows give the percentage of trials from Datasets B1 and
B2 that were predicted correctly (after training on Datasets A1 and A2 with the final feature sets, excluding data from
Participant 3). The composite accuracy (third row) was calculated by combining the Stage 1 and Stage 2 percentages,
weighted by the number of trials in each class.

Dataset RTMM Classification Accuracy SPM Classification Accuracy
B1 (Stage 1) 100.0% 92.3%
B2 (Stage 2) 95.7% 91.3%
Composite 96.2% 85.2%

more likely an Elevating strategy is used. In effect, the body tends to initially opt for a strategy that allows it to con-
tinue in the direction it is moving (i.e., avoid a change in momentum). Lastly, the foot angular acceleration captures
the instantaneous change in the ipsilateral foot’s angular velocity (i.e., change in mass-normalized angular momentum,
or angular impulse). When coupled with the other features, a distinct region forms in which the Lowering strategy is
more common. For example, the Lowering strategy has higher incidence when the contralateral foot is well behind
the COM with lower foot accelerations.

For Stage 2 (Elevating or Delayed Lowering), the model correctly predicts 94.0% of the strategy selection observed
in Experiment A with the feature set IF-to-COM angular acceleration ( φ̈ ) and shank angular acceleration ( δ̈ ) at the
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time of perturbation, knee angle 60 ms after the perturbation (γ+), and change in body COM vertical velocity (żcom∆),
compared to 85.6% when using swing percentage. IF-to-COM angular acceleration captures the instantaneous change
in the body’s angular velocity (i.e., change in mass-normalized angular momentum, or angular impulse). Shank
angular acceleration similarly captures the instantaneous change in the tripped limb’s angular velocity at perturbation.
As shown in Fig. 3.5(b), the body is more likely to abandon Elevating as the magnitudes of these angular impulses
increase. Knee angle captures the tripped limb’s configuration state 60 ms after the perturbation. Change in body COM
vertical velocity captures the body’s mass-normalized change in momentum in the vertical direction. Combinations of
these four features create distinct regions in which the Delayed Lowering strategy is more likely; for example, regions
of less knee flexion (less negative knee angle) and higher angular acceleration magnitude tend to produce Delayed
Lowering strategies.

Overall, the classification accuracy of the RTMM for Stage 2 is lower than for Stage 1; this suggests that there is
some piece of Stage 2 that is not captured with the physical quantities used (e.g., there may be something intrinsic
to each participant that might influence the Stage 2 strategy selection that is not represented by this dynamic model).
To investigate this, an additional feature set of participant-specific properties was generated, which included the fol-
lowing: height, mass, sex, average swing time, average stride time, limb tripped, and minimum foot height in swing
phase. However, none of these features increased the classification accuracy for Stage 1 or Stage 2 of the strategy
selection process, suggesting that neither stage was dependent on these factors (or, at least, not any more than the other
features used). Thus, in Stage 2, factors that have not been captured in the present dynamic model (or captured by
the participant properties) may be contributing to the selection of Elevating or Delayed Lowering. Such factors might
be psychological and/or based on physical fitness, coordination, or strength. Collectively, these findings suggest that
the initial reaction (Stage 1) of the strategy selection process is dominated by the physics (i.e., the dynamic conditions
at the moment of perturbation, which are the quantities that were extracted and tested in this work), whereas Stage 2
may additionally be influenced by a participant’s ability or other factors (that were not tested in this work), which vary
participant-to-participant.

It is notable that the feature sets used in the RTMM perform well on trials at different walking speeds (Experiment
B), and again outperform swing percentage, as shown in Table 3.3. Supplementary Material Figs. C2 and C3 support
and expand upon these results, showing that the features maintain the same trends as from Experiment A. Thus, the
RTMM may be robust and not limited to just one speed or cadence.

Table 3.4 shows the RTMM classification accuracy results (using the final feature sets with the same cross validation
and hyperparameter tuning procedures as discussed previously) for only trials that occurred between 40-70% swing
phase (89 trials in total: 40 Elevating, 37 Delayed Lowering, 12 Lowering) versus SPM. The RTMM outperforms
swing percentage in predicting strategies chosen, even in mid-swing, which was the region most in question (see
Introduction, Fig. 3.3, [101, 106, 30]).

Table 3.4: Classification accuracy for the RTMM and SPM for each stage of the strategy selection process as well as
composite accuracy for Dataset A for only perturbations that occurred between 40 and 70% swing phase. Specifically,
the first two rows give the total classification accuracy from the cross-validation process (i.e., the average of the
percentage of correctly predicted trials from each participant/fold). The composite accuracy (third row) was calculated
by combining the Stage 1 and Stage 2 classification accuracies, weighted by the number of trials in each class.

Dataset RTMM Classification Accuracy SPM Classification Accuracy
A1 (Stage 1) 97.8% 88.8%
A2 (Stage 2) 87.0% 71.4%
Composite 86.8% 66.8%

The authors note that if an individual is walking with a stationary (i.e., periodically invariant) gait, as was the case
for the treadmill trials used in this analysis, the swing percentage of perturbation can be estimated in real-time using
the average swing time of previous strides. The accuracy with which swing percentage can predict strategy selected
is reported here, and such an approach may be suitable for predicting strategy selection, depending on (1) availabil-
ity of biomechanical data, (2) walking conditions, and (3) level of accuracy desired. However, the results reported
herein indicate that RTMM approaches offer improved accuracy. Such a model is important in order to provide: 1)
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physiological insight into the human body’s responses to swing-phase perturbations and 2) a basis on which vari-
ous applications/interventions requiring real-time stumble recovery strategy selection could be implemented, both of
which are discussed below.

As previously explained, the feature set used in the RTMM includes measurements that are related to either the
configuration or normalized kinetic state of the human body at and just after perturbation. Given their real-time
nature, these signals (or neurophysiological proxies for these signals) could be what the body is utilizing to reflexively
respond. Each feature can be thought of as a signal sensed in a physiologically-relevant process, such as a sensory
neuron involved in spinal and long-loop reflexes. For example, muscle spindles are sensory neurons that sense limb
velocity via muscle length and rate of change; thus, knee angular velocity is information potentially captured by these
biological sensors. Similarly, Golgi tendon organs sense load on a limb, and so foot angular acceleration could be
accessed and used by these sensory neurons. And more broadly, the configuration states such as CF-to-COM angle
are information perceived by the vestibular system along with fusion of various proprioceptors.

The real-time nature of these features is not only important with regard to a potential link to relevant physiological
systems, but also in the capacity to be accessed from wearable sensors for various applications. For example, given that
these signals are used in the strategy selection process to successfully recover from a stumble, it may be advantageous
to monitor these values in a fall prevention program or study. Additionally, for individuals with a higher propensity for
falling, such as the elderly, stroke patients, or lower-limb prosthesis users, these signals might be incorporated into fall
prevention controllers in assistive devices. Supplementary Material Tables B3 and B4 report classification accuracy
results for feature sets that include only quantities measurable from a lower-limb knee prosthesis as an example.

Note that the goal here was to find the best feature sets considering all potential features, so the authors did not place
any limits on which of the potential features could be used in the wrapper method; however, for various applications
or research questions there may be constraints on what number or type of features can be used (e.g., only features
that are measurable from the ipsilateral limb are available, or only two features can be measured at a time). Thus,
various other scenarios were considered and results are tabulated in Supplementary Material Tables B3 and B4 for
reference. The authors recognize that one approach could have been to initially filter out features with high correlation
values to reduce the set of potential features and thus number of potential subsets; however, because the authors had
the computational bandwidth to try all combinations (up to 4 features in a subset), and the focus was on finding a
set with the best performance (and not with interpreting coefficients), all features were kept in order to maximize
opportunities for highest model performance. This is likely why many feature sets performed similarly (as indicated
in Results); the authors chose to report the best feature sets in the main text but tabulate other top-performing sets in
the Supplementary Material to inform readers on which other features worked well for reference.

There are several limitations to this work. First, for classification problems it is ideal to have an even distribution of
classes, which was not the case for this study; this issue is addressed in this work in several ways. Experimentally it is
possible to control the timing of perturbation [50], but not to control the recovery strategy employed by the participant.
The goal was to elicit perturbations at a range of points in swing phase, which was accomplished (see Fig. 3.3). The
authors contend that the class distribution is more representative of real-life occurrences (i.e., the natural response from
perturbations at a range of points in swing phase), and thus building a model from this distribution may better reflect
the expected instances of these strategies in daily life. The authors do note that the distribution of swing percentage
at which the perturbation occurred was not perfectly even; approximately 20% more of the perturbations occurred in
the earlier half of swing phase (10-47.5% swing), but given experimental constraints some imperfection is expected.
Nevertheless, as explained above, the model was re-run for trials only between 40-70% swing phase, which removed
86 elevating trials (the strategy with the most instances in the full dataset), and results still showed improved accuracy.
Additionally, the authors report the overall confusion matrix for each stage in Figs. 3.4 and 3.5 so that supplementary
performance metrics can be calculated [43]. Furthermore, Table 3.5 reports the balanced accuracy score for each
stage for Datasets A and B, which accounts for the class imbalance by taking the average of the true positive rate
(sensitivity/recall) and true negative rate (specificity); the RTMM still outperforms SPM using this metric. Regardless,
for both the RTMM and SPM the same set of trials was used; thus, the comparison is fair and consistent, and it still
holds that the RTMM outperforms the SPM. Finally, note that a simple majority classification strategy, consisting of
always choosing the majority class (initially elevating) for Stage 1, would result in a classification accuracy score of
87.8% for Experiment A and 88.5% for Experiment B, and always choosing the majority class (elevating) for Stage 2
would be 76.4% for Experiment A and 60.9% for Experiment B, and the RTMM results show accuracies substantially
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higher than these values.

Table 3.5: Balanced accuracy for the RTMM and SPM for each stage of the strategy selection process for testing with
Dataset A and Dataset B. Balanced accuracy is calculated as the average of the true positive rate (sensitivity/recall) and
true negative rate (specificity). Specifically, the first two rows give the average of the balanced accuracies from each
participant/fold in the cross-validation process for Datasets A1 and A2. The last two rows give the balanced accuracy
from testing on Datasets B1 and B2 (after training on Datasets A1 and A2 with the final feature sets, excluding data
from Participant 3).

Dataset RTMM Balanced Accuracy SPM Balanced Accuracy
A1 (Stage 1) 97.1% 84.2%
A2 (Stage 2) 92.1% 82.3%
B1 (Stage 1) 100% 66.7%
B2 (Stage 2) 96.4% 88.9%

Second, an argument could be made that the increased classification accuracy with the RTMM is expected considering
multiple features are included, compared to just one feature with the SPM. The authors agree with this assertion,
but point out that limiting to one feature was not in the scope of the overall objective of the work. However, it is
worth noting there were several individual features that independently outperformed swing percentage, as indicated in
Results and expanded upon in Supplementary Material Tables A1 and A2.

Third, one could argue that limiting the number of features in the final set could limit the performance of the final
model. However, the authors contend it was reasonable to use the dimension that accounts for 80% of the variance
of the dataset. This not only reduces the computational intensity but also limits the complexity of the model which is
important for moderating model variance and thus performance on new data.

Fourth, the authors recognize that Experiment B is a limited dataset and only represents a single participant. Proving
that this model extends across speeds was not a main objective of this work; rather, these results provide an initial
indication that the RTMM represents the strategy selection process at multiple walking speeds. Note that the authors
took care to remove Participant 3’s trials from the single-speed training set (Dataset A), and as such the test set is a
good indicator of the model’s performance on new trials. More trials with additional participants would be ideal to
confirm this observation in a future experiment.

Lastly, one could argue that the participants in this study are not representative of the general population. Recall
that the objective of this work was to create a model for healthy stumble recovery. Now that such a model has been
proposed, valuable future work would be to repeat this process with mobility-impaired populations, such as the elderly,
stroke patients, or individuals with lower-limb amputation. Understanding how these feature sets and strategies might
differ may give insight into the deficiencies of the recoveries of these populations, informing areas for intervention
and improvement.

3.6 Conclusion

In order to better characterize the nature of the stumble recovery strategy selection process, a set of features that
are physical and measurable in real-time were identified that predict observed strategy selection with better accuracy
than the conventional swing percentage criterion. For Stage 1 (Initially Elevating or Lowering), the model correctly
predicts 99.0% of the strategies used with the feature set of CF-to-COM angle, knee angular velocity, COM vertical
velocity, and foot angular acceleration at the time of perturbation, compared to 93.7% when using swing percentage.
For Stage 2 (Elevating or Delayed Lowering), the model correctly predicts 94.0% of the strategies selected using
the feature set of IF-to-COM angular acceleration and shank angular acceleration at the time of perturbation, knee
angle 60 ms after the perturbation, and change in body COM vertical velocity, compared to 85.6% when using swing
percentage. For Stage 1, the body tends to choose a strategy that prevents a change in momentum, as evidenced by
trends seen in knee angular velocity and body COM vertical velocity. For Stage 2, the body tends to abandon the
Elevating strategy (Delayed Lowering) in situations of high angular impulse, as evidenced by trends in IF-to-COM

44



angular acceleration and shank angular acceleration. These feature sets also perform better than swing percentage
on a dataset of trials at additional speeds, suggesting that the model may be robust to multiple walking speeds. The
increased accuracy of Stage 1 predictions compared to Stage 2 suggest that while the initial reaction (Stage 1) of the
strategy selection process is dominated by the physics, Stage 2 may be additionally influenced by participant-specific
factors that were not collected, which may be further informed by future studies. These new findings inform both
physiological understanding of healthy stumble recovery as well as interventions for those at fall risk.
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CHAPTER 4

Powered knee exoskeleton stumble recovery intervention

4.1 Part 1: Design and implementation of a stumble recovery controller for a knee exoskeleton

4.1.1 Part 1 Summary

This paper presents a stumble recovery controller for a knee exoskeleton that detects a stumble perturbation; selects
an anticipated recovery strategy; and provides appropriate recovery assistance. In order to assess the efficacy of
the controller in providing an assistive response to a stumble perturbation, the controller was implemented in a knee
exoskeleton and evaluated in a single healthy adult participant against several other controller reactions, and against the
participant’s response without an exoskeleton. Results show that the stumble recovery controller successfully detected
the perturbation and correctly selected the strategy that matched the participant’s response for all 29 trials in which the
exoskeleton was used. Further, results show improvements in stumble recovery metrics when using the exoskeleton
with the stumble recovery controller, compared to the control cases of: 1) no change in the nominal controller when
stumble is detected; 2) turning off exoskeleton torque when a stumble is detected; and 3) not wearing an exoskeleton.

4.1.2 Introduction

The research and development of powered lower limb exoskeletons to assist and augment performance for impaired
and healthy individuals, respectively, have grown rapidly in the last decade [125]. Such devices are typically designed,
controlled, and optimized for various locomotion activities, such as walking. These controllers, however, do not typ-
ically consider or account for common unexpected disturbances, such as tripping over obstacles; an exoskeleton, due
to its added mass and/or its insufficient controller, could potentially increase the likelihood of falling and subsequent
injury in the event of a stumble. Thus, consideration of the stumble event is important for exoskeletons to ultimately
be wearable in daily life. The issue of stumble response in lower limb exoskeletons has received little attention to date
in the literature, and many recent review papers have highlighted this knowledge gap [105, 91, 39, 124, 13]. Among
the open questions in this regard are: How can tripping be reliably detected? What type of active assistance, if any,
should be provided following a stumble, and how is that decision made? Will the human accept active, external device
behavior in a scenario that is reflexively driven?

A few papers have investigated recovery from external disturbances while wearing a powered lower limb exoskeleton.
Two looked at treadmill belt-slip perturbations while walking with a hip exoskeleton [67, 63]. One investigated
treadmill belt-slip perturbations while standing with an ankle exoskeleton [9]. Only one paper has studied obstacle
perturbations (more akin to stumble events in real life, vs. belt-slip perturbations), but no active, stumble-specific
controller was implemented; rather, the conditions of continuing assistance or stopping assistance were investigated
[1]. Thus, it remains to be examined whether an active stumble recovery controller (i.e., one that provides stumble-
specific assistance) would improve, impede, or maintain an individual’s ability to respond.

While exoskeleton controllers have focused both on augmentation of healthy individuals and on assisting movement
for impaired individuals [2], this paper considers an exoskeleton intended for a healthy adult exoskeleton user, and
specifically focuses on the extent to which an exoskeleton might help, hurt, or maintain a user’s ability to recover from
a stumble perturbation. For a healthy individual, the authors contend that there are three main responses to a stumble
perturbation that could be employed in a lower limb exoskeleton: 1) the device could simply have no stumble recovery
feature (i.e., it could ignore the perturbation); 2) the device could detect the perturbation and subsequently turn off all
exoskeleton assistance until the user has recovered; or 3) the device could detect the perturbation and subsequently
provide active assistance to the individual to aid in the stumble recovery. This third approach has the potential to
improve stumble recovery by providing movement assistance in the human’s response and potentially responding
sooner than the human would. This approach, however, is greatly complicated by the role that reflexes play in how
healthy individuals respond to stumbles; typically, healthy adults select one of three responses following a stumble
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Figure 4.1: Finite-state machine for walking controller.

perturbation – an elevating, lowering, or delayed lowering recovery strategy [50, 102, 107, 24, 101, 27, 22]. As such,
providing active recovery assistance with the exoskeleton carries the risk of worsening the response if the exoskeleton
selects a recovery response that is inconsistent with the one selected by the user. In other words, in instances of
stumble, it remains to be known if an exoskeleton can reliably select the “correct” response, and if it can, to what
extent might it aid or hinder the user’s ability to mitigate the stumble perturbation.

In order to examine these questions, this paper: 1) leverages prior work by the authors to propose a stumble recovery
controller for a knee exoskeleton, which anticipates and assists the user’s recovery response; and 2) experimentally
examines the response to stumble perturbations for different exoskeleton controllers, including no change to the control
action, turning off assistance upon detection, and employing stumble-specific assistance (i.e., employing the stumble
recovery controller). The experiments, conducted on a single healthy adult, also included the case with no exoskeleton
for reference. The experimental results are discussed with respect to: 1) the extent to which the proposed stumble
recovery controller can successfully and repeatably select the correct recovery strategy; and 2) the extent to which the
controller improved, impeded, or maintained the participant’s ability to recover from stumble perturbations, compared
to the other experimental cases.

4.1.3 Controller Development

4.1.3.1 Walking Controller

There is not a clear standard in the literature for a powered knee exoskeleton control method to assist healthy indi-
viduals during normal level (unperturbed) walking. However, the field of lower limb exoskeletons has, in general,
been converging on the use of torque-pulse control (or phase-based oscillator control), as opposed to other methods
such as trajectory control, for movement assistance in healthy individuals (e.g., [113, 127]), presumably because this
scheme assists movement without substantially restricting it. Here the authors propose a knee exoskeleton controller
that incorporates stance-knee support in stance phase and employs torque-pulse control in swing phase, intended to
facilitate walking on level ground for healthy individuals. The finite-state machine for this level walking controller
(shown in Fig. 4.1, with state transition conditions given in Table 4.1) consists of three states: stance, late stance,
and swing. Stance phase assistance is intended to prevent knee buckling during initial loading by resisting knee flex-
ion during initial stance; late stance behavior removes resistance to flexion during late stance to facilitate initiation
of swing phase; and swing-phase behavior supplements swing phase movement with torque pulses that encourage
healthy, inertial lower-limb dynamics during swing phase.

More specifically, knee angle (θ ) is regulated during the stance state to an equilibrium angle (set as the angle when
user is wearing the exoskeleton and standing upright) with the following equation:

τ = kp,stance(θeq −θ)+ kd,stance(θ̇desired − θ̇) (4.1)
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Table 4.1: State transition conditions for walking controller

Transition Condition
0 → 1 Foot Switch Heel == 0

1 → 2
0 → 2

Foot Switch Toe == 0
&& Foot Switch Heel == 0
&& Thigh Angular Velocity <0 deg/s

2 → 0 Foot Switch Heel == 1 || Foot Switch Toe == 1

where τ is the commanded torque, θeq is the equilibrium knee angle, θ is current knee angle, θdesired is 0 deg/s, θ̇

is current knee angular velocity, and kp,stance and kd,stance are experimenter-defined proportional and derivative gains,
respectively.

During the late stance state, kp,stance and kd,stance are decreased, so that the user can initiate swing phase. During
the swing state, a torque-pulse control scheme is implemented, where the torque pulses are phased with the nominal
expected angular acceleration of the knee joint in order to complement the human lower limb’s inertial mechanics
during swing. Specifically, the nominal knee angle was modeled as a negative cosine in time, vertically shifted by one
amplitude; assuming a primarily inertial dynamics, the assistive torque profile is given by the second derivative of the
angle, with magnitude determined by a gain ηswing, according to the following equation:

τ = ηswingcos(2π/T ) (4.2)

where t is the time in the swing state and T is the total duration of swing phase, determined by a swing-stance ratio
value (tunable by experimenter) and the stance time measured during the current stride. Note that the start of the
torque profile is blended from the preceding state to avoid an abrupt increase in torque at the onset of swing. Likewise,
commanded torque is blended when transitioning from swing to stance.

4.1.3.2 Reflex Stumble Recovery Controller

The primary objective of this work is to propose and evaluate a stumble recovery controller for a knee exoskeleton. Al-
though a specific implementation of a knee exoskeleton is described subsequently in the experimental implementation
section, the controller assumptions regarding the exoskeleton are fairly standard. Specifically, the authors assume the
exoskeleton includes an IMU located on the thigh segment; a knee angle sensor; and both heel and toe foot switches.
The goal of this controller is to reliably detect a perturbation during swing phase and subsequently implement assis-
tance for whichever recovery strategy the individual employs. As such, the controller involves three components: (1)
perturbation detection, (2) recovery strategy decision, and (3) recovery strategy assistance, each described below.

Perturbation Detection

Based on data recorded from a large dataset of stumble responses, obtained using the experimental apparatus described
in [50], the authors determined that stumble can reliably be detected using the angular acceleration of the thigh,
measured by differentiation of the sagittal-plane gyroscope in the thigh IMU. Specifically, a stumble perturbation
could be reliably detected during swing phase when the thigh angular acceleration exceeded a threshold of 9500
deg/s2.

Recovery Strategy Decision

After a stumble, healthy individuals perform one of three strategies – an elevating, lowering, or delayed lowering
strategy. In the elevating strategy, upon contacting the obstacle the individual reflexively lifts his/her foot up and
over the obstacle to clear it in the same step. For the lowering strategy, upon contacting the obstacle the individual
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Table 4.2: Final feature sets for each decision stage of the strategy selection model, with corresponding classification
accuracies from the cross-validation procedure for the multi-participant dataset.

Stage Feature Set Classification Accuracy
1 θp and γ̇p 97.4%
2 θp , γp, and γ̇p 88.3%

immediately terminates that step behind the obstacle and instead clears it in the following step. Finally, in the delayed
lowering strategy, the individual starts to elevate his/her foot, but ultimately lowers behind the obstacle [50, 102, 107,
24]. Moreover, these responses (elevating vs. lowering) require the opposite initial knee action (flexion vs. extension);
since an exoskeleton performing a strategy opposing that of the human may increase fall risk, it is important that the
decision be made correctly (i.e., the exoskeleton correctly predicts which recovery strategy the human will select, and
provides corresponding assistance). However, though strategy selection is often associated with the swing percentage
at which the perturbation occurs, it has been concluded in previous literature [107, 101, 27, 22, 30] that the timing
of the perturbation alone cannot predict strategy selection with full accuracy (i.e., the transition from elevating to
lowering varies inter- and intra-individual and is not a matter of a simple threshold).

The authors have previously conducted a multi-participant stumble experiment [50] and from it developed a 2-stage
strategy selection model using dynamic factors associated with human movement to predict strategy selection with
substantially better accuracy compared to using swing percentage alone [27]. In the first stage, the model predicts
whether the individual initially begins elevating or lowers (lowering); in the second stage, if initially elevating was
selected, the model predicts whether he/she either continues elevating (elevating) or abandons elevating and instead
lowers (delayed lowering). The optimal set of inputs to this model, however, requires measurements not available on
a typical lower limb exoskeleton. As such, a variation on that predictive algorithm, which uses real-time sensor infor-
mation available to a typical exoskeleton, was employed here. Specifically, feature selection methods from [27] were
repeated on the multi-participant dataset considering strictly real-time measurements available to a knee exoskeleton:
knee angle θ , knee angular velocity θ̇ , knee angular acceleration θ̈ (from encoder), thigh angle γ , thigh angular
velocity γ̇ , and thigh angular acceleration γ̈ (from IMU) at the instant of perturbation detection. A machine-learning
wrapper method and cross-validation procedure was used to find the subset of features that produced the highest total
classification accuracy for each decision stage. See [27] for methodological details. The feature subsets that produced
the highest total classification accuracy for each decision stage are reported in Table 4.2. These feature subsets from
each trial in the multi-participant dataset were then fit to a logistic regression model with Ridge regularization (regu-
larization strength value of 10, from hyperparameter tuning process described in [27]) for each stage. The resulting
equations were used for the decision algorithm and are enumerated below:

P(Lowering) =
1

1+ e−(α0+α1θp+α2 γ̇p)
(4.3)

P(DelayedLowering) =
1

1+ e−(β0+β1θp+β2γp+β3
˙γp)

(4.4)

where θp, γp, and γ̇p are the knee angle, thigh angle, and thigh angular velocity values at the instant of perturbation
detection, respectively, and coefficient values are given in Table 4.3. Note that these are not participant-specific values,
but rather are intended to be valid for a general population. The finite-state machine for the reflex stumble recovery
controller is given in Fig. 4.2, with state transition conditions enumerated in Table 4.4. As stated in Table 4.4, if the
result of (4.3) is greater than 0.5, the result is lowering; if the result of (4.3) is less than 0.5, (4.4) is computed; if the
result of (4.4) is greater than 0.5, the result is delayed lowering; if less than 0.5, the result is elevating.

Recovery Strategy Assistance
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Table 4.3: Coefficient values for (3) and (4)

Stage 1 (3) Stage 2 (4)
Coefficient Value Coefficient Value
α0 4.4281 β0 0.0005
α1 0.0831 β1 0.1230
α2 5.4624 β2 -0.2690

β3 0.0359

3: Elevating

4: Lowering

2
3

2
4

1: Late 
Stance

2: Swing

1 2

0 2

0
1

0
2

0: Stance

0 4

0 3

Figure 4.2: Finite-state machine for reflex stumble recovery controller.

For the elevating strategy, a feedforward torque pulse is commanded, like that of swing phase in the walking controller,
but the gain and timing of the pulse are increased to facilitate the exaggerated step. For both lowering and delayed
lowering strategies, knee angle is regulated to equilibrium angle (as in (4.1)). In the following step, ηswing is increased
in order to facilitate greater knee flexion for clearing the stumble obstacle.

4.1.4 Experimental Validation

In order to provide a preliminary examination and validation of the proposed reflex stumble recovery controller, and
to assess the extent to which it might help or hinder recovery, the proposed assistive walking controller with reflex be-
havior (i.e., Fig. 4.2) was implemented in a powered knee exoskeleton and tested on a single healthy adult participant
in a series of stumble experiments (pictured in Fig. 4.3). In particular, stumble recovery responses were elicited while
wearing the exoskeleton, and various stumble recovery metrics were recorded under several different exoskeleton con-

Table 4.4: State transition conditions for reflex stumble recovery controller

Transition Condition

2 → 3
Thigh Angular Acceleration >9500 deg/s2
&& P(Lowering) <=0.5
&& P(Delayed Lowering) <= 0.5

2 → 4

Thigh Angular Acceleration >9500 deg/s2
&& (P(Lowering) >0.5
|| (P(Lowering) <=0.5
&& P(Delayed Lowering) >0.5))

3 → 0
4 → 0 Foot Switch Toe == 1 || Foot Switch Heel == 1
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Figure 4.3: Stumble perturbation experiment. A video corresponding to these experiments is provided in the supple-
mentary material.

troller variations. These responses were also compared to the same experiments without the use of the exoskeleton.
For these stumble experiments, five experimental cases were compared as follows: 1) stumble response without wear-
ing the exoskeleton (No Exo case); 2) with the exoskeleton providing walking assistance (i.e., walking controller),
but without detection of the stumble event (No Change); 3) with the exoskeleton providing walking assistance, where
the controller turns off assistance during the stumble event (Turn Off); 4) with the exoskeleton providing walking
assistance, with the reflex stumble recovery controller active (Reflex); and 5) with the exoskeleton providing walking
assistance, with the reflex stumble recovery controller active, but where the reflex controller intentionally provides the
opposite reflex control action to that determined by the decision algorithm (Opposite). For each case, the participant
was stumbled multiple times while walking on a treadmill, while her response to the perturbation was recorded with
motion capture instrumentation. The order of presentation of each case was as follows: 1) No Change case; 2) Turn Off
case; 3) Reflex and Opposite cases, randomly presented; and finally, 4) No Exo case. The experiments are described
in more detail as follows.

4.1.4.1 Knee Exoskeleton Hardware

The knee exoskeleton, shown in Fig. 4.4, is a knee-ankle-foot orthosis (KAFO) with a powered knee module in place of
a standard knee joint. An articulated ankle-foot-orthosis (AFO) with no compliance was used at the ankle, which was
included to prevent the orthosis from sliding down the leg, and to provide a mounting surface for a pair of force sensing
resistors (FSRs). The FSRs were mounted on the heel and toe of the AFO, respectively, and provided measurement
of heel and/or toe contact. The thigh segment of the exoskeleton is supported by bilateral uprights, while the shank
segment is supported by a single lateral upright with adjustable height. The knee joint on the medial aspect is a
standard passive hinge joint, while the knee joint on the lateral aspect is actuated by a brushless motor (Allied Motion
Technologies MF0076008-A0X) and two-stage chain-drive transmission, which is packaged separately from the knee
joint and located on the lateral aspect of the thigh, and actuates the knee joint remotely through a pair of Bowden
cables. The actuation unit is powered by a lithium-ion battery pack consisting of six 18650 cells (INR18650-30Q) in
series, providing nominal 25.2 V and 72 W-hrs at full charge, with a maximum continuous current capacity of 15 A.
The total mass of the knee exoskeleton including the actuation unit, KAFO structure, and battery is 2.95 kg.

In addition to the FSRs, exoskeleton sensing includes an encoder in the knee actuation unit, which measures knee
angle, and a nine-axis IMU that provides thigh angle and angular velocity measurements. The actuation unit includes
an embedded system that runs all low-level control, including brushless motor current control, and also includes a
CAN interface that enables high-level control prototyping and data collection from a laptop computer via the real-
time interface provided by MATLAB/Simulink at a sampling rate of one kHz. For the walking controller, thigh
angle is calculated via a standard complementary filter sensor fusion that combines accelerometer and gyroscope
measurements, with a cross-over frequency of 0.5 Hz. For the decision algorithm, the thigh angle is calculated in the
same way, but with a cross-over frequency of 0.1 Hz. Thigh angular velocity is calculated via a standard first-order
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Figure 4.4: Lateral side (left) and front (right) of exoskeleton
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Figure 4.5: 30-stride average (with standard deviation band in gray) left vs. right knee trajectory when participant was
(a) not wearing the exoskeleton, (b) wearing the exoskeleton on right limb with assistance turned off, and (c) wearing
the exoskeleton on right limb with walking controller enabled.

low-pass filter with a cutoff frequency of 10 Hz for the walking controller and 30 Hz for the decision algorithm.

4.1.4.2 Walking Controller

The walking controller was implemented in the right-legged knee exoskeleton described in the previous section and
evaluated for efficacy in providing walking assistance. Fig. 4.5 shows the 30-stride average (with standard deviation
in shaded gray) of left and right knee angle trajectories when the participant was (a) not wearing the exoskeleton, (b)
wearing the exoskeleton on right limb with assistance turned off, and (c) wearing the exoskeleton on right limb with
the walking controller enabled. As shown, the walking controller promotes a healthy knee trajectory. Compared to (b),
the right knee trajectory in (c) better matches the participant’s right knee trajectory when not wearing the exoskeleton
(a) in both phase and magnitude, and it is more symmetric in phase and magnitude to the left knee trajectory.

The ratio of right-to-left swing time (30-stride average) was computed for each of the three cases (i.e., a ratio of one
would indicate that the average left and right swing times were equal). For (a), the ratio was 1.067; for (b), the ratio
was 1.129; for (c), the ratio was 1.057. Thus, the walking controller promoted approximately the same level of right-
left symmetry that the participant employed without wearing the exoskeleton; however, when the exoskeleton was

52



not providing assistance, the participant’s asymmetry increased. Moreover, these results validate that the proposed
walking controller promotes typical, healthy walking kinematics and step metrics. A video showing the participant
walking for all three discussed cases is including in the supplemental material submitted with this paper.

4.1.4.3 Stumble Experiments

In order to provide a preliminary test of efficacy of the reflex stumble recovery controller, a single participant un-
derwent a series of stumble perturbation experiments, involving 37 stumble perturbations. The stumble perturbation
system and protocol used are described in [50]. The experiments were approved by the Vanderbilt Institutional Re-
view Board, and the participant gave written informed consent. The perturbations were targeted at 30, 40, 50, and 60%
swing (region of swing phase in which all strategies could occur [27]) for each of the following cases:

• No Exo: The participant does not wear the exoskeleton for these trials, which serve as a measure for how the
participant would recover typically. All other trials are conducted while wearing the exoskeleton.

• No Change (Fig. 4.1): Walking controller implemented with perturbation detection turned off. This serves as a
measure of how the participant would recover while wearing an exoskeleton without a stumble recovery control
feature.

• Turn Off: Walking controller implemented with perturbation detection turned on, and joint torque is zeroed
upon detection until the next stance phase is triggered. This serves as a measure of how the participant would
recover if controller assistance is turned off after perturbation detection.

• Reflex (Fig. 4.2): Reflex stumble recovery controller implemented. This serves as a measure of how the partici-
pant would recover if recovery assistance is provided after perturbation detection.

• Opposite: Reflex stumble recovery controller with opposite decision. The strategy opposite of that indicated by
the decision algorithm is selected and corresponding assistance is provided. This serves as a measure of how
the participant would respond to the exoskeleton making the incorrect strategy decision.

Note that sensory occlusion techniques and obstacle delivery apparatus design choices precluded the participant from
perceiving (hearing, seeing, or feeling) the obstacle prior to contact, as detailed in [50]. Additionally, the swing
percentage of the perturbation was randomized and unknown to the participant. When testing the Reflex and Opposite
cases, the participant was not told which case the controller would be implementing. A video of representative trials
is provided with the supplementary material submitted with this paper.

For all trials, ground reaction force (GRF) data were collected under each foot at one kHz via a force-instrumented
split-belt treadmill (Bertec, Columbus, USA). Lower-limb and trunk kinematic data (including foot, shank, thigh,
pelvis, and trunk segments) were recorded at 200 Hz via an infrared motion capture system (Vicon, Oxford, GBR).
GRF and motion capture data were processed with a zero-phase, third order, Butterworth low-pass filter at a cutoff
frequency of 15 and 6 Hz, respectively. Inverse dynamics were computed using Visual 3D (C-Motion, Germantown,
USA) to estimate lower-limb and trunk kinematics for each trial. These data were used for assessment purposes only
(i.e., were not used for the controller operation).

For each stumble event, the swing percentage of perturbation, recovery strategy used as well as the recovery strategy
chosen by the decision algorithm (note that the decision algorithm was run for all trials, even if reflex stumble recovery
controller was not enabled) were recorded. Because both the delayed lowering strategy and lowering strategy involve
ultimately lowering the foot behind the stumble obstacle, and as such if selected by the decision algorithm were
prescribed the same knee controller action for the Reflex case (to facilitate landing behind the stumble obstacle), both
strategies were reported as lowering in this work. Knee angle trajectories following the perturbation were computed
in order to compare the resulting elevating and lowering strategy trajectories of each case. In addition, sagittal-plane
trunk angle (deviation from vertical) following the perturbation was computed, as trunk angle deviations have been
reported to be indicators of increased likelihood of falling [81, 18].
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Figure 4.6: Sagittal-plane knee angle (a) and trunk angle (b) following perturbation for a representative elevating
strategy for each case. Time 0 indicates the instant of perturbation, and the black filled circle indicates first foot-strike.

4.1.4.4 Experimental Results & Discussion

Overall, the participant experienced a total of 37 obstacle perturbations ranging from 29% to 66% swing. The break-
down of trial case, swing percentage of perturbation, algorithm outputs, and strategy employed is given in Table 4.5.

Perturbation detection

All 21 perturbations from relevant trials (i.e., Turn Off, Reflex, and Opposite cases) were successfully detected. Out
of approximately 600 steps (25-35 steps prior to perturbation per trial) there were no false positives.

Decision Algorithm

Table 4.5 gives the probability computed from each logistic regression equation in the decision algorithm, final algo-
rithm decision, and human decision for each trial. Recall that the decision algorithm was run in the background for
all trials even if not used in a particular trial, and that both lowering and delayed lowering strategies were reported
as lowering. As shown, the algorithm decision matched the human decision for all 29 relevant trials. Note that for
two of the Reflex case trials, the perturbation occurred at the exact same percentage of swing phase (43%), but the
human chose opposite strategies (lowering and elevating). This further substantiates the idea that strategy selection is
not simply a matter of implementing a threshold on the timing of the perturbation; rather, it is important to monitor the
dynamic factors of the human body, as the decision algorithm does. Notably, the decision algorithm correctly selected
the strategies chosen for both trials.

Elevating Assistance

Fig. 4.6a plots the knee angle trajectories following the perturbation for a representative elevating strategy for when
the participant was not wearing the exoskeleton (No Exo) and for all cases while wearing the exoskeleton. An effort
was made to compare perturbations of similar initial conditions, so elevating strategies with similar initial knee angles
θp were chosen. The trials plotted in Figs. 4.6 and 4.7 are shaded gray in Table 4.5.

After the perturbation and prior to initial foot-strike, the participant’s knee angle in the Reflex case most closely
matches the timing and magnitude of the knee angle trajectory of the No Exo case (Fig. 4.6a). Specifically, in the
Reflex case the participant landed with a more extended knee (26.6° flexion) compared to the other cases (38.8°, 41.5°,
33.6° for the No Change, Turn Off, and Opposite cases, respectively), which is a potentially more stable, safe landing
position (and closely resembles how the participant responded in the No Exo case, landing at 25.2°). The delayed and
decreased peak knee flexion in the Opposite case is due to the participant’s actions opposing the implemented lowering
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Table 4.5: Stumble experiment outcomes.

Case %
Swing

P(L)
Eq. 3

P(DL)
Eq. 4

Algorithm
Decision

Human
Decision

No Exo 29 N/A N/A N/A Elevating
No Exo 46 N/A N/A N/A Lowering
No Exo 39 N/A N/A N/A Elevating
No Exo 51 N/A N/A N/A Lowering
No Exo 28 N/A N/A N/A Elevating
No Exo 48 N/A N/A N/A Lowering
No Exo 42 N/A N/A N/A Elevating
No Exo 55 N/A N/A N/A Lowering
No Change 54 5.20E-11 0.941 Lowering Lowering
No Change 33 1.40E-06 0.358 Elevating Elevating
No Change 47 1.33E-05 0.720 Lowering Lowering
No Change 35 8.17E-09 0.177 Elevating Elevating
No Change 36 7.21E-06 0.204 Elevating Elevating
No Change 37 5.27E-08 0.165 Elevating Elevating
No Change 60 4.45E-04 0.917 Lowering Lowering
No Change 53 1.92E-06 0.708 Lowering Lowering
No Change 46 6.61E-07 0.681 Lowering Lowering
No Change 34 2.89E-06 0.102 Elevating Elevating
Turn Off 39 6.18E-07 0.304 Elevating Elevating
Turn Off 53 1.10E-02 0.841 Lowering Lowering
Turn Off 48 2.72E-07 0.712 Lowering Lowering
Turn Off 36 2.23E-07 0.164 Elevating Elevating
Turn Off 63 3.48E-03 0.855 Lowering Lowering
Turn Off 38 3.14E-07 0.187 Elevating Elevating
Reflex 48 3.10E-06 0.786 Lowering Lowering
Reflex 55 5.36E-03 0.698 Lowering Lowering
Reflex 38 3.37E-06 0.195 Elevating Elevating
Reflex 43 6.41E-03 0.693 Lowering Lowering
Reflex 32 1.81E-08 0.105 Elevating Elevating
Reflex 43 6.42E-06 0.399 Elevating Elevating
Reflex 54 8.20E-04 0.933 Lowering Lowering
Opposite 51 5.12E-02 0.746 Lowering Lowering
Opposite 66 4.23E-05 0.951 Lowering Lowering
Opposite 42 1.61E-05 0.571 Lowering Lowering
Opposite 30 2.28E-09 0.078 Elevating Elevating
Opposite 40 6.29E-07 0.437 Elevating Elevating
Opposite 36 1.24E-07 0.255 Elevating Elevating
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Figure 4.7: Sagittal-plane knee angle (a) and trunk angle (b) following perturbation for a representative lowering
strategy for each case. Time 0 indicates the instant of perturbation, and the black filled circle indicates first footstrike.

strategy (i.e., exoskeleton knee is trying to extend for lowering, while human knee is trying to flex for elevating).

Fig. 4.6b plots the trunk angle following the perturbation for the same trials as Fig. 4.6a. As shown, the Opposite case
resulted in substantially larger trunk flexion (17.4° more peak flexion than the No Exo case) following the perturbation,
further substantiating that a controller choosing the wrong strategy could increase fall risk of the exoskeleton user. The
other cases resulted in comparable peak trunk flexion to the No Exo case, with the Reflex case closest to the No Exo
case at 1.8° higher, the No Change case at 1.7° lower, and the Turn Off case at 5.0° higher.

Overall, for elevating strategies, the Reflex case maintained the user’s ability to recover as compared to the No Exo
case in both knee angle trajectory and trunk angle metrics. The Opposite case inhibited the user’s ability to recover as
compared to the No Exo case in both knee angle trajectory (landed more flexed) and trunk angle (higher peak flexion).
The No Change and Turn Off cases inhibited the user’s ability to recover in knee angle trajectory (landed more flexed),
but did not substantially affect trunk kinematics.

Lowering Assistance

Fig. 4.7a plots the knee angle trajectories following the perturbation for a representative lowering strategy when the
participant was not wearing the exoskeleton (No Exo) and for all cases while wearing the exoskeleton. An effort was
made to compare perturbations of similar initial conditions, so lowering strategies with similar initial knee angles θp
were chosen.

After the perturbation and prior to initial foot-strike, the knee flexed the least in the Reflex case (Fig. 4.7a). This could
be considered an improvement to the No Exo case, in which the knee flexes 9° more than its value at perturbation
before extending to lower (whereas in Reflex case the knee does not flex more than its value at perturbation). In other
words, in the No Exo case the participant initially elevated but then abandoned that strategy in favor of lowering (i.e.,
delayed lowering); with the decision algorithm instantly choosing and implementing lowering strategy assistance in
the Reflex case, the delayed lowering strategy and associated hesitation is eliminated. The Reflex case also resulted in
the most extended knee at foot-strike (11.6° more extended than No Exo case, and 5° more extended than the other
cases), which again could be considered a safer landing position. Note that the Opposite case showed the greatest knee
flexion and most delayed foot-strike compared to the other Exo cases (due to the knee controller activating elevating
assistance); however, the participant was still able to overcome the opposing controller assistance and lower.

Fig. 4.7b plots the trunk angle following the perturbation for the same trials as Fig. 4.7a. While the Reflex case resulted
in the least peak trunk flexion, in all cases peak trunk flexion was within 5° of that of the No Exo case.
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Overall, for lowering strategies, the Reflex case improved the user’s ability to recover as compared to other cases in
terms of knee flexion after perturbation (less hesitation) and knee flexion at foot-strike (landed more extended). The
Opposite case inhibited the user’s ability to recover as compared to other modes in terms of knee angle and timing
of foot-strike, but the participant was not substantially affected in terms of trunk angle. In the No Change case, the
participant initially flexed less than Turn Off, but in both the participant landed with approximately the same knee
flexion; likewise, trunk flexion was similar for both cases.

The authors note that both the No Change and Turn off cases did not substantially hinder the user in terms of fall risk
(trunk angle), and thus these may be adequate responses for healthy exoskeleton users; however, the Reflex case did
provide benefits over these cases as enumerated above. Also note that the exoskeleton employed here is relatively
small and lightweight; for a bulkier, heavier exoskeleton (e.g., hip-knee-ankle), the effects of these cases may be more
prevalent.

The authors note that results analyzed here are for a single participant; thus, all results suggest potential benefits and/or
drawbacks of the various cases. Future work will test this controller on more participants to evaluate to what extent
these insights hold.

4.1.5 Conclusions

The authors proposed a stumble recovery controller for a knee exoskeleton that acts in concert with the healthy indi-
vidual’s own reflexive strategy decision. For all attempted experimental trials with the exoskeleton, the swing-phase
perturbation was successfully detected by the exoskeleton and the strategy selected matched that of the participant. For
elevating, the assistance provided by the exoskeleton maintained the participant’s ability to recover compared to not
wearing the exoskeleton, and improved the participant’s ability to recover vs. other cases; for lowering, the assistance
provided potentially improved the participant’s ability to recover compared to not wearing the exoskeleton and other
cases. This controller can be implemented in any lower-limb exoskeleton with control of the knee joint and offers a
promising approach to addressing stumble recovery for lower limb exoskeletons.
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4.2 Part 2: Development and assessment of real-time, exoskeleton-based stumble detection and recovery strat-
egy identification algorithms

4.2.1 Part 2 Summary

Powered lower-limb exoskeletons have been shown to benefit the human wearer as both assistive and augmenting
devices, but their application in the real world is limited in that they do not account for unexpected disturbances, such as
a trip or stumble. Ideally, a lower-limb exoskeleton would have the capability to (i) detect a stumble event and (ii) select
an anticipated stumble recovery strategy in order to provide appropriate stumble recovery assistance. However, to date
algorithms that have explored stumble detection and recovery strategy identification have been limited for real-time
implementation due to their detection/classification performance, signals required, and/or testing approach. Therefore,
five young, healthy adults wearing a knee exoskeleton underwent a stumble obstacle perturbation experiment in order
to collect an exoskeleton sensor dataset of stumbles throughout swing phase. First, this dataset was used to develop a
stumble detection algorithm, which ultimately employed thresholds on IMU frequency and magnitude content to detect
stumbles with 100% accuracy and no false positives out of 109 stumble events and 109 normal (i.e., unperturbed)
swing phases with a mean detection latency of 18 ms. Second, a recovery strategy identification algorithm built from a
previously-collected motion capture dataset of stumbles was tested on the exoskeleton sensor dataset of stumbles. The
best-performing feature set predicted strategy selected with 96% classification accuracy (105/109 strategies predicted
correctly). Overall, the detection and identification algorithms provide improved accuracy with fewer required sensors
relative to previous works, and were tested on the largest exoskeleton sensor stumble dataset to date, showing the
feasibility of such algorithms for real-time implementation. Such efforts provide the crucial first step in developing
lower-limb assistive devices that are robust to stumbles.

4.2.2 Introduction

Powered lower-limb exoskeletons show promise as rehabilitation devices for walking-impaired users (e.g., [64]) and
performance augmentation devices for healthy users (e.g., [128]). However, for such devices to be safe and ultimately
adopted in the real world, their function needs to be robust to unexpected perturbations, such as a trip or stumble
[91, 124, 105, 39].

The response of healthy adults to stumbles (i.e., the event in which the swing foot unexpectedly encounters an obstacle
and must clear that obstacle to recover) has been relatively well characterized, offering insights into how a lower-limb
exoskeleton might behave. Upon contact with an obstacle, the healthy adult reacts with biceps femoris or rectus
femoris response latencies of about 60 ms (among other muscle responses) [101]. These muscle responses commence
one of three primary recovery strategies: the elevating, lowering, or delayed lowering strategy [24, 101]. In the
elevating strategy, the tripped limb elevates up and over the obstacle, clearing the obstacle in the same step. In the
lowering strategy, the tripped limb lowers to the ground posterior to the obstacle, prematurely terminating the step, and
the contralateral limb subsequently completes a recovery step; the tripped limb then clears the obstacle in the following
step. In the delayed lowering strategy, the tripped limb initially elevates, but ultimately elevation is abandoned and the
limb is lowered posterior to the obstacle akin to the lowering strategy. Note that the elevating strategy is characterized
by tripped limb knee and hip flexion (to elevate over the obstacle), while the lowering and delayed lowering strategies
are characterized by tripped limb knee and hip extension (to terminate the step posterior to the obstacle).

Thus, in order to provide appropriate stumble recovery assistance, a lower-limb exoskeleton ideally would have the
following behaviors: (i) the reliable and quick detection of a swing-phase perturbation and (ii) the correct recovery
strategy decision (i.e., elevating or lowering). Regarding (i), studies have taken various approaches to investigate
potential stumble detection algorithms for powered lower-limb assistive devices, which have provided meaningful in-
sights for this work. Zhang et al. 2011 [126] used anterior-posterior foot acceleration from motion capture data and
lower-limb electromyography (EMG) data to detect perturbations; while they achieved high detection accuracy, they
reported that further research is needed to improve the false positive rate and detection response time. Additionally,
their perturbation study involved treadmill belt accelerations and decelerations (rather than swing-phase obstacle per-
turbations) which may not accurately represent real-life stumbles [50]; moreover, using motion capture and EMG data
may not be representative of sensor data for assistive device applications. Shirota et al. 2014 [106] considered tripped
limb kinematics from motion capture data in their linear discriminant analysis classifier when participants were tripped
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via a rope-blocking apparatus on a treadmill. While all stumbles were detected, the authors also encouraged further
research to decrease false positives. Lawson et al. 2010 [55] used a Fast Fourier Transform (FFT) approach to detect
stumbles from participants wearing IMUs during overground obstacle perturbations, which yielded 100% accuracy
with a 50 ms detection delay and no false positives. However, three inertial measurement units (IMUs) were employed
on three leg segments, which may not be available in some lower-limb devices. Furthermore, a larger test set (19
stumbles were included in this work) would give a better indication of efficacy. Monaco et al. 2017 [67] detected bal-
ance loss during treadmill belt acceleration perturbations when participants were wearing a powered hip exoskeleton
by comparing actual hip angle to those predicted by a pool of adaptive oscillators with an average detection delay of
350 ms, which is much longer than that observed in the healthy human response (e.g., [101]). A few other studies
have explored stumble detection with a single IMU during obstacle perturbations and achieved high detection accuracy
[21, 42]; however, these algorithms were intended for more clinical applications analyzing patient stumble rate over
an extended period of time, and as such do not detect quick enough for real-time exoskeleton assistance.

Regarding (ii) – making the correct recovery decision – only two studies have specifically investigated the develop-
ment of a real-time stumble recovery strategy selection algorithm for lower-limb wearable assistive devices, which
have given important direction for this work. Shirota et al. 2014 [106] used a linear discriminant analysis classifier
to classify elevating or lowering strategies and achieved 92% median classification accuracy. The algorithm, however,
used motion capture kinematics from multiple joints/segments, which limits real-world use in an assistive device. Ad-
ditionally, accuracy was reported based on leave-one-out cross-validation; an entirely new test set (or, at least, testing
and training on separate participants) may provide a better assessment of accuracy. Finally, the rope-blocking pertur-
bation technique does not involve a physical obstacle to clear, which may alter recovery strategy selection compared
to real-life stumbles. Lawson et al. [55] found a threshold on the RMS of thigh acceleration 50 ms prior to detection
that separated elevating from lowering strategies. However, their overground stumble apparatus limited the ability to
implement stumbles across swing phase, and therefore it is unclear if mid swing stumbles were tested. Additionally,
further testing with more stumbles (19 were tested in this work) would provide a more complete validation of this
approach.

Considering these previous works, a stumble detection algorithm and stumble recovery identification algorithm that (1)
use sensors typical of a lower-limb exoskeleton, (2) detect stumble and select an anticipated recovery strategy within
the human muscle response latency for stumbles, (3) offer high stumble detection accuracy and recovery strategy
identification classification accuracy without false positives, and (4) are tested on many (more than 20) swing-phase
obstacle perturbations (i.e., real-life stumble scenario) throughout swing phase would build upon prior research and
address the problem in a manner that is closer to real-world application.

The authors have previously developed a stumble detection algorithm and recovery strategy identification algorithm
for a knee exoskeleton that was evaluated on one healthy adult [26]. The detection algorithm used a simple threshold
on thigh acceleration. The recovery strategy identification algorithm implemented a two-stage decision model with
logistic regression equations fit from previously collected healthy adult motion capture stumble data [27]. While
these approaches yielded 100% detection and classification accuracy for the single participant, the extent to which
these approaches might extend across multiple participants has not been tested and is critical for robustness analysis
and implementation in the real world. Therefore, the objective of this work is to develop a new stumble detection
algorithm and recovery strategy identification algorithm with the aforementioned criteria and evaluate their accuracy
on experimental stumble data from multiple healthy adults wearing a knee exoskeleton.

4.2.3 Methods

The following approach was taken to address the proposed objective: First, an experiment was conducted with healthy
participants wearing a knee exoskeleton to establish an extensive dataset of exoskeleton sensor data during stumble
events. This dataset was used to develop a stumble detection algorithm. Next, a previously-generated dataset of
stumbles from different participants was used to train a recovery strategy identification algorithm. This algorithm was
then tested on the new exoskeleton stumble experiment dataset.
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4.2.3.1 Exoskeleton Stumble Experiment

A swing-phase obstacle perturbation stumble experiment was conducted with five healthy adult participants (one
female, 4 males; mean age: 28 +/- 4 years; mean height: 1.8 +/- 0.04 m; mean mass: 80 +/- 17 kg) wearing a unilateral
knee exoskeleton to collect sensor data with which to develop the stumble detection algorithm and test the recovery
strategy identification algorithm. All experimental protocols were approved by the Vanderbilt Institutional Review
Board, and all participants gave their written informed consent.

Knee Exoskeleton Hardware

The unilateral knee exoskeleton used in these experiments is a standard knee-ankle-foot orthosis (KAFO). Sensor data
from the device were used to develop the detection and identification algorithms. Specifically, a cassette attached to
the thigh segment houses a nine-axis IMU as well as an encoder to measure knee angle. Force-sensing resistors (FSRs)
are mounted to the toe and heel of the AFO to detect heel-strike and toe-off events. Note that the cassette also included
a motor and transmission to actuate the lateral-side knee joint via a pair of Bowden cables, but this feature was not
used in the experiments described here.

Experimental Protocol

Each participant was introduced to a series of stumbles using a custom obstacle perturbation system [50]. The protocol
was consistent with previous works using this setup [27, 26, 28], namely: the participant, while wearing the knee
exoskeleton, walked on a force-instrumented treadmill at 1.1 m/s. After a random number of steps, an obstacle was
released onto the treadmill belt at a random percentage of swing phase to unexpectedly obstruct the swing foot,
inducing a stumble and requiring a stumble recovery response. Participants listened to white noise, wore noise-
cancelling headphones and wore inferior vision-blocking goggles to occlude auditory and visual cues of obstacle
release to limit expectation of the perturbation. Additionally, the obstacle delivery apparatus was designed such that the
obstacle’s entry onto the treadmill belt was imperceptible [50]. Finally, participants performed Serial Sevens (counting
backwards by intervals of seven) as a cognitive distraction task to further limit expectation and/or anticipation of the
perturbation. The obstacle perturbation system and experimental setup are pictured in Fig. 4.8.

Data Collection

For each stumble trial (which included steps leading up to the stumble and the stumble itself), raw signals from the
exoskeleton knee encoder and thigh IMU were collected via a CAN interface with MATLAB/Simulink at a sampling
rate of one kHz. Additionally, ground-reaction forces (GRFs) were collected from the split-belt, force-instrumented
treadmill (Bertec, Columbus, USA) at one kHz to compute swing percentage of each perturbation. Signal processing
is detailed in the subsections discussing each algorithm.

The recovery strategy of each stumble trial was reported as elevating (if their foot cleared obstacle and landed anterior
to obstacle in the same step) or lowering (if their foot lowered posterior to obstacle prior to clearing it). The swing
percentage of each stumble was calculated as the time of perturbation relative to the preceding toe-off event divided
by the average swing time of 20 strides prior to the perturbation.

4.2.3.2 Stumble Detection Algorithm

Algorithm Development

IMU data (gyroscope signals in three directions and accelerometer signals in three directions) collected during the
exoskeleton stumble experiment (109 stumble trials) were used for algorithm development. Each trial was parsed
from the toe-off immediately prior to the perturbation to one second after the toe-off (i.e., post-perturbation), yielding
109 perturbation events. Additionally, the swing phase prior to the perturbed swing phase was parsed from each
trial, yielding 109 normal swing phases. Originally, in [26], a singular threshold on thigh acceleration was used
for detection. However, when tested on all perturbation events and normal swing phases from this study’s dataset,
this threshold was not robust across multiple participants; instead, each participant required their own threshold. A
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Figure 4.8: Experimental Setup

threshold approach was explored for the remaining available signals, but no universal threshold (or combination of
thresholds) could be found that provided accurate detection without false positives. This was consistent with other
works which used threshold or outlier-based detection methods [126, 106]. Second, the FFT method from [55] was
considered; however, this approach alone also produced many false positives in both the perturbation events (prior to
perturbation) and normal swing phases. Therefore, a combined approach that considers both frequency and magnitude
information was explored.

The final detection algorithm checks whether the frequency content and magnitude of thigh IMU data has crossed
certain thresholds. The algorithm is detailed in Fig. 4.9. Specifically, every 10 ms the FFT of the raw thigh acceleration
in the y-direction from the accelerometer is computed for the previous 50 ms. If the power at frequencies of 20, 40,
60, or 80 Hz (i.e., higher than the typical walking frequency of 1-2 Hz) is greater than a threshold, then that instant in
time is flagged as a potential perturbation. If flagged, the 10-ms backward difference of the thigh acceleration in the
y-direction (normal to thigh segment) from the accelerometer (Thigh Jerk Y in Fig. 4.9(b)) and the 10-ms backward
difference of thigh angular velocity from the gyroscope (Thigh Angular Acceleration in Fig. 4.9(b)) are computed. If
both signals exceed certain thresholds in the previous 30 ms, that instant is time is marked as a perturbation.

Outcome Metrics

Detection accuracy was computed as the percentage of perturbation events in which the perturbation was successfully
detected. False positive rate was computed as the number of false detections that occurred in total out of the 109
perturbation events and 109 normal swing phases. Finally, detection delay for each of the perturbation events was
computed as the time difference between the true perturbation index (identified post-hoc as the first peak in the Thigh
Acceleration Y signal, indicated in Fig. 4.9(b)) and the perturbation detection index (identified with the detection
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Figure 4.9: (a) Stumble detection algorithm flow chart (b) Example of algorithm implementation on perturbation event

algorithm, indicated in Fig. 4.9(b)).

4.2.3.3 Recovery Strategy Identification Algorithm

The overarching approach to strategy identification algorithm development for this work was to use a previously
collected kinematic dataset of 188 stumbles from seven healthy adults [50] to build a strategy selection model, and
then to test this model on the kinematic dataset of 109 stumbles from the exoskeleton stumble experiment described
above. Note that both experiments employed the same experimental setup and protocol. A two-stage modelling
approach was used, which was previously found to best predict recovery strategies: a first decision between initially
elevating and lowering (Stage 1), and, if elevating, a second decision between elevating and delayed lowering (Stage
2) [27]. For this model, only kinematic features easily computed from the sensors onboard the exoskeleton were
considered: thigh angle, thigh angular velocity, knee angle, and knee angular velocity.

Data Pre-processing & Organization

Motion Capture Dataset For the previously collected healthy adult stumble study, lower-limb kinematics were
recorded at 200 Hz via an infrared motion capture system and processed with a zero-phase, third-order, Butterworth
low-pass filter at a cutoff frequency of 6 Hz. Inverse kinematics were computed using Visual3D (C-Motion, German-
town, USA) to estimate joint-level kinematics for each trial. The potential inputs (thigh angle, thigh angular velocity,
knee angle, and knee angular velocity) were computed at the instant of perturbation, and the recovery strategy was
labeled for each stumble. Position inputs (thigh angle, knee angle) were normalized to the value at full extension in
the previous step. The trials were split into two datasets for training/validation: the Stage 1 Motion Capture Dataset
included all 188 trials labeled as initially elevating or lowering, and the Stage 2 Motion Capture Dataset included the
165 initially elevating trials labeled as elevating or delayed lowering.

Exo Sensor Dataset For the exoskeleton stumble study, lower-limb kinematics were recorded at 1000 Hz via the
knee encoder and thigh IMU. Specifically, thigh angle was computed with complementary filter sensor fusion that
combines accelerometer and gyroscope measurements with a crossover frequency of 0.1 Hz. Thigh angular velocity
was computed via a standard first-order low-pass filter with a cutoff frequency of 30 Hz. Position inputs were normal-
ized to the value at full extension in the previous step. The potential inputs were computed at the true perturbation
index, as well as 5, 10 and 15 ms prior to the true perturbation index, and recovery strategy was labeled for each
stumble comprising one Exo Sensor Dataset. Exo Sensor Dataset trials were labeled either elevating (all elevating
strategies) or lowering (all lowering and delayed lowering strategies). Because both the delayed lowering strategy and
lowering strategy involve ultimately lowering the foot behind the stumble obstacle, and would thus require the same
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exoskeleton knee assistance, it was not necessary to differentiate between the two in the actual application. Note that
these pre-processing steps can be applied in real-time on the exoskeleton, so the testing process represents real-time
implementation of the algorithm.

Algorithm Development

Initially, the Motion Capture Dataset was explored for insight into which feature subsets best predicted strategy selec-
tion. Similar to the approach in [27, 26], a wrapper method with cross-validation by participant and hyperparameter
tuning was used to find the total classification accuracy (computed as the average of the classification accuracies
of each participant’s set of trials) for each of the 15 possible feature subsets shown in Fig. 4.10. This process was
completed for both the Stage 1 and Stage 2 Motion Capture Dataset.

Because no feature subset emerged as substantially best in the cross-validation process for either stage (all performed
relatively well, with a classification accuracy range of 88%-97% for Stage 1, and 81%-88% for Stage 2), all 15 feature
subsets were considered for model fitting and algorithm testing (i.e., in order to examine to what extent these feature
subsets also perform well on the Exo Sensor Dataset) with the following procedure, which is outlined in Fig. 4.10.

For each feature subset for each stage, the Motion Capture Dataset was fit to a logistic regression model with Ridge
regularization (using the hyperparameter that maximized classification accuracy for the corresponding feature set in
cross-validation process). The logistic regression equations for Stage 1 (Eq. 4.5) and Stage 2 (Eq. 4.6) are given
below:

P(Lowering) =
1

1+ e−(α0+α1γ+α2 γ̇+α3θ+α4θ̇)
(4.5)

P(DelayedLowering) =
1

1+ e−(β0+β1γ+β2 γ̇+β3θ+β4θ̇)
(4.6)

Where P(L) is the probability of a lowering strategy vs. an initially elevating strategy, P(DL) is the probability of a
delayed lowering strategy vs. an elevating strategy, γ is knee angle, γ̇ is knee angular velocity, θ is thigh angle, and θ̇

is thigh angular velocity, and α0−4 and β0−4 are the equation coefficients generated from the model fitting. Note that
coefficients have a value of 0 for the features not included in the subset, as indicated in Fig. 4.10.

Fig. 4.10 diagrams the final recovery strategy identification algorithm: If the probability of lowering (calculated from
Eq. 4.5) is greater than 0.5, then the strategy is predicted to be lowering. If it is less than 0.5, the strategy is predicted to
be initially elevating, and Eq.4.6 (probability of delayed lowering) is computed. If the probability of delayed lowering
is greater than 0.5, then the strategy is predicted to be lowering. If it is less than 0.5, the strategy is predicted to be
elevating.

For each combination of feature set and stage (15 feature sets for each of two stages = 152 combinations), the recovery
strategy identification algorithm was applied to each trial in the Exo Sensor Dataset to predict recovery strategy for
each trial. This was completed for features computed at the true perturbation index as well as 5, 10, and 15 ms
prior. Classification accuracy was computed as the percentage of trials in which recovery strategy was successfully
predicted. The combination of Stage 1 feature set, Stage 2 feature set, and perturbation time that produced the highest
classification accuracy with the least number of features was chosen as the final algorithm.

Outcome Metrics

The logistic regression equation coefficients and perturbation timing used in the final algorithm are reported. Clas-
sification results using this final algorithm are also reported, including a confusion matrix, as well as classification
accuracy broken down by participant and by swing phase at which the perturbation occurred.
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Figure 4.10: Recovery strategy identification algorithm development and testing

Table 4.6: Coefficients for equations in recovery strategy identification algorithm

Eq. 4.5 Eq. 4.6
Coefficient Value Coefficient Value

α0 -5.839 β0 -2.575e-05
α1 0.266 β1 0.083
α2 0.042 β2 0
α3 -0.265 β3 -0.102
α4 0 β4 0

4.2.4 Results

4.2.4.1 Stumble Detection Algorithm

Out of 109 perturbation events, the stumble detection algorithm achieved 100% detection accuracy with no false
positives. Out of 109 normal swing phases, the stumble detection algorithm yielded no false positives. The average
detection delay was 18 +/- 6 ms (range 6-42 ms).

4.2.4.2 Recovery Strategy Identification

The final recovery strategy identification algorithm used the input set computed at 5 ms prior to the true perturbation
index. The coefficients from model fitting for each stage are given in Table 4.6.

Out of 109 perturbation events, 105 trials were predicted with the correct recovery strategy, yielding a total classifi-
cation accuracy of 96%. For three of five participants, the classification accuracy for their trials was 100%, and for
the remaining two participants it was 86-88%. Table 4.7 gives a confusion matrix of prediction results, Table 4.8
breaks down classification accuracy by participant, and Fig. 4.11 provides classification results as a function of swing
percentage of perturbation.
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Table 4.7: Confusion matrix for recovery strategy identification algorithm results

Predicted Elevating Predicted Lowering Total
Actual Elevating 55 2 57
Actual Lowering 2 50 52
Total 57 52 109

Table 4.8: Classification accuracy for each participant’s trials

Participant Classification Accuracy
P1 100% (21/21)
P2 100% (21/21)
P3 88% (15/17)
P4 100% (36/36)
P5 86% (12/14)

As shown, all perturbations in early swing (<40%) and all perturbations in late swing (>60%) were predicted correctly.
The confusion matrix of mid swing (40-60%) perturbations is given in Table 4.9.

4.2.5 Discussion

The proposed stumble detection algorithm yielded 100% detection accuracy without false positives, considering 109
perturbation events and 109 normal swing phases. By combining the IMU signal FFT and magnitude threshold ap-
proaches, this new algorithm builds upon previous works and addresses the previously reported limitations of high
false positive rates.

Aside from the improved detection accuracy and false positive rate, this algorithm offers other advantages. First, the
algorithm requires a single IMU attached to the thigh segment of a lower-limb exoskeleton, decreasing the number of
sensors needed. Previous works used kinematic data from multiple lower-limb segments for their detection algorithm
[106, 55], and one used motion capture and EMG data rather than IMU data; while this is an adequate and necessary
approach for exploring detection techniques, ideally the final application would use the actual signals from typical
sensors of lower-limb exoskeletons. Furthermore, the detection accuracy using a thigh IMU (rather than shank or foot)
is notable considering this location is two segments removed from the perturbation. Second, this algorithm detects
with the fastest response latency compared to other works. The average detection delay out of 109 perturbations
was 18 ms, and even the maximum delay (42 ms) is well before the average lower-limb muscle response latencies
reported in Schillings et al. 2000 [101]. This short detection delay would allow an assistive to device to react as
quickly (or potentially, faster) than the human response, providing the best opportunity for optimal recovery strategy
assistance. Finally, the detection and false positive rates were evaluated on 109 stumbles throughout swing phase from
five participants, which is the most comprehensive obstacle perturbation stumble dataset used for this application to
date.

The stumble recovery identification algorithm predicted recovery strategy with 96% accuracy on a separate test set
of 109 stumbles using just three signals from sensor data available in a lower-limb exoskeleton. The algorithm can

Table 4.9: Classification accuracy for each participant’s trials

Predicted Elevating Predicted Lowering Total
Actual Elevating 16 2 18
Actual Lowering 2 24 26
Total 18 26 44
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Figure 4.11: Recovery strategies used in exoskeleton stumble experiment as a function of swing percentage at which
the perturbation occurred

be easily implementable in real-time on any lower-limb exoskeleton with ability to estimate knee angle, knee angular
velocity, and thigh angle (e.g., with a knee encoder and thigh IMU). The only other study to evaluate a recovery
strategy algorithm on stumbles from a range of points in swing phase achieved 92% median accuracy, but used motion
capture data in their algorithm and evaluated accuracy based on a leave-one-out cross-validation procedure [106].
While this approach provided important insight for this work, ideally an algorithm would be evaluated with a separate
test set of data measured from the sensors in an actual assistive device. One other study reported 100% classification
accuracy, but their trial set included fewer (19) stumbles, and swing percentage of each stumble was not reported [56].

In total there were four stumbles incorrectly classified: two elevating strategies (Participant 3) and two lowering
strategies (Participant 5). These occurred in the mid swing region where, based on studies of healthy participants (e.g.,
[101, 15, 107, 50, 27]), either strategy could be selected, and either could be successful. Despite the misclassifications,
the algorithm still achieved 91% (40/44) accuracy in mid swing; note that the best threshold on swing percentage
yields 77% (34/44) accuracy, substantiating the use of real-time, physical quantities as inputs to the model rather than
a phase variable [27]. Of note, with Participants 1, 2 and 4 the stumble recovery identification algorithm achieved
100% accuracy.

There are several limitations to this work. First, all stumble trials were completed at a single walking speed. While the
two-stage modelling approach for strategy identification has yielded classification results suggesting robustness across
walking speeds [27], detection may potentially require a speed-dependent threshold on signal magnitude. Future work
could test this detection scheme on additional walking speeds, and potentially a sliding scale of thresholds based
on walking speed could be used. The magnitude threshold may also be influenced by the form factor and weight
of the exoskeleton worn; in this work the exoskeleton was relatively light, but a heavier exoskeleton may provide
a low-pass effect on sensor data that would need to be considered. Additionally, the exo sensor stumble dataset
was used for detection algorithm development and testing, and as such there is potential for overfitting; however,
the authors contend that the thresholds chosen were qualitatively not overly strict and thus should be generalizable,
especially considering the nature of the dataset used, which included an extensive number of stumbles throughout
swing phase from multiple participants. The intent was to find thresholds that worked well for this extensive dataset
of stumbles, and the authors invite future work to explore the extent to which this detection algorithm extends to more
participants, including multiple types/weights of assistive devices. Regarding the recovery strategy identification
algorithm, an approach to better matching the filtering of the motion capture training data to the testing sensor data
may have improved classification accuracy; however the authors posit that 96% accuracy is quite high considering (1)
the different measurement modalities, which further shows the algorithm’s robustness and (2) that strategy selection
in mid-swing has been shown to be non-unique. This non-uniqueness raises the question: How important is decision
accuracy in this region? In the case of an impaired user, perhaps selection of either strategy in this regime would
be effective. In the case of a healthy user, would the decision of the exoskeleton influence the selection of the user?
Hopefully future works will help to inform these questions. Additionally, the intent for this work was to develop
and report the recovery strategy identification algorithm that performed best on a new exoskeleton sensor dataset of
stumbles after considering various input options; the authors encourage future work that tests this algorithm with
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new stumble datasets to verify its effectiveness on new data. Finally, the results of this work reflect the efficacy of a
stumble detection and recovery strategy identification algorithm for the specific type of perturbation tested: a swing-
phase, obstacle perturbation. While falling due to stumbles is a common cause of injury [117, 57], and the test setup
best replicates this real-life stumble event compared to other systems [50], research regarding detection and response
selection for other types of perturbations (i.e., slips, postural perturbations) are needed and could be a topic for future
work.

4.2.6 Conclusion

This work develops algorithms for the exoskeleton-based real-time detection of stumble during walking, and also for
the real-time identification of stumble recovery strategy, and evaluates these algorithms on a relatively large stumble
dataset. Stumbles were detected with 100% accuracy without false positives, and the recovery strategy was identified
with 96% classification accuracy out of 109 obstacle perturbation trials occurring throughout swing phase. These
algorithms use minimal sensor data (single thigh IMU for detection, thigh IMU and knee encoder for recovery strategy
identification) while detecting and identifying strategy quicker than the human reaction time. These algorithms provide
the crucial first step in developing lower-limb assistive devices that are robust to the common daily event of a trip or
stumble, which has the potential to not only improve safety of these devices but also reduce fall risk for fall-prone
individuals.
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4.3 Part 3: Efficacy of knee exoskeleton assistance in improving an impaired stumble recovery response

4.3.1 Part 3 Summary

Falls due to stumbles are a major cause of injury for many populations, and as such interventions to reduce fall risk
have been a key focus of rehabilitation research. However, the use of powered lower-limb exoskeleton assistance
has yet to be explored as a fall mitigation intervention, which could serve two important use cases: (1) a safety
mechanism for existing exoskeleton wearers, who may be less capable of recovering from stumbles due to added
weight or joint impedance of the device; (2) an external stumble recovery aid for fall-prone populations, such as the
elderly or stroke survivors. Thus, three young, healthy adults were recruited for a stumble recovery experiment to test
the efficacy of knee exoskeleton assistance in improving an impaired stumble recovery response. Leg weights were
attached unilaterally to the participants’ shank to simulate a walking and stumble recovery impairment, and a unilateral
powered knee exoskeleton was worn on the same leg for walking and stumble recovery assistance. Ultimately, knee
exoskeleton assistance served to improve participants’ elevating limb kinematics (i.e., increase thigh and knee motion)
and reduce overall fall risk (i.e., reduce trunk motion and increase step length) during responses relative to their
impaired response (i.e., with the leg weights and no assistance). This initial exploration provides a first indication that
knee exoskeleton assistance is a viable approach to improving an impaired stumble recovery response, which may
enhance the safety of lower-limb exoskeletons and reduce fall risk for fall-prone populations.

4.3.2 Introduction

Falls are a major cause of injury for many populations [117, 4]. Often falls occur because of a trip or stumble
[9, 61, 60, 73]. The stumble event (i.e., foot unexpectedly encountering an obstacle in swing phase that must be cleared
to recover) is a common daily-life occurrence that requires a recovery response to avoid a fall. Much rehabilitation
research has been devoted to improving stumble recovery and mitigating subsequent injury, particularly for fall-prone
populations (e.g., elderly [33], stroke survivors [45], lower-limb prosthesis users [65], etc.).

Several works have characterized stumble recovery and identified the key factors in recovering from a stumble. Ulti-
mately, an individual needs to restore trunk control (arrest forward angular momentum induced by the perturbation)
with a sufficient and timely stepping response to recover successfully. Previous works have highlighted the role of
both the recovery limb (limb that clears the obstacle) and the support limb (contralateral limb) in recovery success.
Pijnappels et al. [87, 88] concluded that the reactive torques of the support limb of healthy adults enable the necessary
push-off reaction, thus reducing the forward angular momentum of the body and providing more time for the elevating
step. However, in a study with older adults with less adequate push-off responses [85], they found that the participants
compensated with better positioning of the recovery (elevating) limb (i.e., longer stride). They propose that improving
the forward swing of the recovery limb, which also works to counter induced forward angular momentum, could be
a target for fall prevention training. Grabiner et al. 1993 [38] also highlighted the role of the recovery limb. Knee
flexion reduces the moment of inertia of the leg, which increases hip flexion velocity; hip flexion and knee extension
velocities are integral in providing a sufficient stepping response to recover. Thus, an intervention at the knee joint of
the recovery limb (flexion/extension assistance) has the potential to improve recovery responses.

So far, interventions for stumble recovery assistance have primarily involved training protocols. Muscle strength
training has been proposed as a means to improve both the support limb’s ability to provide counteracting torques and
the recovery limb’s ability to provide sufficient obstacle clearance [90, 82]. Similarly, exercise and balance-focused
training (e.g., Tai Chi [59]) has been proposed as a means to enhance postural stability, lower-limb strength, and
flexibility to improve responses to stumble perturbations. Finally, task-specific perturbation training (via sessions
involving repeated treadmill acceleration perturbations) has been shown to not only reduce falls and improve stumble
recovery during a laboratory-induced trip for various populations [35, 77] but also to mitigate real-world falls [99]. In
these works, the authors attribute a learned/trained reduction of trunk motion (flexion, flexion velocity) and increased
step length to the improved responses. While these works provide promising and effective interventions, and also
identify improvable recovery metrics, these extensive, repeated training protocols may not be feasible (i.e., considering
cost, time, ability) for many individuals; furthermore, the long-term effects of such trainings have yet to be determined.

Wearable assistive technology has the potential to improve responses to stumbles without repeated training sessions
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by providing immediate assistance to the recovery and/or support limb. In fact, such behavior is important not only as
a fall prevention intervention for fall-prone populations, but also as a safety factor for any lower-limb exoskeleton that
provides walking assistance. However, exoskeleton assistance during stumbles has been sparingly considered in the
field thus far. While some works have explored stumble detection and identification techniques [55, 126, 106, 26], only
a few have investigated the effect of exoskeleton assistance on stumble recovery. Hip [67] and ankle [23, 5] exoskeleton
assistance during treadmill acceleration perturbations (e.g., slip perturbations) have been shown to improve stability
against balance loss and reduce effort to maintain balance, respectively. However, no study has considered exoskeleton
assistance during swing-phase obstacle perturbations (i.e., trip/stumble perturbations). Recall that an intervention at
the knee joint of the recovery limb may improve responses via (1) knee flexion assistance, which reduces the moment
of inertia of the recovery limb, allowing for easier hip flexion and thereby assisting with angular momentum reduction,
and (2) knee extension assistance, which aids in the speed and length of the recovery step. Previous preliminary results
suggest that knee exoskeleton assistance can be coordinated with the user to improve the recovery limb response [26];
however, this was only tested on a single healthy individual, so the extent to which it improves an impaired response
for multiple participants has not been demonstrated.

Therefore, the objective of this work is to examine the extent to which powered knee exoskeleton assistance (applied
unilaterally to the recovery limb) can potentially improve an impaired stumble recovery response. In this work,
early swing perturbations that require an elevating strategy to recover (i.e., the tripped limb is the recovery limb)
are considered. Before introducing such an intervention to fall-prone populations (e.g., elderly, stroke survivors, post-
polio patients), who may be less suited for the physical demand of an exploratory study requiring many stumbles, the
authors deemed it important to first test this type of intervention in able-bodied individuals. Consequently, to perform
this study it was necessary to first impair the healthy individuals’ ability to recover, in order to approximate the gait
and recovery response of a mobility-impaired population. In order to do so, leg weights were added unilaterally to the
participants’ shank (i.e., the recovery limb wearing the exoskeleton) in an effort to (1) induce a walking impairment
and (2) require more effort in the stepping response during stumble recovery.

This work therefore examines the following three questions: (1) Does weight added to the shank impair gait in a
manner reflective of a target impaired population, and can the user coordinate with the exoskeleton walking controller
to improve the impaired gait? (2) Does weight at the shank impair the elevating limb response during a stumble event,
and does this also extend to impaired fall risk? (3) Does an exoskeleton stumble recovery controller improve the
impaired elevating limb response, and does this also extend to reduced fall risk?

4.3.3 Methods

4.3.3.1 Interventional Device

A modified unilateral powered knee exoskeleton (Fig. 4.12(a)) was used as both the impairment technique and im-
provement technique in this study, discussed subsequently. The exoskeleton is a standard knee-ankle-foot orthosis
(KAFO) modified with a non-standard powered knee module, which is actuated by a pair of Bowden cables driven
by a brushless motor and a two-stage chain-drive transmission with a transmission ratio of 11.2. The transmission,
embedded system, and sensors (nine-axis inertial measurement unit (IMU) to measure thigh motion and encoder to
measure knee motion) are housed in a cassette attached to the thigh segment. Two force-sensing resistors (FSRs) are
attached to the foot: one under the heel of the shoe insole (for swing/stance determination), and one externally on
the toe structure of the shoe (for stumble detection). For purposes of the experiments conducted here, the device was
powered with an off-board linear power supply (Kepco BOP36-12M) that supplied up to 10A of current, which corre-
sponded to 14.5 Nm of joint torque. An embedded system runs all low-level control, including brushless motor current
control, and also includes a CAN interface that enables high-level control prototyping and data collection from a laptop
computer via the real-time interface provided by MATLAB/Simulink at a sampling rate of one kHz. Thigh angular
velocity is measured from the IMU with a first-order low-pass filter with a cutoff frequency of 10 Hz. Thigh angle is
calculated via a standard complementary filter sensor fusion that combines measurements from the accelerometer and
gyroscope measurements, with a crossover frequency between the two measurements of 0.5 Hz.

Impairment Method
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To impair walking gait as well as the elevating limb recovery response, 12-14 lb leg weights were attached to the shank
segment of the knee exoskeleton, as pictured in Fig. 4.12(a). Methods for evaluating the efficacy of these weights in
impairing walking gait and stumble recovery are discussed subsequently.

Improvement Method

A closed-loop walking controller was designed to assist the knee joint during level ground walking (Fig. 4.12(b)),
with the intent of correcting or reducing the simulated impairment introduced by the leg weights. The controller is
comprised of a finite-state machine that transitions between two states: stance and swing. To prevent knee buckling
during initial stance, knee angle is regulated to zero degrees using the following PD controller:

τ = kp(θdesired −θ)+ kd(θ̇desired − θ̇) (4.7)

where τ is the commanded torque, θdesired is 0 deg, θ is the current knee angle, θ̇desired is 0 deg/s, θ̇ is current
knee angular velocity, and kp and kd are experimenter-defined proportional and derivative gains, respectively. This
assistance is removed 300 ms into stance to facilitate initiation of swing phase by allowing knee flexion. To assist
swing-phase motion, a position controller tracks a predefined knee angle trajectory (shown in Fig. 4.12(b)) using Eq.
4.7, where θdesired and θ̇desired are the desired knee angle and knee angular velocity from the spline and its derivative
at the current time in swing phase. The elapsed time of the swing state is determined by a swing-stance ratio and
the stance time of the current stride. State transitions are determined by heel FSR loading and thigh angular velocity
thresholds (Fig. 4.12(b)). The following variables were tunable for each user: kp,stance, kd,stance, kp,swing, kd,swing, peak
swing knee angle, swing-stance ratio, and thigh angular velocity threshold.

A stumble recovery controller was designed to assist the knee in the execution of the elevating strategy. Upon detection
of a stumble indicated by contact with the obstacle recorded from the toe FSR, a feedforward torque pulse intended to
assist the flexion and subsequent extension of the elevating response is implemented. Specifically, the pulse is a 450-
ms (approximate length of elevating strategies from a previous stumble study conducted at the same walking speed
[50]) spline with approximately 14.5 Nm peak applied torque in flexion and extension (Fig. 4.12(b)).

4.3.3.2 Stumble Recovery Experiment

Experimental Protocol

Six young, healthy adult participants were recruited to participate in the exoskeleton stumble recovery experiment.
The protocol involved sessions on two separate days, an acclimation day and a testing day. All experimental protocols
were approved by the Vanderbilt Institutional Review Board, and all participants gave their written informed consent.

During the acclimation day, the knee exoskeleton was fit to the participant’s right leg. Specifically, a thigh segment,
shank segment, AFO and shoe were selected that best fit the participant, and the height of the lateral shank upright was
adjusted such that the center of the exoskeleton knee joint best approximated the axis of rotation of their biological
knee. Then the participant walked on the treadmill at 1.1 m/s while the experimenter tuned the walking controller.
Finally, the participant was introduced to a few stumbles (setup and protocol discussed subsequently) in order to be
familiarized with the experimental protocol prior to testing day.

On testing day, the participant underwent a series of stumble trials using a custom obstacle perturbation system
[50]. The experimental setup and protocol are pictured in Fig. 4.13. For each trial, participants walked on a force-
instrumented treadmill at 1.1 m/s. After a random number of steps, a 35-lb steel block was released from the obstacle
delivery apparatus onto the treadmill belt such that it contacted the participant’s foot at an experimenter-defined per-
centage of swing phase. Note that various sensory occlusion techniques (e.g., noise-cancelling headphones and inferior
vision-blocking goggles) and a cognitive distraction task (Serial Sevens) were employed to limit expectation of the
stumble. Additionally, the obstacle delivery apparatus was shown to deliver the obstacle without perception of the
participants in a previous validation study. See [50] for full protocol and system details. For this experiment, pertur-
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Figure 4.12: Interventional device and controllers

bations were targeted to occur in early swing phase (20-40% swing) such that elevating strategies would be employed
to recover. Handrails were removed from the treadmill so they could not be used to recover, but participants wore a
full-body harness to prevent contacting the treadmill in the event of a fall.

The stumble perturbations were introduced for four experimental cases: (1) without wearing the exoskeleton (Control);
(2) wearing the weighted-shank exoskeleton without the controllers enabled (Baseline); (3) wearing the weighted-
shank exoskeleton with the walking controller enabled (Walk Only); and (4) wearing the weighted-shank exoskeleton
with the stumble recovery controller enabled (Stumble Recovery). The Control case was intended to capture how an
unimpaired, young, healthy adult responds to early-swing perturbations, which served as the healthy control response.
The Baseline case was intended to capture the response of the participant impaired by the weighted-shank exoskeleton
without device assistance, which served as the baseline response of the impaired individual. The Walk Only case
was intended to capture how an impaired individual responded if they were wearing an exoskeleton that assisted
walking but did not have a stumble recovery feature. Finally, the Stumble Recovery case was intended to capture
how an impaired individual responded if they were wearing an exoskeleton that assisted walking and also provided
stumble recovery assistance when detected. The Control trials were conducted first. The order of exoskeleton trials
(Baseline, Walk Only, Stumble Recovery), as well as trials in which the left limb (i.e., limb not wearing exoskeleton)
was stumbled, were randomized. The participant was not informed of the case of each trial. Each participant was
introduced to 3-6 trials for each case.

Additionally, before and after the stumble perturbation trial sets, 60-second walking trials (without perturbation) were
conducted for the Control, Baseline, and Walk Only cases.

Data Collection & Processing

For each trial, ground reaction forces (GRFs) were collected at 1000Hz via a lateral, split-belt, force-instrumented
treadmill (Bertec, Columbus, USA). Full-body kinematic data were collected at 200Hz via infrared motion capture,
which included feet, shank, thigh, pelvis, trunk, forearm, and upper arm segments. GRF and motion capture data were
filtered with a zero-phase, 3rd order, low-pass Butterworth filter with cut-off frequencies of 15 and 6 Hz, respectively.
Inverse kinematics were computed using Visual3D (C-Motion, Germantown, USA) to estimate joint-level kinematics
for each trial.
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Data Analysis

Trials were excluded from analysis based on a few criteria. First, if the participant stepped on the obstacle or over the
obstacle (i.e., missed targeting), the trial was not deemed a swing-phase perturbation and was excluded. Second, if
the participants’ foot hit the obstacle substantially medially, this caused the block to rotate which is an outlier relative
to remaining stumbles (i.e., perturbation impulse is altered, and in some cases block rotated enough such that it did
not need to be cleared); thus, if the block rotated more than 45 degrees about the vertical axis after contacting the
participants’ foot, the trial was excluded from the analysis.

For each trial, the perturbation event was identified as the instant at which the foot contacted the obstacle, which was
determined via a transient peak in the anterior-posterior GRF measured by the treadmill. The swing percentage of
each perturbation was estimated as the time from the toe-off immediately preceding the perturbation to the instant of
perturbation, relative to the average of 20 swing times prior to the perturbation.

To address the first question posed in this paper (to what extent does adding weight to the leg approximate a gait
impairment, and to what extent can the exoskeleton address that impairment), overall temporal symmetry was com-
puted using gait information from the average of 20 strides during the walking trials for each case. Overall temporal
symmetry is defined here as the ratio of the right limb’s temporal swing-stance symmetry to the left limb’s temporal
swing-stance symmetry [78]. Temporal swing-stance symmetry is defined as the ratio of swing time to stance time for
a given limb, where swing time is the time from toe-off to foot-strike, and stance time is the time from foot-strike to
toe-off. In a study examining the gait asymmetry of community-ambulating stroke survivors, the normative range for
overall temporal symmetry was defined as 0.9 to 1.1, mild asymmetry was defined to be 1.1 to 1.5, and severe asym-
metry defined as greater than 1.5 (with a value over 1.0 indicating a preference to rely on the non-paretic limb) [78].
Note that gait asymmetry has been identified as a factor for predicting falls for stroke patients [123]. These ranges
were used to determine if the participants were adequate candidates for the impairment and improvement techniques
chosen for this study. Specifically, if the Baseline case induced an asymmetry in the mild range, and the asymmetry
was restored to the normative range with Walk Only case, then the participant was considered to be (1) substantially
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impaired with the weighted-shank exoskeleton, and (2) responsive to controller assistance and thus considered for
stumble trials. This was the case for three participants (one female, two males; mean height; 1.77 m, mean mass: 77.9
kg; mean age: 26 years). Additionally, the average knee angle and angular velocity from 20 strides for each walking
trial were computed to compare the knee range of motion and velocity range of each experimental case.

To address the second and third questions (to what extent does weight impair a stumble response, and to what extent
can an exoskeleton stumble controller mitigate that impairment), various outcome metrics were computed to assess the
extent to which the weighted-shank exoskeleton and stumble recovery controller respectively impaired and improved
the stumble recovery response. Both local (elevating limb kinematics) and global (overall fall risk) metrics were con-
sidered. These outcome metrics are diagrammed in Fig. 4.14 along with representative trajectories. To evaluate local
impairment/improvement, the range in knee angle, knee angular velocity, thigh angle, and thigh angular velocity from
the instant of perturbation to the first foot-strike of the recovery limb was computed for each trial. To evaluate global
impairment/improvement, trunk angle and trunk angular velocity at recovery foot-strike were computed (calculated
relative to the value at perturbation). Additionally, the elapsed time from perturbation to the instant at which trunk
angular velocity reversed direction from forward rotation to backward rotation (i.e., how soon induced forward angular
momentum was arrested) was computed. These trunk metrics reflect the participants’ ability to restore trunk motion
during the recovery. Finally, the recovery foot anterior-posterior center-of-mass (COM) position relative to the pelvis
anterior-posterior COM position at recovery foot-strike (calculated relative to the value at perturbation) was computed
for each trial. Trunk angle, trunk angular velocity, and foot positioning at recovery foot-strike have previously been
reported to discriminate falls from recoveries [81, 74, 35, 77] and many works cite trunk control and stepping response
as keys to successful recovery [38, 85, 101, 24, 30]; thus changes in these metrics can be used as indicators of fall risk
or improved recovery.

To examine the extent of stumble response impairment, the local and global outcome metrics from Baseline trials were
compared to Control trials. Since stumble recovery responses vary depending on when in swing phase the perturbation
occurs [24, 101, 107, 27], it was important to compare outcome metrics from like perturbations (i.e., occurring at the
same swing percentage, or as close as possible). Thus, trials that were closest in swing percentage were paired using
the following procedure: each successful Baseline trial was paired with a Control trial that was closest in swing
percentage. If there were no Control trial within 3% swing of said Baseline trial, then that Baseline trial was not used
in analysis. Conversely, if there were more than one Control trial within 1% swing of said Baseline trial, then both
(or more) Control trials were paired with the Baseline trial to comprise two (or more) comparison pairs. For each
comparison pair, the difference in each outcome metric (Baseline relative to Control) was computed.

To examine the extent of stumble recovery improvement, the identical comparison pair approach was used for (i)
Stumble Recovery relative to Baseline and (ii) Stumble Recovery relative to Walk Only.

4.3.4 Results

The weighted-shank exoskeleton substantially impaired walking gait, and this impairment was restored or considerably
improved with the walking controller for the three participants. The overall temporal symmetry, as well as the phase
plane of knee angle versus knee angular velocity for each participant for each case (Control, Baseline, and Walk Only)
are shown in Fig. 4.15.

After removing trials due to (1) the participant stepping on the obstacle, (2) the obstacle rotating greater than 45 de-
grees about the vertical axis, or (3) the trial timing being deemed unsuitable for comparison to other trials (i.e., no other
trials within 3% swing), 31 trials were available for analysis. Figures 4.16, 4.17, and 4.18 plot the difference in local
and global outcome metrics for Baseline relative to Control comparison pairs (i.e., assessing impairment), Stumble
Recovery relative to Baseline comparison pairs (i.e., assessing improvement), and Stumble Recovery relative to Walk
Only comparison pairs (i.e., assessing improvement). Impairments were determined by less knee angle/angular veloc-
ity range, less thigh angle/angular velocity range, less anterior foot position relative to pelvis (i.e., negative difference)
and more trunk angle, more trunk angular velocity, and longer time to trunk angular velocity reversal (i.e., positive
difference), which are indicated by red shading in Figs. 4.16, 4.17, and 4.18. Green shading indicates improvement
(positive difference for knee, thigh and foot position metrics, and negative difference for trunk metrics).
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Figure 4.15: Overall temporal symmetry and knee motion for walking trials

4.3.5 Discussion

4.3.5.1 Approximation of walking impairment: Weights attached to shank impair gait, exoskeleton walking
controller improves it

Weights attached to the shank segment of the exoskeleton substantially impaired the three participants’ walking gait
in terms of temporal asymmetry and knee motion. The weights increased participants’ right-side swing time and thus
increased their right-side swing-stance ratio, as participants took longer to move their right limb due to its added mass.
As shown in Fig. 4.15 (top), this resulted in increased overall asymmetry values for the Baseline case (all in mild
asymmetry range) compared to their Control trials (all in normative asymmetry range). Furthermore, these Baseline
overall temporal asymmetry values reached levels akin to the mild asymmetry experienced by stroke survivors, and
thus may approximate gait abnormalities exhibited by those at higher fall risk [78, 123]. Additionally, the added
weight to the participants’ shank segment hindered their ability to flex and extend their knee joint, as evidenced by a
decrease in knee motion (angle and angular velocity) for the Baseline case relative to Control (Fig. 4.15, bottom).

The exoskeleton walking controller improved walking gait (symmetry and knee motion) for the three participants. The
trajectory-tracking controller provided the assistance to complete a faster (more symmetrical) swing time. Specifically,
flexion assistance at toe-off helped initiate swing phase and reach more normative knee flexion during swing, while the
extension assistance helped to complete swing phase in a timely manner. While overall temporal asymmetry was not
fully restored to Control values, it was reduced for each participant below the mild asymmetry threshold of 1.1 to the
normative range (Fig. 4.15, top). Similarly, knee range metrics for the Walk Only case increased relative to Baseline,
though not to Control values (Fig. 4.15, bottom). A knee exoskeleton with greater control authority may have served
to fully restore symmetry and knee motion (i.e., the device used here was torque-limited, particularly relative to the
increased leg inertia associated with the added leg weights).

These outcomes were important validations that weights attached to the shank segment of an exoskeleton could rea-
sonably approximate impaired gait, and that an exoskeleton knee controller could improve it, which were important
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Figure 4.16: Baseline relative to Control. Overall, leg weights attached to the shank impaired elevating limb response
(local) and increased fall risk (global) relative to responses when not wearing the leg weights.

preliminary validations for the stumble assessment. However, these walking outcomes do not assess the extent to
which weights might impair a stumble response, or the extent to which an exoskeleton might improve it.

4.3.5.2 Assessment of stumble recovery impairment: Weights attached to shank impair elevating limb re-
sponse and increase fall risk

Overall the recovery limb was substantially impaired when elevating over the obstacle due to the added weight at the
shank. This was evidenced by comparing the elevating kinematics of the participants’ right limb when wearing the
weighted exoskeleton (Baseline) to their kinematics when not wearing an exoskeleton (Control). Twelve of thirteen
comparison pairs (see Methods) exhibited a decrease in knee and thigh range of motion during the elevating response
for the Baseline case relative to Control. Nine pairs exhibited a decrease in knee velocity range, and all pairs showed
a decrease in thigh velocity range (Fig. 4.16).

However, an intervention that impairs locally (where the intervention was applied) does not necessarily imply that
the individuals’ overall response was impaired. Thus, it was important to also consider global response outcome
metrics. As shown in Fig. 4.16, the participants landed their elevating step with more trunk flexion (all pairs) and more
trunk flexion velocity (12/13 pairs) in the Baseline case relative to their Control trials. In previous laboratory-induced
tripping studies, increases in these two metrics have repeatedly been reported as discriminators between those who fall
and those who recover [81, 35, 77]. Furthermore, for all pairs the participants reversed their trunk velocity direction
(from forward rotation to backward rotation) later (i.e., longer elapsed time after perturbation) for the Baseline case
relative to the Control case. This indicates a delayed ability to control trunk motion and arrest forward momentum,
also suggesting a higher risk of falling. Finally, for most trials (10/13) the participants landed with their foot less
anterior to their pelvis compared to the Control case (i.e., shorter step). Previous studies report step positioning as a
key factor in a successful recovery [35, 77, 74, 18, 44] (i.e., larger step is better).

Therefore, the change in local outcome metrics indicate a deficient elevating limb response, and the change in global
outcome metrics indicate that this local impairment extended to an overall increase in fall risk. These results were
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Figure 4.17: Stumble Recovery relative to Baseline. Overall, the stumble recovery assistance improved elevating limb
response (local) and reduced fall risk (global) relative to responses when impaired with leg weights without assistance.

important for ultimately addressing the main objective – Can a knee exoskeleton stumble recovery controller improve
an impaired stumble recovery response? Additionally, these results further bolster the hypotheses from prior studies
that the recovery limb plays a crucial role in recovery [85, 38, 29].

4.3.5.3 Assessment of stumble recovery improvement: Exoskeleton stumble recovery controller improves ele-
vating limb response and reduces fall risk

Ultimately, the objective of this work was to determine the extent to which a powered knee exoskeleton stumble
recovery controller could improve an impaired stumble recovery response. This question was assessed by comparing
the participants’ response to perturbations with the stumble recovery controller enabled (Stumble Recovery) to their
Baseline (i.e., impaired) response. For all nine comparison pairs, the participants’ knee range of motion during the
elevating response increased when the stumble recovery controller was enabled, and knee velocity range increased
for seven of those pairs (Fig. 4.17). Thus the knee flexion/extension torque served to successfully assist the knee,
providing a response more akin to their Control trials. Furthermore, thigh range of motion and thigh velocity range
also increased for seven and nine pairs, respectively. Thus this assistance at the knee not only improved knee motion,
but also facilitated a better thigh response, both of which are key components of the elevating step [38, 28].

While previous works have suggested improving the elevating step as a promising target for intervention, it was im-
portant to confirm that improvement at the local level (at the site of intervention) also extended to global improvement
(i.e., decreased fall risk). As shown in Fig. 4.17, for most comparison pairs the participants landed the elevating step
with decreased trunk velocity (8/9 pairs) and a more anterior foot position relative to their pelvis (7/9 pairs), both of
which indicate a decrease in fall risk (as discussed previously). Additionally, participants reversed their trunk velocity
direction sooner relative to the Baseline case for 5/9 trials, which indicates that they were able to arrest the perturba-
tion’s induced forward angular momentum (i.e., control trunk motion) more effectively with the Stumble Recovery
Controller. The majority of cases did not see an improvement (decrease) in trunk flexion (4/9); however, note that
trunk flexion did not increase more than 3 degrees, so the Stumble Recovery Controller did not substantially increase
this fall risk metric.

77



-30

-20

-10

0

10

20

30

-250

-200

-150

-100

-50

0

50

100

150

200

250

-10

-8

-6

-4

-2

0

2

4

6

8

10

-100

-80

-60

-40

-20

0

20

40

60

80

100

-15

-10

-5

0

5

10

15

-60

-40

-20

0

20

40

60

-0.1

-0.05

0

0.05

0.1

-10

-5

0

5

10

D
iff

e
re

n
ce

 in
 T

ru
n

k 
A

n
g

le
 a

t 
F

o
o

t-
st

ri
ke

 (
d

e
g

)

D
iff

e
re

n
ce

 in
 T

ru
n

k 
 A

n
g

u
la

r 
V

e
lo

ci
ty

 a
t 

F
o

o
t-

st
ri

ke
 (

d
e

g
/s

)

D
iff

e
re

n
ce

 in
 T

im
e

 t
o

 T
ru

n
k 

A
n

g
u

la
r 

V
e

lo
ci

ty
 D

ir
e

ct
io

n
 R

e
v

e
rs

a
l (

s)

D
iff

e
re

n
ce

 in
 F

o
o

t 
P

o
si

ti
o

n
 R

e
la

ti
v

e
 t

o
 P

e
lv

is
 (

%
b

o
d

y 
h

e
ig

h
t)

D
iff

e
re

n
ce

 in
 K

n
e

e
 A

n
g

le
 R

a
n

g
e

 (
d

e
g

)

D
iff

e
re

n
ce

 in
 K

n
e

e
 A

n
g

u
la

r 
V

e
lo

ci
ty

 R
a

n
g

e
 (

d
e

g
/s

)

D
iff

e
re

n
ce

 in
 T

h
ig

h
 A

n
g

le
 R

a
n

g
e

 (
d

e
g

)

D
iff

e
re

n
ce

 in
 T

h
ig

h
 A

n
g

u
la

r 
 V

e
lo

ci
ty

 R
a

n
g

e
 (

d
e

g
/s

)

Local Global

Participant 1

Participant 2

Participant 3

Improvement

Impairment

Figure 4.18: Stumble Recovery relative to Walk Only. Overall, the stumble recovery assistance improved elevating
limb response (local) and reduced fall risk (global) relative to responses when impaired with leg weights with only
walking assistance.

The Stumble Recovery responses were also compared to the Walk Only cases. This shows the difference in responses
while wearing a rehabilitation exoskeleton (i.e., one that provides walking assistance) with versus without a stum-
ble recovery feature. As shown in Fig. 4.18, for all 11 comparison pairs the responses with the Stumble Recovery
controller exhibited increased knee and thigh angle and velocity ranges relative to the Walk Only cases. Recall that
for the walking controller (Walk Only), a knee angle spline was tracked with a closed-loop PD controller in swing
phase; thus, when a perturbation happened in swing (and was not detected by the controller), the participant attempted
a knee trajectory different from the planned trajectory. Moreover, the controller was trying to drive the knee to its
planned swing trajectory while the participant wanted an elevating response trajectory, which is longer and involves
substantially more knee flexion. Specifically, when the participant attempted to flex additionally after contacting the
obstacle, the knee controller was commanding extension in the knee to complete swing phase. This mismatch in user
intent and controller planning restricted the participant’s elevating limb kinematics, which ultimately increased the
users’ fall risk. For most cases, the Stumble Recovery Controller outperformed the Walk Only controller in terms of
fall risk, exhibiting less trunk flexion (10/11 pairs) and trunk flexion velocity (9/11) at foot-strike, a quicker reversal
of trunk velocity direction (11/11), and a more anterior foot placement relative to the pelvis (10/11).

Therefore, the proposed knee exoskeleton stumble recovery controller successfully improved participants’ lower-limb
response kinematics and consequently improved fall risk metrics relative to their Baseline responses and Walk Only
responses.

This is the first study to show that exoskeleton assistance at the knee could improve an impaired stumble recovery
response. This validation with healthy individuals now invites the testing of this approach with fall-prone popula-
tions, such as the elderly, stroke survivors, post-polio patients, or multiple-sclerosis patients, who may benefit from
exoskeleton knee assistance. Such populations exhibit some of the impairments provided by the weighted shank tech-
nique used here (i.e., gait asymmetry, decreased knee/thigh range of motion, decreased muscle response or delayed
response time), and thus they may be good candidates for the proposed exoskeleton knee assistance. The authors note,
however, that the impairment tested in this work is a coarse approximation of a neuromuscular deficit, and fails to cap-
ture many aspects of various gait impairments (e.g., neurological impairment); furthermore, the healthy participants
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tested in this work have access to various response mechanisms that may not be available for some fall-prone popula-
tions. Therefore, future work is needed to test the extent to which this stumble recovery improvement approach may
extend to fall-prone populations. The authors also note that lower-limb exoskeletons are emerging not only as rehabil-
itation devices for individuals with walking impairment, but also as augmentation devices for healthy individuals (e.g.,
[128]). Although tripping over obstacles is certainly an eventuality, such devices do not currently account for stumble
perturbations. Without an incorporated stumble response, existing mechanical or control features of an exoskeleton
(e.g., added weight, joint impedance, or restrictive controller) might limit the ability of the exoskeleton user to react
adequately to an unexpected stumble. Since this work has shown the efficacy of knee assistance for stumble recovery
for healthy individuals, and the impairment technique used in this work could also approximate the effect of a heavier
exoskeleton, implementing this or a similar intervention into existing exoskeletons may reduce an individual’s fall risk
while wearing a lower limb exoskeleton.

4.3.6 Limitations

There are several limitations to this work. First, in this study the improvement intervention was limited by the specifi-
cations of the knee exoskeleton device available. The maximum knee torque for given recovery speeds was applied to
the participants; however, a device with higher torque and speed capacity would likely have improved responses. Sec-
ond, in this work only one type of assistance was explored (i.e., a feedforward torque flexion-extension pulse). Results
proved that assistance at the knee helps; however, future works could explore different types and levels of assistance
to optimize response outcomes, such as assistance magnitude, timing, and control strategy. Third, this work com-
pared the Stumble Recovery case to both the Baseline and Walk Only cases to show Stumble Recovery improvement;
however, note that the Walk Only case results are specific to the type of walking controller used, and as such other
walking controllers may have yielded different results. Similarly, there are other behaviors that could be implemented
after perturbation that were not tested in this work, and warrant further investigation. Fourth, only stumble recovery
responses using the elevating strategy were tested in this work. Efficacy for assistance during the lowering strategy
(the other primary stumble recovery strategy) warrants exploration; however, the lowering strategy also involves quick
knee flexion and extension of the recovery limb, and so a similar approach could be feasible. Finally, more trials from
more participants would further support these results; however, considering the taxing nature of this protocol, and
that the same trends were seen across all three participants, the authors contend that these results provide the initial
validation needed to confirm the promise of this intervention method and motivate the development of this approach
for the applications discussed previously.

4.3.7 Conclusion

A knee exoskeleton stumble recovery controller successfully improved participants’ elevating stumble recovery re-
sponse at both the local level (i.e., improved recovery limb kinematics) and global level (i.e., decreased fall risk) in
an obstacle perturbation experiment in which healthy participants were impaired (locally and globally) with weights
attached to the shank. Ultimately, this initial exploration indicates that providing similar assistance to individuals with
walking impairment might improve recovery responses and reduce the likelihood of falling, although that assertion
must of course be substantiated with future work. Nonetheless, this preliminary work provides a crucial first step in
investigating the potential efficacy of wearable lower-limb devices in stumble recovery roles, and substantiates the
potential promise of such stumble recovery assistance in eventually enhancing the safety and adoption of lower-limb
exoskeletons and mitigating falls in fall-prone populations.
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CHAPTER 5

Factors leading to falls in transfemoral prosthesis users: A case series of sound-side stumble recovery
responses

5.1 Chapter Summary

Transfemoral prosthesis users’ high fall rate is related to increased injury risk, medical costs, and fear of falling.
Better understanding how stumble conditions (e.g., participant age, prosthesis type, side tripped, and swing phase
of perturbation) affect transfemoral prosthesis users could provide insight into response deficiencies and inform fall
prevention interventions. Six unilateral transfemoral prosthesis users experienced obstacle perturbations to their sound
limb in early, mid, and late swing phase. Fall outcome, recovery strategy, and kinematics of each response were
recorded to characterize (1) recoveries versus falls for transfemoral prosthesis users and (2) prosthesis user recoveries
versus healthy adult recoveries. Out of 25 stumbles, 13 resulted in falls with five of six transfemoral prosthesis
users falling at least once. By contrast, in a previously published study of seven healthy adults comprising 214
stumbles using the same experimental apparatus, no participants fell. The two oldest prosthesis users fell after every
stumble, stumbles in mid swing resulted in the most falls, and prosthesis type was not related to strategy/fall outcomes.
Prosthesis users who recovered used the elevating strategy in early swing, lowering strategy in late swing, and elevating
or lowering with hopping in mid swing, but exhibited increased contralateral (prosthetic-side) thigh abduction and
trunk flexion relative to healthy controls. Falls occurred if the tripped (sound) limb did not reach ample thigh/knee
flexion to sufficiently clear the obstacle in the elevating step, or if the prosthetic limb did not facilitate a successful
step response after the initial sound-side elevating or lowering step. Such responses generally led to smaller step
lengths, less anterior foot positioning, and more forward trunk flexion/flexion velocity in the resulting foot-strikes.
Introducing training (e.g., muscle strength or task-specific motor skill) and/or modifying assistive devices (e.g., lower-
limb prostheses or exoskeletons) may improve responses for transfemoral prosthesis users. Specifically, training or
exoskeleton assistance could help facilitate sufficient thigh/knee flexion for elevating; training or prosthesis assistance
could provide support-limb counteracting torques to aid in elevating; and training or prosthesis assistance could help
initiate and safely complete prosthetic swing.

5.2 Introduction

The transfemoral prosthesis user population experiences a substantially high fall rate and accompanying risk of injury,
medical costs, and psychosocial effects. In a study of 17 transfemoral prosthesis users who reported falls after a 4-week
period, an average of 1.25 falls (averaging microprocessor and non-microprocessor knee results) were reported per
person [41]. In a similar study examining 19 participants over a 60-day period, an average of 2 falls were reported per
person [46]. Interestingly,a recent study reports the healthy adult population’s fall rate to be just 0.37 falls per person
per year, though the authors note this work involved a different study design and population size [120]. Furthermore,
more than 60% of transfemoral prosthesis users reported falling at least once in the past year [65, 14, 68].

With higher fall risk comes increased injury incidence and medical costs. In studies of fall-related injury of lower-limb
prosthesis users (transfemoral and transtibial), approximately half of the prosthesis users who fell reported an injury
that required medical care [65, 14]. Mundel et al. 2017 [68] reported that the six-month costs of falls resulting in
hospitalization for transfemoral prosthesis users are similar to those reported in the elderly population.

Aside from physical and financial consequences, lower-limb prosthesis users experience psychosocial effects of this
increased fall prevalence. Forty-seven percent of transfemoral prosthesis users reported a fear of falling [65], and
60% of lower-limb prosthesis users reported that falls affected their daily lives with respect to work, leisure, and
confidence [53]. In a focus-group study of lower-limb prosthesis users, participants reported that falls trigger emotions
of embarrassment, loss of confidence, fear, and depression, and that they limit participation in certain activities due to
risk of falling [49].
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In order to develop interventions (e.g., prostheses, training) to decrease fall likelihood, and thus alleviate the physical,
monetary, and psychosocial burdens resulting from such falls, it is important to understand both the mechanisms that
help prevent falls in healthy populations as well as the deficiencies in recoveries of transfemoral prosthesis users.
While responses to trips/stumbles (i.e., obstacle perturbations to the foot in swing phase) in healthy adults have been
well characterized, a comparable extent of research for the transfemoral prosthesis user population is lacking.

Three primary responses have been identified and characterized as recovery strategies to swing-phase perturbations
(i.e., stumbles or trips) for healthy adults: the elevating, lowering, and delayed lowering strategies [101, 24]. Research
has highlighted the kinematics of the tripped limb for each recovery strategy [24, 102, 38, 107, 50], the reflexes
involved in each recovery strategy [101, 24, 103, 100, 96, 119], the role of the support (contralateral) limb during
elevating strategies [87, 86, 88], and the role of arm movements in successfully recovering from stumbles [97, 89].

For healthy adults, such responses have been found to differ as a function of various factors, including (i) swing phase
at which the perturbation occurs and (ii) age of the participants. Regarding (i), recovery strategy selected depends on
the dynamic state of the human body at the perturbation [27], factors that vary depending on when in swing phase the
perturbation occurs. Regarding (ii), older adults fall more often, which has been attributed to delayed and decreased
muscle activation in the response [90, 87, 100, 82].

While these factors of (i) swing phase and (ii) age likely also affect transfemoral prosthesis users’ stumble recovery
responses, they may be additionally influenced by factors that are unique to their population, including: (iii) knee
prosthesis type, and (iv) side tripped (i.e., sound limb versus prosthetic limb). Regarding (iii), typically prescribed
prosthetic knees have various joint designs and control schemes, aspects that affect their behavior after perturbations
that are not under the participant’s direct control. A recent study highlighted different rates of falls for wearers of
different prosthetic knee models [12]. Regarding (iv), it has been shown that both the tripped (ipsilateral) limb and
contralateral limb play crucial roles in recovery (one as recovery limb and the other as support limb, depending on
strategy) for healthy adults [86, 87, 88]; thus, depending on whether the tripped limb is the sound or the prosthetic
limb, responses may differ for transfemoral prosthesis users (unlike healthy populations with two identical biological
limbs).

Relatively little research has been published examining how factors (i)-(iv) affect stumble responses for transfemoral
prosthesis users. In a retrospective study of lower-limb prosthesis users, walking was the most commonly reported
activity at the time of a fall. Fifty-four percent of falls were attributed to a disruption of the prosthesis user’s base of
support (as opposed to a disruption to their center of mass), and 22% were due to tripping specifically [48]. However,
further details of how prosthesis users fell, such as which foot was disrupted (i.e., sound versus prosthetic side), and
what strategy was attempted following the perturbation, have not been documented in retrospective studies. Thus,
while retrospective studies provide important information regarding fall prevalence and effects of falling, it is also
crucial to study the real-time nature of stumbles in order to better understand the factors that contribute to falling and
hopefully provide insight for mitigation or prevention.

To date, two studies have introduced stumble perturbations to both limbs of transfemoral prosthesis users and report
varying results related to factors (i)-(iv) [16, 107]. Both studies reported prosthesis user-specific recovery strategies
of hopping or skipping after the lowering response. In addition, Crenshaw et al. [17] reported that two out of three
sound-side stumbles resulted in a fall (compared to one out of four prosthetic-side stumbles), substantiating the need to
study stumbles to the sound limb. They specifically called on future studies to clarify the relationship between stumble
features and recovery success. Shirota et al. [107] did not report any falls. Participants in this study were allowed to
use handrails, and the rope-blocking perturbation setup did not entail a physical obstacle to clear after stumbling, both
factors that may have affected the recovery outcome. However, their results did substantiate Pijnappel et al.’s work that
the role of the support limb is critical to recovery [86, 87, 88], further motivating a more comprehensive investigation
of sound-side stumble recovery, in which the prosthetic limb is the support limb for elevating strategies.

In order to build upon these prior investigations, and specifically to better understand how different stumble conditions
(i.e., participant age, swing phase of perturbation, prosthesis type, and side tripped) affect responses, six transfemoral
prosthesis users were recruited to undergo a series of stumble perturbations to both their sound and prosthetic limbs
occurring in early, mid, and late swing phase. These experiments elicited substantially different responses depending
on which limb was tripped (i.e., sound versus prosthetic), which warranted separate analyses and intervention sugges-
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tions. This paper presents the results from tripping the sound limb. Due to limitations in paper length, the results from
tripping the prosthetic limb will be presented in a subsequent paper.

Therefore the objective of this work is to examine the responses of transfemoral prosthesis users to sound-side stumble
perturbations in order to gain insight into what contributes to falls or facilitates recovery for this population. The
primary aim is to characterize their responses by reporting fall outcomes, recovery strategies, and relevant kinematics;
the secondary aim is to further analyze these responses to investigate what differentiates recoveries versus falls for
transfemoral prosthesis users, as well as what differentiates prosthesis user recoveries from healthy adult recoveries.
The intent of this analysis is to provide insights into the deficiencies of transfemoral prosthesis user stumble recovery
to better inform fall prevention interventions.

5.3 Methods

5.3.1 Experimental Protocol

Six unilateral transfemoral prosthesis users were recruited for the stumble recovery experiment. Participant details are
tabulated in Table 5.1. All participants wore their prescribed passive prostheses. The prosthetic knee models are noted
in Table 5.1, and the ankles were all energy storage-and-return type prostheses.

Table 5.1: Participant information

Participant Age Sex Prosthetic
Side Etiology

Years of
Prosthesis

Use

Prescribed
Prosthesis

HC 25 Male N/A N/A N/A N/A
P1 62 Male Right Trauma 49 Ottobock C-Leg
P2 42 Male Left Trauma 14 Ottobock 3R80
P3 28 Female Right Congenital 27 Ottobock C-Leg
P4 32 Male Left Trauma 4 Blatchford KX06
P5 50 Male Left Infection 5 Ottobock C-Leg
P6 30 Male Left Trauma 12 Ottobock C-Leg

Participants walked on a treadmill at 0.8 m/s and were introduced to a series of obstacle perturbations, targeted to occur
in early, mid, and late swing phase (<40%, 40-60%, >60% swing, respectively) for each limb (i.e., prosthetic-side and
sound-side). Specifically, a 35-lb steel block (obstacle) was positioned on a ramp apparatus in front of the treadmill
and held in place by an electromagnet; when cued from an onboard targeting algorithm, the electromagnet switches
off, releasing the obstacle down the ramp and onto the treadmill belt such that it contacts the participant’s foot at the
experimenter-defined percentage of swing phase.

The number of steps prior to perturbation, limb stumbled, and swing phase targeted were randomized for each par-
ticipant. Randomization of trials, apparatus design and targeting algorithm, sensory occlusion techniques, and a
distraction task were used to ensure the obstacle was unperceived by the participants prior to perturbation and to limit
expectation of the stumble. The stumble perturbation system and experimental protocol employed are described in de-
tail and validated experimentally in [50]. Fig. 5.1 depicts the experimental setup with video frames from representative
early, mid, and late swing phase stumbles.

The goal was to capture the response to one early, one mid, and one late swing stumble for each limb for each partic-
ipant. Recall that for this work sound-side stumble responses are presented, while prosthetic-side stumble responses
will be reported separately. Depending on the participant’s comfort level, and due to the taxing nature of the protocol,
the number of perturbations per session was capped and as such this protocol was completed in either one or two
sessions (one session for P2, P3, and P5; two sessions for P1, P4, and P6). Note that the handrails were removed
from the treadmill so they could not be used during recovery (in order to mimic a real-life stumble scenario, in which
handrails are rarely available), but participants wore a full-body harness to prevent contact with the treadmill in the
event of a fall.
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Early swing stumble

Obstacle delivery apparatus
Full-body harness
in-line with load cellMid swing stumble

Stumble obstacle

Late swing stumble

Figure 5.1: Experimental setup for stumble recovery experiments. Perturbations in early swing (top), mid swing
(middle), and late swing (bottom) are pictured here. The stumble perturbation system and experimental protocol are
detailed in [50]. Video clips of each stumble trial are included in the Additional files 1-3.

Each participant was given the same instructions prior to the stumble trials, namely: walk on the treadmill, perform
serial sevens (counting backwards by seven) out loud and monitor visual feedback to stay centered on the treadmill;
when the perturbation occurs, try to recover; the treadmill will be stopped to complete the trial when either (1) the
participant falls into the harness or (2) the participant recovers and has returned to steady-state walking (qualitatively
determined by the experimenters). Participants were given ample time to practice walking on the treadmill without
perturbations prior to the stumble trials. All experimental protocols were approved by the Vanderbilt Institutional
Review Board, and all participants gave their written informed consent.

5.3.2 Data Collection & Processing

Ground reaction forces (GRFs) were recorded under each foot at a sampling rate of 1 kHz via a lateral split-belt, force-
instrumented treadmill (Bertec, Columbus, USA). Full-body kinematic data were collected via synchronized infrared
motion capture (Vicon, Oxford, GBR) at a sampling rate of 200 Hz. Passive reflective markers were placed bilaterally
over the lower limbs at the anterior/posterior superior iliac spines, medial/lateral femoral epicondyles and malleoli,
posterior/medial/lateral calcaneus, 1st and 5th metatarsals, and navicular bone; the arms at the acromion, medial/lat-
eral humeral epicondyles, medial/lateral styloid processes; and the torso at the left and right clavicle, sternum, and C7.
Clusters of four markers were placed bilaterally on the thigh, shank, upper arm, and forearm. For the prosthetic-side
lower limb, markers were placed on the estimated medial/lateral joint center of the prosthetic knee (i.e., femoral epi-
condyles) and estimated medial/lateral malleoli and foot anatomical landmarks (i.e., calcaneus, metatarsals, navicular
bone) of the prosthetic foot. GRF and motion capture data were filtered with a zero-phase, 3rd order, low-pass Butter-
worth filter with a cut-off frequency of 15 and 6 Hz, respectively. Inverse dynamics were computed using Visual3D
(C-Motion, Germantown, USA) to estimate joint-level kinematics and kinetics for each trial.
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5.3.3 Outcome Metrics

Several outcome metrics were computed to characterize each stumble response in order to address the primary aim.
First, the swing percentage at which the perturbation occurred was estimated as the time from the preceding toe-
off event to the instant of perturbation, relative to the average swing time from 20 strides during the same trial. The
perturbation was determined as the instant at which the foot contacted the obstacle, which was identified via a transient
peak in the anterior-posterior (AP) GRF measured by the treadmill, as in [50]. Second, each trial was labeled as a fall
or a recovery based on the force measured by a load cell in-line with the full-body harness. Specifically, if the load cell
measured greater than 50% of the participant’s bodyweight, the trial was defined as a fall; otherwise, it was defined
as a recovery, similar to [17]. Finally, the recovery strategy used after each perturbation was reported as one of the
three previously characterized recovery strategies from healthy adult stumble studies: elevating, lowering, or delayed
lowering. Strategies were determined based on the trajectory of the swing foot after perturbation (as in [107, 27, 50]):
in the elevating strategy, the foot lifts up and over the obstacle after contact with the obstacle; in the lowering strategy,
the foot lowers to the ground behind the obstacle after contact with the obstacle; in the delayed lowering strategy,
the foot initially elevates (i.e., shows upward motion) before elevation is abandoned and the foot subsequently lowers
to the ground without clearing the obstacle. Refer to the legend of Fig. 5.2 for representative illustrations of each
recovery strategy. Previous studies reported prosthesis user-specific strategies in response to perturbations to the
sound side: hopping and skipping [17, 108]. Both of these strategies still involve initial tripped limb lowering or
delayed lowering, with the hopping or skipping action as a subsequent response. Thus for this work strategies were
reported primarily as elevating, lowering, or delayed lowering, and if hopping or skipping was also utilized, this was
additionally documented. For each fall, the number of steps from the time of perturbation to harness loading of >50%
bodyweight was also recorded.

Several time-series kinematic trajectories were computed for further characterization of each response. Specifically,
ipsilateral (tripped/sound-side) and contralateral (prosthetic-side) sagittal-plane thigh, knee, and ankle angle were
computed to characterize and compare the lower-limb motion after each perturbation. Frontal-plane prosthetic-side
thigh angle was also computed to characterize the thigh abduction involved in the subsequent step after the stumble.
Additionally, sagittal-plane trunk angle (deviation from vertical) after the perturbation was computed, as trunk angle
deviations have been reported to be indicators of increased likelihood of falling [81, 18]. Finally, as previous studies
have reported the role of arm movements in recovery of healthy adults [97, 89], the trajectories of the forearm center-
of-mass were computed.

Discrete summary metrics were also extracted in order to address the secondary aim (i.e., to further clarify differences
in transfemoral prosthesis user recoveries versus falls, and transfemoral prosthesis user recoveries versus healthy
control recoveries). First, discrete metrics capturing key lower-limb dynamics during the response were extracted
in order to identify lower-limb distinctions between recoveries and falls: peak ipsilateral (sound-side) thigh flexion,
peak ipsilateral knee flexion, peak contralateral (prosthetic-side) thigh flexion, peak contralateral knee flexion, and
contralateral knee angle at foot-strike. Second, the work of Grabiner et al. has previously identified several metrics that
discriminate falls versus recoveries for various populations by capturing the body’s state at each of the response foot-
strikes [38, 81, 74, 35, 18]. Interventions that improve these variables and decrease fall risk have been subsequently
reported [47, 77, 44, 71, 32, 37]. Specifically, time to initial foot-strike, as well as step length (computed as difference
in AP position of the stepping foot’s center-of-mass (COM) to the remaining foot’s COM), AP foot position relative
to the body’s COM, trunk flexion, and trunk flexion velocity at each of the recovery foot-strikes have been presented.
Thus these variables were also computed for this work in order to (1) illustrate the resulting whole-body outcomes
of the aforementioned lower-limb kinematic differences, and (2) align this work with previous studies and potential
interventions. Finally, peak trunk angle and trunk angular velocity, as well as peak contralateral (prosthetic-side) thigh
abduction were computed for all recoveries.

5.3.4 Control Comparison Data

Data from a previous healthy adult stumble study [50, 27] was used for comparison to the responses of transfemoral
prosthesis users. Seven healthy adults underwent a similar protocol using the same experimental apparatus, in which
each participant experienced approximately 28 obstacle perturbations while walking at 1.1 m/s. These data collectively
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represent 86 elevating strategies in early swing, 40 elevating strategies in mid swing, 24 delayed lowering strategies in
mid swing, and 38 lowering/delayed lowering strategies in late swing. Although not exactly speed-matched with the
experiments described here, these data nonetheless provide insights regarding which metrics correspond to successful
recovery responses, and thus better illustrate prospective deficiencies in responses that result in a fall. Another experi-
ment was also conducted in which a single healthy adult participant repeated the protocol at a walking speed of 0.8 m/s
[27]. The healthy participants were wearing the same marker set, and motion capture and GRF data were processed
identically to the transfemoral prosthesis user dataset. Data from the seven healthy participants, along with (separately
identified) data from the single speed-matched healthy control participant (hereafter referred to as HC, details reported
in Table 1), is provided as a reference in Figs. 5.4, 5.7, 5.11, and 5.13 below. Data from a representative trial from
HC are included in Figs. 5.3, 5.5, 5.6, 5.8, 5.9, 5.10, and 5.12.

5.4 Results

Fifteen out of the 26 stumbles to the sound side of the transfemoral prosthesis users resulted in falls. This is in stark
contrast to the healthy participants, in which no falls occurred out of 214 total stumbles.

Of the 26 transfemoral prosthesis user stumble responses, seven were elevating, nine were delayed lowering, and 10
were lowering. Four hopping strategies were used after lowering or delayed lowering strategies. No skipping strategies
were observed. Five out of six participants fell at least once. Two participants fell after all perturbations, and three
participants only fell after perturbations in mid swing. The breakdown of fall outcomes and strategies used for each
participant are reported in Fig. 5.2.

Figures 5.3, 5.6, 5.9, and 5.10 provide time-series kinematic trajectories of the lower limbs, trunk, and arms after
each individual perturbation for early, late, and mid swing stumbles. Note that Figs. 5.9 and 5.10 separate the mid
swing responses into elevating strategies and lowering/delayed lowering strategies, respectively, for visual clarity. To
supplement these figures, textual descriptions of the kinematics of each response are provided, organized by falls and
recoveries for early, late, and mid swing stumbles. Videos of each stumble response are also available in Additional
files 1-3.

Discrete summary metrics from Figs. 5.3, 5.6, 5.9, and 5.10 are plotted separately in Figs. 5.4, 5.7, and 5.11 to high-
light lower-limb kinematic differences in falls versus recoveries among transfemoral prosthesis users. Figs. 5.5, 5.8,
and 5.12 plot the resulting foot-strike configuration states to further distinguish falls and recoveries. Finally, Fig. 5.13
plots peak trunk and thigh abduction metrics to highlight differences in transfemoral prosthesis user recoveries from
healthy control recoveries.

5.4.1 Early Swing

5.4.1.1 Recoveries

All four recoveries from early swing perturbations were accomplished by the elevating strategy, in which the tripped
limb lifted up and over the obstacle in the same step, landing anterior to the obstacle. Refer to the legend of Fig. 5.2 for
a representative illustration of this response. These responses (P2, P3, P4 and P6) are characterized by ipsilateral thigh
flexion (peak 44-57 deg) and knee flexion (peak 104-121 deg) during the elevating step, trajectories comparable to the
HC elevating step (Fig. 5.3, A and C). However, transfemoral prosthesis users exhibited 7-23 deg more contralateral
(prosthetic-side) thigh abduction in the following step and substantially more peak trunk flexion and flexion velocity
than the HC response (Fig. 5.3, L and K). Also of note, HC used 11 deg contralateral ankle plantarflexion during the
elevating step, a position not available to the prosthesis users due to their passive prosthetic ankles (Fig. 5.3, I). Regard-
ing arm movements, transfemoral prosthesis users exhibited similar contralateral forearm trajectories, characterized
by initial deviation superior, anterior, and medial to the position at perturbation before returning to that position. HC
employed a similar trajectory but with less overall displacement (Fig. 5.3, M-O).
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5.4.1.2 Falls

Two of the six participants fell consistently in response to early swing perturbations (Fig. 5.2). Of note, these two
participants fell after all perturbations to their sound limb. These early swing falls occurred after one elevating strategy
and four delayed lowering strategies. During the elevating strategy, P5b just cleared the obstacle using substantially
less thigh and knee flexion than non-fallers (Fig. 5.3, A and C) and landing well before HC, P2, P3, and P6 (as indicated
with ipsilateral foot-strike in Fig. 5.3 and Time from Perturbation metric in Fig. 5.5). In his subsequent contralateral
(prosthetic-side) step, he did not reach full knee extension and landed with a flexed knee (Fig. 5.3, H). In the remaining
early swing stumbles, P1 and P5 initially elevated but ultimately abandoned elevating and lowered without clearing the
obstacle (i.e., delayed lowering). P5a fell during the swing phase of his attempted contralateral (prosthetic-side) step
that he did not complete, as evidenced by substantially less contralateral thigh flexion (Fig. 5.3, F). In the remaining
falls, P5c and P1a,b could not initiate the contralateral step, as evidenced by the lack of contralateral (prosthetic-side)
thigh flexion/knee flexion after the delayed lowering step (Fig. 5.3, F). Transfemoral prosthesis user arm trajectories
were characterized by initial deviation superior and anterior from initial position but never returned to that position
before loading the harness with >50% bodyweight (Fig. 5.3, M-O).

5.4.1.3 Discrete Summary Metrics: Transfemoral prosthesis user recoveries versus falls in early swing

Lower-limb Dynamics As shown in Fig. 5.4, transfemoral prosthesis users who recovered from early swing stumbles
exhibited higher thigh and knee flexion in the first ipsilateral (sound-side) step after perturbation. These kinematics
indicate employing a successful elevating strategy to clear the obstacle; note this is in contrast to the substantially less
thigh/knee flexion used in the single elevating and four delayed lowering strategies that resulted in falls. Additionally,
the prosthesis users who recovered used more peak thigh flexion in the contralateral (prosthetic-side) step and landed
with an extended knee. These kinematics reflect successfully initiating swing phase on the prosthetic limb and landing
in a safe configuration, as opposed to a lack of thigh flexion and/or knee flexion at foot-strike which resulted in falls.
Note that data from HC (single healthy participant tripped at 0.8 m/s) and the seven-participant average of early swing
responses resemble kinematics used by prosthesis users who recovered.

Foot-strike States As shown in Fig. 5.5, compared to the elevating strategy fall, elevating strategy recoveries involved
a longer time from perturbation to first foot-strike, as well as a greater step length and more anterior foot position
relative to body COM at the first (sound-side) and second (prosthetic-side) foot-strikes. At the second foot-strike,
elevating recoveries also exhibited less trunk flexion and more negative (backward) trunk flexion velocity compared to
the elevating fall. Lowering strategies always resulted in falls for early swing stumbles, which were characterized by
a positive (forward) trunk flexion velocity at first foot-strike. Only one lowering strategy completed the next ground
contact (prosthetic-side, recovery step), which involved substantial trunk flexion, negative trunk angular velocity, a
short step length, and foot position posterior to the body COM.

5.4.2 Late Swing

5.4.2.1 Recoveries

All late swing recoveries were accomplished by the lowering strategy, in which the tripped limb was immediately
lowered to the ground, terminating that step and initiating a step with the contralateral (prosthetic) limb, followed
by another ipsilateral (sound-side) step to clear the obstacle. Refer to the legend of Fig. 5.2 for a representative
illustration of this response. Transfemoral prosthesis users exhibited 5-35 deg less knee flexion and 20-23 deg more
thigh abduction in contralateral step (Fig. 5.6, G and L) compared to HC. Three transfemoral prosthesis users (P2,
P4, P6) exhibited more trunk flexion after the perturbation than HC (Fig. 5.6, K). Transfemoral prosthesis users
exhibited similar ipsilateral arm trajectories, characterized by initial deviation superior, anterior, and lateral to the
original position before returning to that position. HC employed a similar trajectory but with less overall displacement
(Fig. 5.6, M-O).
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5.4.2.2 Falls

Two of the six participants fell consistently in response to late swing perturbations (Fig. 5.2). Of note, these two
participants fell after all perturbations to their sound limb. The five falls (P1a,b,c,d and P5) were all attempted lowering
strategies. P1a,b lowered the tripped (sound) limb to the ground, then attempted to hop off the same limb (hopping)
rather than initiate a contralateral step, as evidenced by the ipsilateral thigh and knee flexion after foot-strike and
lack of contralateral thigh flexion after the perturbation (Fig. 5.6, A2, C2, F). After P1’s remaining two late swing
perturbations (P1c,d), P1 fell immediately after lowering the tripped limb to the ground and no other recovery steps
were attempted, as shown by lack of initiation of ipsilateral thigh flexion or contralateral thigh and knee flexion
(Fig. 5.6, A2, F, G). P5 lowered the tripped limb to the ground and initiated a contralateral step, as evidenced by
contralateral thigh flexion, but landed much sooner than the non-fallers’ (P2, P3, P4, P6) contralateral step with a
more flexed knee, as shown in the timing and knee flexion at contralateral foot-strike (Fig. 5.6, H).

5.4.2.3 Discrete Summary Metrics: Transfemoral prosthesis user recoveries versus falls in late swing

Lower-limb Dynamics As shown in Fig. 5.7, transfemoral prosthesis users who recovered exhibited substantially
higher contralateral (prosthetic-side) thigh flexion and landed with a more extended knee. These kinematics reflect
successfully initiating swing phase on the prosthetic limb and landing in a safe configuration, as opposed to a lack of
thigh flexion and/or knee flexion at foot-strike which resulted in falls. Additionally, prosthesis users who recovered
reached higher thigh and knee flexion in the subsequent ipsilateral step. These kinematics reflect successfully clearing
the obstacle, as opposed to lack of thigh/knee flexion exhibited by those who fell after lowering or lowering with
hopping. Note that data from HC and the seven-participant average of late swing responses resemble kinematics used
by prosthesis users who recovered.
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Figure 5.2: Summary of outcomes for each stumble for each participant. Fall versus recovery, recovery strategy
attempted, swing percentage of perturbation, and number of steps prior to a fall (i.e., loading the harness with >50%
bodyweight) are provided for each stumble. Video clips of each stumble trial are included in the Additional files
1-3. If the participant experienced more than one perturbation in a particular bin of swing phase, it is identified by a
lower-case letter which is used in subsequent figures and Additional files 1-3.
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Figure 5.3: Kinematic characterization for early swing perturbations. Lower-limb kinematics: Sagittal-plane thigh,
knee, and ankle angle trajectories for the ipsilateral (tripped/sound, top) and contralateral (support/prosthetic, bottom)
limbs after the perturbation. Supplementary kinematics, from left to right: sagittal-plane trunk angle, frontal-plane
contralateral thigh angle, contralateral forearm center-of-mass trajectory in sagittal and transverse planes. Positive
angles indicate sagittal plane joint flexion, frontal plane thigh abduction, and trunk angle forward deviation from
vertical. Positive arm positions indicate superior, anterior, and medial to position at perturbation. Arm positions are
normalized from the position at perturbation, so trajectories begin at position (0, 0). Lower-limb and trunk trajectories
are plotted from the instant of perturbation (Time 0) to either 1.5 seconds after perturbation (recoveries) or until
the participant loaded the harness with >50% bodyweight (falls). Arm trajectories are plotted from the instant of
perturbation to either one second after perturbation (recoveries) or until the participant loaded the harness with >50%
bodyweight (falls).

89



20

25

30

35

40

45

50

55

60

P
e

a
k

 T
h

ig
h

 F
le

x
io

n
 (

d
e

g
)

60

70

80

90

100

110

120

130

P
e

a
k

 K
n

e
e

 F
le

x
io

n
 (

d
e

g
) 

-10

-5

0

5

10

15

20

25

30

35

P
e

a
k

 T
h

ig
h

 F
le

x
io

n
 (

d
e

g
)

-10

0

10

20

30

40

50

K
n

e
e

 A
n

g
le

 a
t 

F
o

o
t-

st
ri

k
e

 (
d

e
g

)

Fall

Recovery

Healthy Control (recovery)

avg 1.1 m/s trials

single 0.8 m/s trial

First Ipsilateral
(Sound-side)Step

Contralateral 
(Prosthetic-side) Step

Executing elevating strategy with 
sufficient thigh/knee flexion 

Swing initiation (thigh flexion) and 
landing configuration (knee angle) 

Factors 
leading to 
recovery:

Legend
Elevating

Lowering

Delayed 
Lowering

* Hopping

A C F H

Figure 5.4: Early swing discrete summary metrics: Lower-limb dynamics. These plots highlight the differences in
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Figure 5.5: Early swing discrete summary metrics: Foot-strike states. These plots capture the body’s state at each
foot-strike after the perturbation, highlighting the differences in falls vs. recoveries for transfemoral prosthesis users.
Each metric was computed at the indicated foot-strike. Positive values indicate anterior position, forward trunk flexion,
and forward trunk flexion velocity.
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Figure 5.6: Kinematic characterization for late swing perturbations. Lower-limb kinematics: Sagittal-plane thigh,
knee, and ankle angle trajectories for the ipsilateral (tripped/sound, top) and contralateral (support/prosthetic, bottom)
limbs after the perturbation. Supplementary kinematics, from left to right: sagittal-plane trunk angle, frontal-plane
contralateral thigh angle, ipsilateral forearm center-of-mass trajectory in sagittal and transverse planes. Positive angles
indicate sagittal plane joint flexion, frontal plane thigh abduction, and trunk angle forward deviation from vertical.
Positive arm positions indicate superior, anterior, and medial to position at perturbation. Arm positions are normalized
from the position at perturbation, so trajectories begin at position (0, 0). Lower-limb and trunk trajectories are plotted
from the instant of perturbation (Time 0) to either 1.5 seconds after perturbation (recoveries) or until the participant
loaded the harness with >50% bodyweight (falls). Arm trajectories are plotted from the instant of perturbation to
either one second after perturbation (recoveries) or until the participant loaded the harness with >50% bodyweight
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Figure 5.7: Late swing discrete summary metrics: Lower-limb dynamics. These plots highlight the differences in
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Figure 5.8: Late swing discrete summary metrics: Foot-strike states. These plots capture the body’s state at each foot-
strike after the perturbation, highlighting the differences in falls vs. recoveries for transfemoral prosthesis users. Each
metric was computed at the indicated foot-strike. Positive values indicate anterior position, forward trunk flexion, and
forward trunk flexion velocity.

Foot-strike States As shown in Fig. 5.8, compared to lowering strategy falls, lowering strategy recoveries generally
involved less time from perturbation to first foot-strike, greater step length, more anterior foot position relative to COM,
less trunk flexion, and more negative (backward) flexion velocity at first foot-strike (initial sound-limb loading), the
next foot-strike (prosthetic-side recovery step), and the subsequent sound-side foot-strike.

5.4.3 Mid Swing

5.4.3.1 Recoveries

Recoveries in mid swing were accomplished by two elevating strategies (P4a,c) and one lowering strategy with hopping
(P6a). As shown in Fig. 5.9, during the elevating strategies (P4) the tripped limb lifted up and over the obstacle in
the same step, landing anterior to the obstacle, as HCa did. However, HC exhibited substantially higher peak thigh
and knee flexion during the elevating step (10 deg and 20 deg more, respectively) and landed later than P4 (Fig. 5.9,
A-D). During the subsequent contralateral (prosthetic-side) step, P4 exhibited substantially more thigh extension in
the sagittal plane (Fig. 5.9, E) and abduction in the frontal plane (Fig. 5.9, L), less knee flexion (Fig. 5.9, G), less
ankle plantarflexion (Fig. 5.9, I), and more trunk flexion (23-30 deg, Fig. 5.9, K) than HC. Contralateral arm motion
followed similar trajectories to that of the early swing elevating strategies of transfemoral prosthesis users, with HC
again using less overall arm displacement (Fig. 5.9, M-O).

As shown in Fig. 5.10, P6 recovered using a lowering with hopping strategy; specifically, upon contacting the obstacle
he immediately terminated his step and lowered behind the obstacle, but subsequently hopped off of his ipsilateral
(sound) limb. During the hop the contralateral (prosthetic-side) limb swung laterally (substantial thigh abduction
without knee flexion) to facilitate the following step and landed just before the second ipsilateral step (versus a ∼500
ms difference between foot-strikes with HCb, indicated by foot-strike marker in Fig. 5.10). HCb exhibited substantially
more thigh and knee flexion and ankle plantarflexion in the contralateral step (Fig. 5.10, F, G, I), then landed with a
more extended thigh and knee in the subsequent ipsilateral step (Fig. 5.10 B2, D2). HC also exhibited 13 deg less peak
trunk flexion and 15 deg less thigh abduction after the perturbation (Fig. 5.10 K, L).
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Figure 5.9: Kinematic characterization for elevating strategies after mid swing perturbations. Lower-limb kinematics:
Sagittal-plane thigh, knee, and ankle angle trajectories for the ipsilateral (tripped/sound, top) and contralateral (sup-
port/prosthetic, bottom) limbs after the perturbation. Supplementary kinematics, from left to right: sagittal-plane trunk
angle, frontal-plane contralateral thigh angle, contralateral forearm center-of-mass trajectory in sagittal and transverse
planes. Positive angles indicate sagittal plane joint flexion, frontal plane thigh abduction, and trunk angle forward
deviation from vertical. Positive arm positions indicate superior, anterior, and medial to position at perturbation. Arm
positions are normalized from the position at perturbation, so trajectories begin at position (0, 0). Lower-limb and
trunk trajectories are plotted from the instant of perturbation (Time 0) to either 1.5 seconds after perturbation (recov-
eries) or until the participant loaded the harness with >50% bodyweight (falls). Arm trajectories are plotted from the
instant of perturbation to either one second after perturbation (recoveries) or until the participant loaded the harness
with >50% bodyweight (falls).

5.4.3.2 Falls

Five of the six participants fell during mid swing perturbations. P4 attempted a delayed lowering with hopping strat-
egy, in which upon contacting the obstacle he initially elevated but ultimately terminated his step and lowered behind
the obstacle, then subsequently hopped but experienced substantial trunk flexion just as he landed and loaded the
harness with >50% bodyweight. P4 landed with his prosthetic-side thigh substantially more extended than P6, as
evidenced by contralateral thigh angle at foot-strike (Fig. 5.10, J). P2 attempted a delayed lowering strategy, in which
he initially elevated upon contacting the obstacle, but ultimately lowered behind the obstacle, followed by a con-
tralateral step, but did not succeed in landing, experiencing substantial trunk flexion before loading the harness with
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Figure 5.10: Kinematic characterization for lowering/delayed lowering strategies after mid swing perturbations.
Lower-limb kinematics: Sagittal-plane thigh, knee, and ankle angle trajectories for the ipsilateral (tripped/sound,
top) and contralateral (support/prosthetic, bottom) limbs after the perturbation. Supplementary kinematics, from left
to right: sagittal-plane trunk angle, frontal-plane contralateral thigh angle, ipsilateral forearm center-of-mass trajectory
in sagittal and transverse planes. Positive angles indicate sagittal plane joint flexion, frontal plane thigh abduction, and
trunk angle forward deviation from vertical. Positive arm positions indicate superior, anterior, and medial to position
at perturbation. Arm positions are normalized from the position at perturbation, so trajectories begin at position (0,
0). Lower-limb and trunk trajectories are plotted from the instant of perturbation (Time 0) to either 1.5 seconds after
perturbation (recoveries) or until the participant loaded the harness with >50% bodyweight (falls). Arm trajectories
are plotted from the instant of perturbation to either one second after perturbation (recoveries) or until the participant
loaded the harness with >50% bodyweight (falls).

>50% bodyweight. P5 also attempted a delayed lowering strategy and initiated a contralateral (prosthetic-side step),
but landed with substantial knee flexion, as evidenced in contralateral knee angle at foot-strike (Fig. 5.10, H), which
buckled the knee and led to a fall. Finally, P1 and P3 attempted delayed lowering strategies but were unable to initiate
a contralateral (prosthetic-side) step after the lowering step before falling, as evidenced by lack of contralateral thigh
flexion (Fig. 5.10, F). Fallers’ ipsilateral arm motions were characterized by arm motion superior, anterior, and lateral
to position at perturbation (Fig. 5.10, M-O).
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Figure 5.11: Mid swing discrete metrics: Lower-limb level. These plots highlight the differences in lower-limb
motion between transfemoral prosthesis user falls versus recoveries, with healthy control recovery data included as a
reference. Peak thigh and knee flexion in the ipsilateral (tripped/sound-side) step were calculated from perturbation
to first ipsilateral foot-strike. Peak thigh flexion in contralateral (support/prosthetic-side) step was calculated from
first ipsilateral foot-strike to first contralateral foot-strike or fall, whichever index occurred first. An “x” in a marker
indicates the prosthesis user did not toe-off prior to falling. Peak thigh and knee angle in subsequent ipsilateral (sound-
side) step were calculated from ipsilateral toe-off after lowering to foot-strike. Metrics are only plotted if they occurred
before the participant loaded the harness with >50% bodyweight (fall). Capital letters above each plot correspond to
letters that are marked in Fig. 5.9 and 5.10 for reference.

5.4.3.3 Discrete Summary Metrics: Transfemoral prosthesis user recoveries versus falls in mid swing

Lower-limb Dynamics Transfemoral prosthesis users who recovered after mid swing stumbles either elevated or low-
ered with hopping. Thus kinematics that differentiate falls versus recoveries (Fig. 5.11) reflect the description/trends
noted for early swing elevating strategies from Fig. 5.4 (sufficient thigh/knee flexion in first ipsilateral step, and suf-
ficient thigh flexion and knee extension at foot-strike in contralateral step), or late swing lowering strategies from
Fig. 5.7 (sufficient thigh flexion and knee extension at foot-strike in contralateral step after lowering, and sufficient
thigh/knee flexion in next ipsilateral step to clear obstacle). Recall that for the successful lowering strategy in mid
swing, a hopping strategy was also employed. Note that data from HC (single healthy participant tripped at 0.8 m/s)
and the seven-participant average of early swing responses resemble kinematics used by prosthesis users who recov-
ered.

Foot-strike States The mid swing elevating strategy recoveries involved step times, step lengths, foot positions relative
to COM, trunk flexion, and trunk flexion velocities comparable to early swing elevating strategies. Compared to mid
swing lowering strategy falls, the mid swing delayed lowering strategy recovery involved a more anterior foot position
relative to center of mass at first sound-side foot-strike, as well as a greater step length, more anterior foot position
relative to COM, and less trunk flexion in the next contralateral (prosthetic-side) foot-strike.
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Figure 5.12: Mid swing discrete metrics: Foot-strike states. These plots capture the body’s state at each foot-strike
after the perturbation, highlighting the differences in falls vs. recoveries for transfemoral prosthesis users. Each metric
was computed at indicated foot-strike. Positive values indicate anterior position, forward trunk flexion, and forward
trunk flexion velocity.

5.4.4 Discrete Summary Metrics: Transfemoral prosthesis user recoveries versus healthy control recoveries
in early, mid, and late swing

As shown in Fig. 5.13, early and mid swing perturbations induced approximately double the effect on transfemoral
prosthesis users (versus healthy participants) in terms of peak trunk flexion and flexion velocity. The majority of
prosthesis user late swing stumble responses also involved more peak trunk flexion and flexion velocity than HC
(single 0.8 m/s trial). Additionally, for early, mid, and late swing stumbles, prosthesis users employed substantially
more thigh abduction in the contralateral (prosthetic-side) step during recovery compared to healthy control data (7-19
deg for early, 10-20 deg for mid, and 15-19 deg for late).

Note that relative to HC, the prosthesis users who recovered with an elevating strategy used a comparable step length
and foot positioning at first foot-strike, but landed with more trunk flexion and more forward trunk flexion velocity
(Figs. 5.5 and 5.12). During lowering/delayed lowering strategies, HC took a larger contralateral step with more
anterior foot positioning relative to COM than the majority of prosthesis user recoveries (Figs. 5.8 and 5.12).
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Figure 5.13: Discrete summary metrics comparing transfemoral prosthesis user versus healthy control recoveries.
Peak trunk flexion and flexion velocity were calculated as the peak value from perturbation to 1.5 seconds after
the perturbation. Peak prosthetic-side thigh abduction was calculated as peak frontal-plane thigh angle from con-
tralateral toe-off to contralateral foot-strike. Capital letters above each plot correspond to letters that are marked in
Figs. 5.3, 5.6, 5.9, and 5.10 for reference.
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5.5 Discussion

Five of the six transfemoral prosthesis users fell at least once in this study, while none of the seven healthy control
participants fell in [50, 27]. These results substantiate the high fall prevalence relative to healthy adults reported in
retrospective studies [53, 41, 46, 114, 120, 65], highlighting that stumbles to the sound limb should not be overlooked
when considering interventions for fall prevention.

The following subsections provide an in-depth discussion of results with respect to the stumble conditions of (i) swing
phase, (ii) participant age, and (iii) prosthesis type, as well as a commentary on arm motion. Finally, based on these
observations, several interventions for improving recovery and mitigating falls for the transfemoral prosthesis user
population are considered.

5.5.1 Considering Swing Phase

5.5.1.1 Early

Transfemoral prosthesis users who recovered in early swing (P2, P3, P4, P6) used an elevating strategy, as HC did. This
was accomplished via substantial sound-side thigh and knee flexion to complete the elevating step, and a successful
initiation (thigh flexion) and completion (extended knee angle) of the next prosthetic-side step (Fig. 5.4); this lower-
limb motion allowed prosthesis users to land with a greater step length, more anterior foot position relative to COM,
less trunk flexion, and more negative trunk velocity at each of the recovery foot-strikes (Fig. 5.5), aligning with the
work of Grabiner et al. which has shown that an improvement in these metrics (i.e., trending in the direction described)
indicates a decreased fall risk [81, 74, 35, 99, 18].

However, transfemoral prosthesis users who recovered exhibited more support limb (prosthetic-side) thigh abduction
in the next step and increased trunk flexion and flexion velocity compared to healthy control data (Fig. 5.13). Thigh
abduction is likely a compensation mechanism in order to facilitate swing phase during the non-cyclic activity of stum-
ble recovery (see Considering Prosthesis Type subsection). Increased trunk flexion has been reported as an indicator of
increased fall likelihood [81, 18] and may be due to lack of moment generation of the prosthetic limb joints (See Con-
sidering Age, Commentary on Arm Motion, and Interventions for Consideration subsections). Likewise, contralateral
ankle plantarflexion employed by HC during the elevating step (not observed for prosthesis users) may have helped
reduce forward angular momentum and thus limit trunk flexion during recovery [88, 70, 110] (see Considering Age
and Interventions for Consideration subsections).

Transfemoral prosthesis users who fell in early swing (P1, P5) either inadequately performed the elevating strategy
or attempted a delayed lowering strategy but could not successfully initiate a contralateral (prosthetic-side) step. In
the seven-participant healthy adult study, all 86 stumbles that occurred before 40% swing phase resulted in elevat-
ing strategies (i.e., none abandoned elevating to perform the delayed lowering strategy) [27, 50]. In this study, the
transfemoral prosthesis users who used the delayed lowering strategy (i.e., abandoned elevating) exhibited substan-
tially high forward trunk flexion velocity at initial sound-side foot-strike, and only one could complete the second
prosthetic-side step, suggesting that employing the delayed lowering strategy in early swing may increase the body’s
forward angular momentum enough to contribute to falls. This increase in trunk flexion and forward trunk flexion
velocity at recovery foot-strikes aligns with the work of Grabiner et al. [38, 81, 74, 35, 99, 18, 37], which has used
these metrics as fall indicators for other populations.

These early swing findings are inconsistent with the only other study of sound-side, early swing perturbations with
transfemoral prosthesis users, in which majority lowering strategies and no falls were reported [108]. This may be due
to the ability of participants in that study to use the handrails and/or to the lack of a physical obstacle to clear in the
rope-blocking apparatus.

Collectively these results suggest that properly performing the elevating strategy is key for recovering from early swing
stumbles.
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5.5.1.2 Late

Transfemoral prosthesis users who recovered in late swing (P2, P3, P4, P6) used a lowering strategy, as HC did. This
was accomplished via substantial thigh flexion and safe landing configuration for the prosthetic-side step as well as
substantial sound-side thigh and knee flexion in the subsequent step to clear the obstacle (Fig. 5.4); this lower-limb
motion allowed users to land with a larger step length, more anterior foot position relative to COM, and more negative
trunk flexion velocity at the prosthetic-side foot-strike and subsequent sound-side foot-strike (Fig. 5.8), again aligning
with trends seen in [81, 74, 35, 99, 18, 47, 44, 71, 76, 32, 37].

However, lowering strategy recoveries involved more trunk flexion and more support limb (prosthetic-side) thigh
abduction compared to healthy controls (Fig. 5.13) likely in part due to deficiencies in stance release of their prescribed
knee prosthesis (see Considering Prosthesis Type subsection).

The transfemoral prosthesis users who fell in late swing (P1, P5) all attempted a lowering strategy but could not
initiate and/or complete the next (prosthetic-side) step. This was evidenced by the lack of prosthetic-side thigh flexion
or flexed knee at prosthetic-side foot-strike (Fig. 5.4), which contributed to the smaller step length, posterior foot
position relative to COM, and more forward trunk flexion velocity at prosthetic-side foot-strike (Fig. 5.8), metrics that
agree with previously reported fall indicators. Note that these lowering strategy falls were also characterized by a
longer time to initial loading (first sound-side foot-strike), which is consistent with findings of [81].

These late swing findings are mostly consistent with Shirota et al. [108], who also observed lowering strategies, as
well as with Crenshaw et al. [17], who observed one elevating (fall), one lowering with hopping (recovery), and one
lowering (fall), and suggested that lack of knee control contributed to the difficulty of executing the recovery step with
the prosthetic limb.

Collectively these results suggest that properly initiating swing after the lowering step, landing in a safe (i.e., ex-
tended knee) configuration on the prosthetic limb, and using sufficient thigh/knee flexion to clear the obstacle in the
subsequent sound-side step are key for recovering from late swing stumbles.

5.5.1.3 Mid

Transfemoral prosthesis users who recovered in mid swing (P4, P6) used an elevating or lowering with hopping
strategy. The trends observed in early swing elevating strategies and late swing lowering strategies extend to mid
swing regarding lower-limb dynamics (Fig. 5.11) and foot-strike states (Fig. 5.12).

These mid swing findings are mostly consistent with Shirota et al. [108] in terms of strategy selection. However, while
Shirota et al. observed no falls, this mid swing region presented the highest likelihood of falls across participants (i.e.,
five of six fell) in the present study, suggesting that this region may warrant particular attention when considering
interventions. The lowering with hopping response was qualitatively similar to the hopping strategy discussed in
previous works [17, 108]. Crenshaw et al. 2013 [17] notes that this strategy may be difficult for individuals with
plantarflexion weakness; indeed, in this study only one participant successfully recovered in this way.

Collectively these results suggest that either properly performing the elevating strategy or properly initiating prosthetic-
side swing after the lowering step (for a more normative, without hopping, lowering/delayed lowering strategy) is key
for recovering from mid swing stumbles.

5.5.2 Considering Age

It is notable that the two oldest participants in this case series (P1 and P5) were the only two participants to fall
after every perturbation. These results are consistent with several studies of healthy (non-prosthesis user) older and
younger adults, in which the older adults fell more [87, 114] which was attributed to delayed and/or diminished muscle
responses [87, 100]. Pijnappels et al. [90] highlights that older adults have problems meeting the requirements for
adequate balance recovery, since muscle strength, reaction time, and coordination decline with age. Specifically,
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Pijnappels et al. [87] reported significantly longer rise times of electromyography (EMG) amplitudes of the biceps
femoris, gastrocnemius medialis, and soleus muscles in the support limb of the older adults, which reduces rate of
force generation. This finding is likely compounded in the present study by the fact that in the case of elevating
strategies, the support limb is the prosthetic limb, in which these three muscles have been altered or removed due
to amputation/congenital limb difference (discussed more in the Commentary on Arm Motion and Interventions for
Consideration sections). Pijnappels et al. and others conclude that a combination of resistance/strength training
and task-specific motor skill training has the potential to improve responses [35, 90], which are discussed in the
Interventions for Consideration section.

Pavol et al. 1999 [79] reported in their overground stumble study of older adults that the participants who took more
rapid steps had significantly increased likelihood of falling after a trip. Additionally, gait asymmetry metrics have
been used to determine and quantify gait pathologies [122]. Thus the cadence and prosthetic-to-sound limb swing
time symmetry were computed for each participant. P5 walked with a substantially increased cadence (i.e., more
rapid steps, at 115 steps/min) compared to the remaining participants (87-97 steps/min). P1 and P5 also walked with
higher swing-time asymmetry (ratio of 1.52 and 1.41, respectively) compared to the remaining participants (1.23-1.31).
Therefore, age of participant may be a proxy for other step metrics that indicate higher fall risk.

5.5.3 Considering Prosthesis Type

Four of the transfemoral prosthesis user participants wore an Ottobock C-Leg (P1, P3, P5, P6), which is a hydraulic-
based microprocessor-controlled knee (MPK). Two participants wore hydraulic non-MPKs: P2 wore an Ottobock
3R80, a single-axis, rotary-hydraulic knee; P4 wore a Blatchford KX06, a four-bar, hydraulic knee. All six are
hydraulic knees with stance control function (i.e., high resistance against flexion during stance). Stance resistance
against flexion is initiated at heel-strike in the non-MPKs, while it is initiated during swing extension in the C-leg.
The C-leg and 3R80 are both single-axis knees, while the KX06 employs 4-bar kinematics that increase toe clearance
during swing phase and also enhance stability during stance phase.

For early and late swing perturbations, there was no clear trend in prosthesis type contributing to falls versus recoveries.
Recall that the two transfemoral prosthesis users who fell were also the oldest participants, which was discussed in the
Considering Age section. However, the transfemoral prosthesis users who recovered (regardless of prosthesis type)
used substantial thigh abduction during the subsequent prosthetic-side step (Fig. 5.13), likely to help initiate swing at
a time when the prescribed device was not in the proper mode. Both non-MPKs and MPKs rely on various sensing
thresholds to allow for stance release, which is reliable during the cyclic motion of walking; however, these prostheses
do not account for the interruption of inertial swing dynamics that occurs during sound-side stumbles.

For mid swing perturbations, the participant who recovered using an elevating strategy wore a non-MPK (P4 with
KX06). The participant who recovered using a lowering strategy wore an MPK (P6 with C-Leg). However, it is
unclear whether the devices themselves helped facilitate recovery; especially in the case of P6, the C-Leg’s lack of
stance release likely led to the hopping response after lowering that required substantial thigh abduction to facilitate
swing and involved increased trunk flexion. Thus, the recoveries in mid swing are potentially attributed to the ability
of the prosthesis user rather than the prosthesis itself. For the delayed lowering responses (all falls), the non-MPK
users (P2 and P4) were able to initiate a subsequent step with their prosthetic side after the lowering step (Fig. 5.10),
while the MPK users could not initiate this subsequent step. Thus, the non-MPKs may have some advantage at more
quickly initiating swing; however, their capabilities were not robust enough to successfully complete the step.

There was one instance of prosthetic knee buckling, in which P5 did not take a full prosthetic-side step after his delayed
lowering step and landed with the knee substantially flexed (Figs. 5.10 and 5.11).

From these observations, for sound-side stumble recovery there does not seem to be a clear advantage of knee pros-
thesis type. Instead, both demonstrated similar deficits: namely, the inability to initiate swing and/or complete swing
during the recovery step. All participants wore similar energy storage-and-return type prosthetic feet, and all showed
similar deficits in terms of lack of active plantarflexion and less range of motion compared to HC. The effect of
prosthetic foot model was beyond the scope of this work but could be investigated in future studies.
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5.5.4 Commentary on Arm Motion

Roos et al. 2008 [97] concluded that arm movements contribute to stumble recovery for healthy adults by both
elevating the body’s center of mass and reducing its forward angular momentum, which provide more time for the po-
sitioning of the recovery limb. Pijnappels et al. 2010 [89] concluded that arm responses counteracted transverse plane
body rotation which helped with recovery foot positioning. For all three strategies, but particularly with elevating,
transfemoral prosthesis user recoveries were characterized by substantially more vertical, anterior, and medial/lateral
deviation of the forearm from its position at perturbation (prior to returning to that position) as well as increased trunk
flexion compared to HC (Figs. 5.3, 5.6, 5.9, 5.10, and 5.13). As discussed in the Considering Swing Phase and In-
terventions for Consideration sections, Pijnappels et al. [88] conclude that the reactive torques of the support limb of
healthy adults enable the necessary push-off reaction, thus reducing the forward angular momentum of the body and
providing more time for positioning of the elevating limb. Given that the support limb was the prosthetic limb (i.e., no
active ankle or knee power and compromised muscles) for elevating strategies in this study, perhaps the exaggerated
arm motion observed among transfemoral prosthesis users is necessary to counter the lack of moment generation of
the support limb, allowing for reduced forward angular momentum and/or better foot placement to avoid falling.

Interestingly, the transfemoral prosthesis users who fell after every perturbation were the two oldest participants, and
they employed arm motion similar to those found in the older participants of Roos et al. 2008 [97]; described as a more
“protective” strategy, these arm movements were characterized by more anterior displacement (a forward reaching-
like motion that suggested bracing themselves for an expected fall), rather than the “preventive” strategy employed by
younger adults to counteract loss of balance (Figs. 5.3, 5.6, 5.9, and 5.10).

Interventions for Consideration

5.5.4.1 What causes falls?

In this case series, fall incidence was related to swing percentage (the mid swing stumbles resulted in the most falls)
and age (the oldest prosthesis users fell after every stumble), but not with prosthesis type (MPK versus non-MPK), as
discussed in the previous discussion subsections.

Falls for this population can be attributed to two main deficiencies in the transfemoral prosthesis users’ responses after
a stumble. First, falls occurred if the tripped (sound) limb did not reach ample thigh and knee flexion to sufficiently
clear the obstacle in the elevating step (Fig. 5.4 and 5.11, A and C). The inability to perform the elevating strategy
may come from a decrease in strength or reaction time of the tripped (sound) limb (see Considering Age section),
and/or a lack of counteracting moment generation in the support (prosthetic) limb (see Considering Swing Phase and
Commentary on Arm Motion sections). Recall that even the elevating strategy recoveries involved more trunk flexion,
forward trunk flexion velocity, and arm motion than healthy controls, also likely due to these two factors.

Second, falls occurred if the prosthetic limb did not facilitate a successful step response (Fig. 5.7 and 5.11, F and
H) after the initial elevating or lowering sound-side step; specifically, either prosthetic swing was not initiated (as
evidenced by lack of thigh flexion before falling) or swing was initiated but the prosthesis landed in an unsafe config-
uration (i.e., knee flexed). The inability to perform this prosthetic-side step is likely due to their prescribed prostheses’
control scheme that does not decrease flexion resistance until stance-release thresholds are met, as well as its passive
behavior that relies on ballistic coordination with the thigh for full swing phase motion, both of which are compro-
mised when the cyclic motion of gait is interrupted during a stumble (see Considering Prosthesis Type subsection).
Recall that even the elevating and lowering strategy recoveries involved more thigh abduction in the prosthetic-side
step, also likely due to this factor.

Both of these deficiencies in lower-limb dynamics (highlighted in Figs. 5.4, 5.7, and 5.11) overall led to shorter steps,
less anterior foot placement relative to COM, and more trunk flexion/flexion velocity at each of the response foot-
strikes (highlighted in Figs. 5.5, 5.8, and 5.12) for fallers compared to non-fallers, confirming that these previously
reported metrics [38, 81, 74, 35, 18, 47, 77, 44, 71, 32] translate to the transfemoral prosthesis user population.

These observations suggest that appropriate interventions to decrease fall risk for transfemoral prosthesis users may be
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to assist in properly performing the elevating strategy and/or to assist in initiating and safely completing the prosthetic-
side step. Such interventions could be accomplished with some combination of training and external assistance,
discussed below.

5.5.4.2 Training interventions

Strength training and/or task-specific motor skill training may help prosthesis users recover by targeting the two
aforementioned deficiencies.

First, strength training targeted at the sound (tripped) limb’s hip and knee flexors may improve success in elevating
over the obstacle. (Note one could potentially also accomplish this with a powered exoskeleton on the sound limb.)
Training targeted at the prosthetic-side (support limb) hip flexors could also help by providing counteracting torques
during the elevating step; however, transfemoral prosthesis users still may lack in the necessary knee or ankle torques
due to their passive prostheses. Additionally, training targeted at the prosthetic-side hip could help initiate swing
phase; however, the transfemoral prosthesis users who recovered in this study employed substantial thigh abduction to
accomplish the step due to prosthesis constraints, likely necessitating external interventions discussed subsequently.
Strength training has shown potential for improving responses for fall-prone populations [90]; future work is needed
to investigate the feasibility of such training for prosthesis users for sound-side stumbles.

Second, a task-specific training protocol in the form of repeatedly introduced treadmill acceleration disturbances that
require a stepping response may also improve recovery outcomes. In particular, the work of Grabiner et al. has shown
that this task-specific training can improve the metrics at response foot-strikes linked to increase fall risk reported in
Figs. Figs. 5.5, 5.8, and 5.12, and ultimately reduce fall incidence [35, 99]. Future work is needed to investigate the
feasibility of such training for transfemoral prosthesis users for sound-side stumbles.

5.5.4.3 Prosthesis interventions

Powered prostheses (e.g., [56, 3, 58]) may reduce fall risk by addressing the deficiencies of the typically prescribed
passive prosthetic knees in responses to stumbles.

First, a powered prosthesis could improve the sound limb elevating response by providing the necessary counteracting
ankle plantarflexion and/or knee flexion torques in the support limb, allowing for a more normative push-off to facilitate
the elevating step and reduce the body’s forward angular momentum [87, 108].

Second, a powered prosthesis could presumably sense a stumble and initiate powered swing phase for the subsequent
step without requiring ballistic coordination with the thigh, as passive prostheses do. In other words, users could more
easily initiate and complete swing phase in the following step, addressing one of the leading causes of falls among
study participants. Additionally, powered prostheses can provide robust stance support even if the prosthesis lands with
a flexed knee. Some energetically passive knees could provide robust stance support as well, although in general, any
prosthesis that does so must implement this as a stumble-specific behavior, since otherwise doing so would interfere
with stance knee yielding during slope or stair descent.

Such improvements in the lower-limb deficiencies observed may improve the body’s state at prosthetic-side foot-strike
(i.e., larger step length, more anterior foot placement, less trunk flexion, and more negative trunk flexion velocity).

These suggestions may not only reduce falls but also generally improve responses for transfemoral prosthesis users
who did not fall. For example, transfemoral prosthesis users still exhibited responses that indicated increased risk of
falling (increased trunk flexion/flexion velocity) and compensation mechanisms (increased thigh abduction and arm
motion); thus, training and/or assistive device interventions may improve these metrics, ultimately helping to reduce
the need to abduct and help control forward angular momentum to reduce these deficiencies.

Despite this potential for improvement, to date there have been no prosthetic interventions developed or tested to
address sound-side stumbles for transfemoral prosthesis users. Future work is needed to investigate the feasibility of
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such interventions.

5.5.5 Limitations

There are several limitations to this work. First, a sample size of more participants would have improved the confidence
of the observations enumerated here. More non-MPK users would have improved the discussion on the effect of
prosthesis type. Regardless, given the inherent heterogeneity of the prosthesis user population (i.e., varying ages,
activity levels, comorbidities, years of prosthesis use, prosthesis types), a case series characterization such as that
presented here is arguably more representative than one in which a singular averaged result is reported [54].

Second, while substantial efforts were made experimentally to ensure the obstacle was not perceived prior to contacting
the participant’s foot (see Methods and Results of [50]), the participants did know that they would be stumbled at some
point during the trial.

Third, there is potential that requiring a cognitive task during the trials may alter balance outcomes; however, a
recent stumble study found that performing Serial Sevens (i.e., the cognitive task chosen in this work) did not alter
the participants’ recovery response [75]. Furthermore, in the real world tripping often occurs when individuals are
distracted/not paying attention [69, 19], so the task is not entirely unlike real-life situations.

Fourth, rest was not standardized across participants; instead, participants were given the opportunity to rest as much
as desired in between each stumble based on their own comfort and energy levels. This rest period was based on per-
sonal preference rather than physiological monitoring, so there is potential that fatigue could have affected responses.
However, there were no observed trends in fall/recovery outcomes with order of trials (e.g., no evidence that more falls
occurred towards the end of a session) across participants.

Finally, the authors note that there are other factors that may have played a role in responses: socket attachment,
residual muscle condition, and physical fitness level. Though this type of analysis was beyond the scope of the present
work, future studies investigating these factors are encouraged.

5.6 Conclusion

This study presents a case series of sound-side stumble responses to obstacle perturbations in early, mid and late swing
phase for six transfemoral prosthesis users of various ages and prosthesis types. Five out of six participants fell at least
once – in contrast to a similar study of seven healthy participants in which none fell – highlighting the importance
of studying sound-side stumbles and considering appropriate interventions. Stumbles elicited in mid swing resulted
in the most falls (five out of six participants fell), suggesting a potential region of focus for intervention design. The
two oldest participants were the only two to fall after every stumble, highlighting age-related differences in muscle
strength and control and consequently ability to recover. Prosthesis type (specifically MPK versus non-MPK) did not
relate to strategy or fall outcomes among the six participants studied; rather, both prosthesis types exhibited similar
deficits regarding inability to initiate and/or complete swing phase.

Strategies that resulted in recoveries for transfemoral prosthesis users matched those used by the healthy control par-
ticipant; namely the elevating in early swing, the lowering in late swing, and either the elevating or the lowering (with
hopping) in mid swing. However, these recoveries still showed kinematic variations from the control participant, char-
acterized by increased prosthetic-side thigh abduction, increased trunk flexion and flexion velocity, and exaggerated
arm motions. Thigh abduction is likely a compensation performed to help initiate swing phase on the prosthetic side.
Trunk and arm responses are likely affected by the nature of the passive prosthetic support limb, which cannot generate
the counteracting torques typically generated by healthy musculature. Those who fell inadequately performed these
recovery strategies, evidenced by lower-limb deficiencies in executing the elevating step and/or in initiating and com-
pleting the prosthetic-side step, which led to a shorter step length, less anterior foot placement relative to COM, more
trunk flexion, and more forward trunk flexion velocity at each foot-strike, metrics that have been previously reported
as fall indicators.
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These observations suggest that interventions via training (e.g., muscle strength or task-specific motor skill) and/or
assistive devices (e.g., lower-limb prostheses or exoskeletons) may address the main response deficiencies that led to
falls for transfemoral prosthesis users. Specifically, training or exoskeleton assistance could help facilitate sufficient
thigh/knee flexion for the elevating strategy; training or prosthesis assistance could provide counteracting torques in
the support limb to facilitate elevating; and training or prosthesis assistance could help initiate and safely complete
prosthetic swing.
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CHAPTER 6

Powered knee prosthesis stumble recovery intervention

6.1 Part 1: Efficacy of a powered knee prosthesis with closed-loop walking controller in reducing falls and
recovery deficiencies after sound-side stumbles

6.1.1 Part 1 Summary

Transfemoral prosthesis users experience a high fall rate, which leads to injury and fear of falling. Previous works
have reported that stumbles to the sound limb incur a similar fall rate and comparable recovery deficiencies (e.g.,
increased trunk motion and thigh abduction relative to healthy controls) as stumbles to the prosthetic limb, though
to date no intervention has been tested to mitigate these effects. Thus, in this work three unilateral transfemoral
prosthesis users experienced stumble obstacle perturbations to their sound limb in early, mid and late swing phase
while wearing a powered knee prosthesis intervention with a closed-loop walking controller (i.e., impedance control
in stance, trajectory control in swing). Fall outcome, recovery strategy, as well as trunk and thigh kinematics were
recorded in order to compare responses with the powered prosthesis intervention to responses with their prescribed,
passive prosthesis. Intra-participant fall rate did not change with the powered prosthesis intervention relative to their
prescribed prosthesis after early and late swing stumbles, but fall rate improved slightly for two participants after
mid swing stumbles, promoting the elevating strategy. Overall, recoveries with the powered prosthesis intervention
involved less trunk flexion, less trunk flexion velocity, and less prosthetic-side thigh abduction, reducing deficiencies
relative to recoveries with their prescribed passive prostheses. The robust stance support and powered swing phase of
the powered knee prosthesis intervention, features that are unavailable to typically prescribed passive knee prostheses,
served to (1) help counter induced forward angular momentum and aid in the control of trunk motion during elevating
strategies, (2) prevent knee buckling during recoveries, and (3) reduce compensatory thigh motion in the prosthetic-
side step. Incorporating this intervention with task-specific training, muscle strength training, and/or a powered ankle
may improve upon benefits observed in this work.

6.1.2 Introduction

Transfemoral prosthesis users experience a high stumble and fall rate [41, 46], which is linked to increased injury
risk [14, 68] and fear of falling [65, 53, 49] relative to healthy controls. Research exploring interventions to improve
recovery from stumbles (i.e., obstacle perturbations to the foot in swing phase) and reduce fall risk may benefit this
population.

A few works have performed stumble experiments with transfemoral prosthesis users to characterize stumble recovery
strategies and identify deficiencies in responses, ultimately providing insight into fall risk interventions [108, 17,
28]. Intriguingly, the two studies to date that tripped both limbs and incurred falls reported a similar fall rate from
sound-side stumbles relative to prosthetic-side stumbles. Crenshaw et al. [17] reported 2/3 falls from sound-side
stumbles versus 1/4 falls from prosthetic-side stumbles; likewise, Eveld et al. [28] reported 15/26 falls from sound-
side stumbles versus 13/24 stumbles from prosthetic-side stumbles. Stumble response results from Shirota et al.[108]
also highlighted that sound-side stumbles should not be overlooked, given that both limbs play an integral role to
successful recoveries. For the cases in which prosthesis users avoided falling, recoveries exhibited increased forward
trunk flexion and trunk flexion velocity relative to healthy controls [17, 28]. The ability to control trunk motion (i.e.,
limit flexion and flexion velocity) after stumbles has been identified as integral to successful recoveries and a target
for intervention in previous works to reduce falls [37, 35, 36]. Additionally, prosthesis users employed substantial
thigh abduction in the subsequent prosthetic-side step, which was not observed in healthy controls when recovering
from similar stumble perturbations and can be attributed to prosthesis shortcomings [28]. Though stumbles to the
sound-limb are a clear safety risk for transfemoral prosthesis users, to date no intervention has been designed or tested
to address sound-side stumbles for this population.
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Previous works suggest (among other interventions, such as task-specific training [35]) the potential utility of a pow-
ered knee prosthesis in addressing fall rate and recovery deficiencies after sound-side stumbles [28, 17]. Indeed, active
flexion and extension provided by powered prosthetic knees (e.g., [56, 58, 3]) have been shown to be beneficial for
non-ballistic behaviors such as stair climbing and other activities of daily living; however, research in the area of stum-
ble recovery for powered prosthetic knees is limited. Relative to typically prescribed passive prostheses, a powered
prosthesis with a standard walking controller (i.e., closed-loop impedance and trajectory controllers for stance and
swing, respectively) could help the aforementioned response deficits. First, robust stance support may provide the ac-
tive torques necessary to counter the perturbation-induced forward angular momentum and help control trunk motion
during elevating strategies [88, 87, 108, 28]. Additionally, load-based stance support may limit unintended buckling of
the prosthetic limb, potentially reducing falls and increasing user trust in loading the device. Finally, a powered swing
phase, in which the knee self-generates motion, may help initiate and complete swing phase with more normative knee
flexion, particularly during a disrupted stride, eliminating the need for thigh abduction or other compensatory actions
[28].

Despite the potential to reduce falls and improve recovery responses, a powered knee prosthesis has yet to be tested
as an intervention with transfemoral prosthesis users during sound-side stumbles. Thus the objective of this work is
to evaluate the extent to which a powered knee prosthesis with a closed-loop walking controller may mitigate (i) fall
rate and (ii) recovery deficiencies (e.g., forward trunk motion and thigh abduction) for transfemoral prosthesis users
relative to their prescribed passive prostheses following sound-side stumbles. This work is in essence a brief follow-up
study from [28], investigating one of the primary interventions proposed in that paper, which will provide insight into
the potential efficacy of a powered knee intervention and inform future research directions.

6.1.3 Methods

6.1.3.1 Interventional Device: Powered Knee Prosthesis

Hardware

The device used in this experiment is the powered knee unit of the robotic leg prosthesis described in [56] and pictured
in Fig. 6.1. Briefly, the knee unit includes a brushless DC motor with a three-stage belt/chain speed reduction (176:1)
transmission that can generate approximately 85 Nm of active torque with a range of motion of 5 deg hyperextension
to 115 deg flexion. The device houses a six-axis IMU in the shank as well as encoders at the knee joint and motor
to measure shank and knee angles and angular velocities. Additionally, a load cell in the knee unit senses axial load
in the shank. Although the prosthesis as described in [56] includes both a powered knee and ankle, the prosthesis
employed in the studies described here include only the experimental powered knee unit, along with a conventional
(passive) prosthetic foot unit.

Walking Controller

The walking controller finite-state machine (developed by Shane King and Leo Vailati) for the powered knee is de-
picted in Fig. 6.2 with state transition conditions given in Table 6.1.

During walking, the knee transitions among four states: pre-stance, stance, late stance, and swing. During the stance
states, an impedance control approach is used with the following control law:

τ = kp,stance(θeq −θ)+ kd,stance(θ̇) (6.1)

where τ is commanded torque, kp,stance is the proportional gain or stiffness, θ is the joint angle, θeq is the desired
joint angle equilibrium position, kd,stance is the damping coefficient, and θ̇ is the joint angular velocity. In pre-stance,
kp,stance is low to enable some give immediately after swing; in stance, kp,stance is high to support the user; in late
stance, there is no resistance to flexion to facilitate swing initiation.
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Figure 6.1: Powered knee prosthesis

1: Pre-stance 2: Stance

3: Late Stance4: Swing

low stiffness spring high stiffness spring

no resistance to flexiontrajectory following

Figure 6.2: Finite-state machine for powered knee prosthesis closed-loop walking controller.

Table 6.1: State transition conditions for powered knee prosthesis closed-loop walking controller.

Transition Condition
0 to 2 Knee angle threshold
1 to 2 Load threshold

2 to 3
Shank angle threshold
Load threshold
Load rate threshold

3 to 4
Shank angle threshold
Load threshold

3 to 2
Load threshold
Shank angle threshold
Time limit

4 to 1 Completion of trajectory
4 to 2 Load threshold

During swing, a PD controller is used to track a knee angle trajectory spline modeled after healthy walking data with
the following control law:
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Table 6.2: Participant information. Participant numbering is consistent with [28]

Participant Age Prosthetic side Sex Etiology Years of prosthesis use Prescribed Prosthesis
P1 62 Right Male Trauma 49 Ottobock C-Leg
P3 28 Right Female Congenital 27 Ottobock C-Leg
P4 30 Left Male Trauma 4 Blatchford KX06

τ = kp,swing(θdesired −θ)+ kd,swing(θ̇desired − θ̇) (6.2)

where θdesired and θ̇desired are the desired knee angle and knee angular velocity from the spline and its derivative at the
current time in swing, and kp,swing and kd,swing are proportional and derivative gains, respectively.

Note that the features of (1) active stance support and (2) powered swing with primarily load-based initiation are unique
to the interventional device (i.e., relative to the participants’ passive prescribed prostheses) and based on previous
results from [17, 108, 28] have the potential to provide stumble recovery benefits.

6.1.4 Experimental Protocol

In a previous study, six transfemoral prosthesis users underwent a stumble recovery experiment using their prescribed,
passive knee and ankle prostheses [28]. Three of those participants (Fig. 6.2) returned to repeat this testing protocol
while wearing the powered knee prosthesis intervention.

First, participants were invited for prosthesis fitting, walking controller tuning, and familiarization. Specifically, they
were fitted with the powered knee prosthesis with matched height and consistent alignment to their prescribed pros-
thesis. For two participants, the device was attached to their prescribed ankle/foot prosthesis. For one participant (P4),
the build height of the powered knee did not accommodate his current ankle prosthesis, so a lower-profile foot was
selected for testing. All three participants wore the same socket and suspension system as with the prescribed pros-
thesis. Next, participants were familiarized with the powered knee for level-ground walking. The walking controller
parameters (gains and state transition thresholds) were tuned while participants walked on a treadmill at 0.8 m/s until
they were sufficiently comfortable walking in the device.

On a separate day, participants returned for the obstacle perturbation stumble experiment. Details of the experimental
setup and protocol are given in [50, 28]. Briefly, participants walked on a treadmill at 0.8 m/s. After a random number
of steps, a 16-kg (35-lb) steel obstacle was released from the obstacle delivery apparatus and onto the treadmill such
that it contacted the participant’s swing foot at an experimenter-specified percentage of swing phase. Participants
wore a full-body harness to prevent contact with the treadmill in the event of a fall. Various experimental techniques
were employed to ensure the obstacle’s entry onto the treadmill was imperceptible, including sensory occlusion [50].
Participants were instructed to count backwards by intervals of seven as a cognitive distraction task, and they were
stumbled on both their sound and prosthetic limb to limit expectation of the stumble. Stumbles were targeted to occur
in early, mid, and late swing phase. Figure 6.3 depicts the experimental setup with video frames of an early swing
stumble trial for both the prescribed and powered prosthesis condition.

6.1.4.1 Data Collection & Processing

Ground reaction forces (GRFs) were recorded under each foot at a sampling rate of one kHz via a lateral split-belt,
force-instrumented treadmill (Bertec, Columbus, USA). Full-body kinematic data were collected via synchronized
infrared motion capture (Vicon, Oxford, GBR) at a sampling rate of 200 Hz. GRF and motion capture data were
filtered with a zero-phase, 3rd order, low-pass Butterworth filter with a cut-off frequency of 15 and 6 Hz, respectively.
Inverse kinematics were computed using Visual3D (C-Motion, Germantown, USA) to estimate joint-level kinematics
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Prescribed

Powered

Perturbation Sound-side Step Prosthetic-side Step

obstacle delivery 
apparatus

force-instrumented 
treadmill

motion capture

load cell in-line with 
full-body harness

Figure 6.3: Video frames depict an elevating strategy after an early swing perturbation for one participant (P3) using
her prescribed passive prosthesis (top) and the powered prosthesis intervention (bottom).

for each trial. Bodyweight assistance by the harness was measured via an in-line load cell during each trial.

6.1.4.2 Data Analysis

For this work, only trials in which the sound limb was tripped were analyzed. Trials were excluded if the participant
stepped over the obstacle or onto it (i.e., not a stumble perturbation). The swing percentage of each perturbation was
estimated as in [50].

To address objective (i), the fall outcome and recovery strategy attempted were recorded for each trial. A fall was
determined based on the bodyweight assisted by the harness after the stumble: If the load cell measured more than
50% bodyweight and sustained a load for more than 500 ms, the trial was considered a fall, similar to [17, 28]. The
recovery strategy was defined as elevating, lowering, or delayed lowering, based on previously published definitions
[108]. Hopping or skipping after lowering or delayed lowering was also noted (defined in [17, 108]).

To address objective (ii), several outcome metrics were computed to quantify recovery deficiencies for both prescribed
and powered prosthesis recoveries. First, peak (sagittal-plane) trunk flexion and flexion velocity after the stumble
perturbation were calculated. Second, peak thigh abduction in the prosthetic-side step was calculated. Since recovery
responses differ depending on when in swing phase the perturbation occurs [107, 101, 27], each prescribed prosthesis
recovery was paired with a powered prosthesis recovery that was closest in swing percentage for comparison in order
to interpret the effect of the powered prosthesis intervention with other perturbation factors controlled.

For reference, the same outcome metrics were computed from a previously collected dataset of stumbles from one
healthy adult walking at 0.8 m/s using the same experimental setup, protocol, and data processing techniques [27].

6.1.5 Results

Overall, seven out of 22 sound-side stumbles resulted in falls (32%) with the powered prosthesis intervention, com-
pared to nine out of 15 (60%) with the prescribed prostheses. To address objective (i), the full breakdown of fall
outcomes and recovery strategies attempted for each trial in early, mid, and late swing phase is reported in Fig. 6.4
(i) for each participant. To address objective (ii), recovery deficiency metrics (peak trunk flexion, peak trunk flexion
velocity, and peak prosthetic-side thigh abduction) are reported in Fig. 6.4 (ii) to compare powered versus prescribed
recoveries from similar perturbations (i.e., trials at similar swing percentages).

Results from a single healthy control participant are included in Fig. 6.4 (ii) for reference. For early swing, the black
line plots the average value from four trials that occurred at 30-32% swing. For mid and late swing, the black lines
plot the values from the single mid swing elevating strategy (48% swing) and single late swing lowering strategy (73%
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swing) in the dataset.
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Figure 6.4: (i) Recovery strategy and fall outcomes and (ii) recovery deficiency metrics for early, mid, and late swing
stumbles for each participant when wearing their prescribed prosthesis and the powered prosthesis intervention. An
“x” represents a single data point, and a line is the average of trials in that category (prescribed, powered, or healthy
control). Overall, recoveries with the powered prosthesis intervention (purple) involved less trunk flexion, less trunk
flexion velocity, and less prosthetic-side thigh abduction relative to recoveries with prescribed passive prostheses
(blue), and reached values closer to that of the healthy control (black), indicating better trunk control and less com-
pensation during recoveries.

6.1.6 Discussion

6.1.6.1 Early swing

For early swing stumbles, the intra-participant fall rate did not change with the powered prosthesis intervention; P1
fell after every stumble in both the prescribed and powered prosthesis, while P3 and P4 recovered after every stumble.
However, P1’s responses were closer to recovery with the powered prosthesis. For one trial (18% swing), P1 completed
the elevating strategy, clearing the obstacle and landing anterior to it, but fell after foot-strike. This was the only time
P1 performed the elevating strategy after early swing sound-side stumbles, which has been previously suggested as
key to recovering from early swing perturbations [28]. Likewise, for the second trial (29%), though he ultimately
abandoned elevating and fell, his tripped limb’s hip and knee flexed such that his foot elevated 6 and 11.5 cm higher
than his two attempts when using his prescribed prosthesis (a substantial improvement considering the obstacle was
7.5 cm tall). This improvement in elevating the tripped limb is visually represented in Fig. 6.5.

Comparing P3 and P4’s successful elevating strategies from similar perturbations (A and B in Fig. 6.4), recoveries
using the powered prosthesis intervention involved less peak trunk flexion and trunk flexion velocity. Since control-
ling forward trunk motion has been considered integral to successful recovery, a reduction in these metrics can be
considered an overall improvement in recovery, as this reflects the participants’ ability to counter the forward angu-
lar momentum induced by the perturbation [38, 36]. This may be due to the counteracting torque of the powered
prosthetic knee as the support limb, which is not available with typically prescribed passive prostheses [87, 88, 108].
Furthermore, the robust stance support of the powered knee allowed participants to trust loading the device (without
risk of buckling) after the perturbation, which likely helped facilitate the execution of the elevating strategy. This
decrease in trunk motion with the powered prosthesis intervention is visually represented in Fig. 6.6.

Additionally, P3 and P4 exhibited less thigh abduction in the next prosthetic-side step while using the powered pros-
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thesis intervention. Initiating a step in non-cyclic scenarios (e.g., steps after stumble perturbations) is difficult with a
passive device; thus, participants compensate by swinging their limb out laterally to initiate and complete a step with
enough toe clearance to avoid scuffing [28]. However, with the powered prosthesis, unloading the device initiates the
powered swing phase (active knee flexion and extension), which provides sufficient toe clearance without the need to
abduct the thigh. This decrease in thigh abduction corresponding to active knee flexion is visually represented in Fig.
6.6.

Figure 6.5: Motion capture 3D renderings of P1 at peak sound-side knee flexion after early swing stumbles. These
frames visually depict the greater knee flexion and foot height achieved (recovery limb, white) after stumbles with the
powered prosthesis intervention (support limb, purple) versus his prescribed passive prosthesis (support limb, blue).
The robust stance support and active torques may have helped control trunk motion and increased user trust in loading
the device, which promoted the elevating strategy approach.

6.1.6.2 Mid swing

For mid swing perturbations, the intra-participant fall rate did not change for P1 (fell after all stumbles), but improved
for P3 and P4. P3 fell after the single mid swing stumble in her prescribed device, but recovered from 3/4 stumbles
in the powered prosthesis intervention. Notably, for perturbations at the same swing percentage (51%), she fell with a
delayed lowering strategy in her prescribed device but recovered using an elevating strategy with the powered device.
Similarly, P4 fell after a delayed lowering strategy and recovered with two elevating strategies in his prescribed device,
but recovered from all three perturbations with elevating strategies in the powered device. As suggested in the early
swing subsection, the powered prosthesis intervention may promote successful execution of the elevating strategy.
This is especially important for mid swing stumbles, which previously resulted in the highest fall rate with prescribed
prostheses [28].

For P4’s recoveries with elevating strategies from similar perturbations (C and D in Fig. 6.4), he exhibited less trunk
flexion, trunk flexion velocity and thigh abduction during the recoveries with the powered prosthesis intervention,
which as discussed earlier is considered an improvement in terms of fall risk and compensation techniques required to
recover.
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Figure 6.6: Motion capture 3D renderings of P3 at peak trunk flexion during the sound-side elevating step, and at peak
prosthetic-side thigh abduction and knee flexion in the next prosthetic-side step. These frames visually depict less
trunk flexion, less thigh abduction, and more knee flexion during the recovery with the powered prosthesis intervention
(purpose) compared to her prescribed passive prosthesis (blue).

6.1.6.3 Late swing

For late swing stumbles, the intra-participant fall rate did not change with the powered prosthesis intervention; P1 fell
after every stumble in both the prescribed and powered prosthesis, while P3 and P4 recovered after every stumble.
Comparing similar perturbations from P3 and P4 (E and F in Fig. 6.4), peak trunk flexion was reduced with the
powered prosthesis for both participants, peak trunk flexion velocity was reduced for P3 and peak thigh abduction was
reduced for P4.

Note that in mid and late swing, P3 and P4 used lowering/delayed lowering with hopping to successfully recover with
the powered prosthesis intervention; in these scenarios the knee maintained extension (i.e., did not buckle) during the
landing, which allowed them to safely load both limbs and recover.

6.1.6.4 Limitations

There are several limitations to this work. Ideally, the study design would have accommodated an even number of
trials, and more trials, per participant per condition (prescribed versus powered prosthesis). However, due to the
involved experimental setup and taxing nature of the protocol, this was not possible for all participants. Similarly, an
ABA testing style would be preferable for this study; however, due to participant availability it was not reasonable or
possible for some participants to return for more multi-hour sessions.
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6.1.6.5 Future Directions

Based on the results from this study, the authors recommend several directions for future work. First, for this study
the powered prosthetic knee did not have any stumble detection feature; rather, its behavior was dictated by a simple
walking controller. It is noteworthy that improvements in fall rate, trunk motion, and thigh abduction were seen with
this simple intervention; however, introducing a stumble detection feature that increases swing time after a lowering
strategy may further improve recovery metrics for late swing perturbations. Second, in this study participants were
informed of the powered knee’s key behaviors that might help them during stumbles (i.e., it can be loaded without
buckling, and it will take a step when unloaded), but they were not introduced to stumbles until the actual data col-
lection. It is again noteworthy that improvements were seen given the limited time on the device prior to the stumble
experiments, highlighting that features of a simple closed-loop walking controller can provide recovery benefits; how-
ever, more time with the interventional device and some familiarization with stumbling on the device may have helped
participants trust the device more and further improve responses. Finally, only the knee joint was powered with this
intervention; including a powered ankle joint may (1) increase the counteracting torques as the support limb during
an elevating strategy and help further reduce forward angular momentum and (2) help jump-start a step after the low-
ering strategy, which may have benefited P1 (who was older and potentially less able to control prosthetic-side thigh
motion).

Aside from improvements to the powered knee prosthesis intervention alone, incorporating other interventions may
benefit prosthesis users. Previous works have suggested the benefit of muscle strength training [90] and compensatory
step training [35] for transfemoral prosthesis users. These interventions have yet to be tested for this population, and
incorporating these trainings with the powered prosthesis may maximize stumble recovery improvement.

6.1.6.6 Conclusion

This is the first study to show the effects of a powered knee prosthesis with closed-loop walking controller in trans-
femoral prosthesis users when responding to sound-side stumbles. Observations from the testing indicated that the
robust stance support of the powered prosthesis served to help counter perturbation-induced forward angular mo-
mentum and control trunk motion during elevating strategy recoveries and prevent knee buckling during recovery,
evidenced by reduced trunk flexion and flexion velocity during recoveries and fewer falls in mid swing. Additionally,
the powered swing phase served to reduce compensatory thigh abduction in the next step of recovery. Incorporating
task-specific training with the powered prosthesis intervention, along with muscle strength and coordination exercise
protocols, may further improve recoveries for transfemoral prosthesis users.
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6.2 Part 2: Efficacy of a powered knee prosthesis with closed-loop walking controller and stumble recovery
assistance in reducing falls and recovery deficiencies after prosthetic-side stumbles

6.2.1 Part 2 Summary

Transfemoral prosthesis users’ high stumble and fall rate leads not only to injuries and related medical expenses but
also to loss of confidence due to fear of falling. Previous works have identified deficiencies in typically-prescribed,
passive prostheses that lead to falls and recovery deficiencies such as increased trunk motion and thigh abduction.
Powered prosthetic knees have the potential to address these deficiencies, but to date such an intervention has not been
tested with transfemoral prosthesis users. Thus, three unilateral, transfemoral prosthesis users underwent a stumble
obstacle perturbation experiment, in which they were introduced to stumbles to their prosthetic limb in early, mid and
late swing phase while wearing a powered knee prosthesis intervention. The powered knee prosthesis employed a
closed-loop walking controller (i.e., impedance control in stance and trajectory control in swing) as well as a stumble
recovery controller (i.e., detected stumble and performed elevating or lowering strategy assistance). Fall outcome,
recovery strategy, as well as trunk and thigh kinematics were recorded in order to compare responses with the powered
prosthesis intervention to responses with their prescribed, passive prosthesis. For trials in which the device’s and user’s
strategy selection matched, the powered prosthesis intervention overall improved the fall rate relative to responses
with prescribed, passive prostheses (though there was an uneven number of trials for each case). Additionally, overall
responses with the powered prosthesis intervention involved less trunk flexion, trunk flexion velocity, and prosthetic-
side thigh abduction relative to responses with prescribed prostheses, indicating better trunk control and a reduction in
compensation techniques. These results provide initial indications that this type of powered knee prosthesis is a viable
intervention for reducing falls and recovery deficiencies for this population, which may be attributed to its robust
stance support, powered swing phase, and active elevating strategy.

6.2.2 Introduction

Chapters 1, 5, and 6 (Part 1) highlight the high stumble and fall rate of transfemoral prosthesis users, which necessitates
prosthetic interventions to address response deficiencies. Previous chapters focused on interventions for mitigating
falls and recovery deficiencies of sound-side stumbles. In this work, a powered prosthesis intervention to address
prosthetic-side stumbles is explored.

Several previous works have studied transfemoral prosthesis user responses to prosthetic-side interventions. These
studies reported elevating, lowering, and delayed lowering strategies, as defined in previous works [101, 24], as well
as hopping or skipping strategies. Crenshaw et al. [17] stumbled transfemoral prosthesis users in mid to late swing
phase in an overground obstacle perturbation setup. One out of four stumbles resulted in a fall, which was attributed to
knee buckling upon lowering after perturbation. Shirota et al. [108] stumbled transfemoral prosthesis users throughout
swing phase but did not report any falls; however, the experimental setup included handrails and the perturbation did
not involve a physical obstacle to clear, which may account for the differences in recovery strategy and fall outcomes.

King et al. 2022a [52] tripped transfemoral prosthesis users throughout swing phase in an obstacle perturbation setup
and concluded that four key prosthesis deficiencies contributed to falls after prosthetic-side stumbles: (1) buckling in
stance phase, (2) poor extension in swing phase, (3) poor swing initiation after perturbation, and (4) the lack of ability
to perform the elevating strategy. First, in this study transfemoral prosthesis users experienced knee buckling upon
landing the initial lowering or elevating step due to insufficient stance limb flexion resistance. Second, poor swing
extension assistance during the initial elevating or lowering step led to delayed or shorter steps and further biased the
prosthesis towards buckling in stance phase. Third, insufficient swing initiation in subsequent recovery steps led to
falls or required substantial thigh abduction to recover. Fourth, the lack of ability to perform the elevating strategy
(which requires coordinated hip and knee flexion and extension to clear the obstacle in the same step) in early swing
often resulted in falls. All of these deficits led to increased trunk flexion and flexion velocity during recoveries relative
to healthy control recoveries, which indicates an increased fall risk [37, 35, 36].

There have been some attempts to incorporate behaviors into prosthetic knees that would reduce the risk of falling due
to perturbations in swing phase. For example, the Ottobock C-Leg (a commonly prescribed microprocessor-controlled
knee) includes functionality that increases the resistance to flexion in late swing phase (during extension), with the
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aim to promote safe loading of the leg in the event of a stumble [8]. While studies have shown this feature to improve
stumble recovery with respect to falls and compensation techniques compared to other passive prosthetic knees on the
market [11, 8, 7, 12], the stumble behavior still proves deficient. Falls still occurred in these studies, and recoveries
still required compensation techniques (e.g., thigh abduction) to clear the obstacle after the lowering step. Moreover,
this approach does not provide any active response to the stumble due to lack of power, so the elevating strategy for
recovery still cannot be employed.

Given the inability of microprocessor-controlled knees to account for the aforementioned deficiencies, powered knee
prostheses have the potential to fill this gap. Several works have suggested the potential for powered prosthetic knees to
help in addressing the deficits of typically prescribed passive devices and consequently reduce fall likelihood [17, 108,
34, 115, 52]. Indeed, powered prosthetic knees (e.g., research devices ([56, 58, 3]) and devices on the market (Ossur
Power Knee, Reboocon Bionics IntelLeg Knee)) have the potential to address all four deficiencies outlined in [52].
Specifically, powered knees can provide robust stance support with load-based stance initiation and impedance control,
addressing deficiency (1). Second, powered swing phase with load-based initiation and a trajectory-tracking controller
may help initiate and complete a full swing phase without the need to abduct the thigh, addressing deficiencies (2)
and (3). Finally, the ability to provide active flexion and extension could enable the elevating strategy for early swing
stumbles, addressing deficiency (4).

Despite this potential for stumble recovery improvement, only a few studies have explored a powered knee prostheses
for stumbles. Gordon et al. 2019 [34] proposed and validated an obstacle avoidance controller which uses prosthetic
limb kinematics to predict the user’s intent to avoid an obstacle and correspondingly alters the trajectory of the limb
to clear the obstacle. While this is an interesting and useful feature for a prosthetic limb to have, it does not address
the event of unexpectedly stumbling; rather, it requires the volitional intent of the user to avoid stumbling. Thatte et
al. 2019 [116] presented a controller that uses a laser sensor and IMU to predict a stumble event and correspondingly
alter the leg trajectory to avoid falling, the first stumble controller to incorporate visual feedback. This controller has
been tested on one able-bodied user with an artificially induced stumble event (user-initiated scuff) so far, and future
work was suggested to test on transfemoral prosthesis users and explore other optimization techniques for further
impact. Thatte et al. 2016 [115] proposed and tested a hybrid neuromuscular control policy and analyzed its response
to unexpected disturbances during swing, which successfully responded with an elevating strategy after early swing
disturbances and a lowering strategy after late swing disturbances. This controller was tested on one able-bodied user
with a simulated disturbance to the knee joint, and future work was suggested to test on transfemoral prosthesis users at
faster walking speeds and address mid swing stumbles. Other works have investigated methods for stumble detection,
stumble type classification, and recovery strategy classification [55, 126] but have not implemented them in a powered
knee. Thus, the efficacy of a powered knee in mitigating falls after prosthetic-side stumbles for transfemoral prosthesis
users has yet to be comprehensively evaluated.

Therefore, the objective of this work is to evaluate the extent to which a powered knee prosthesis with a closed-loop
walking controller and active stumble recovery responses may mitigate (i) fall rate and (ii) recovery deficiencies (e.g.,
increased trunk motion and thigh abduction) for transfemoral prosthesis users relative to their prescribed prosthesis
following prosthetic-side stumbles.

6.2.3 Methods

6.2.3.1 Interventional Device: Powered Knee Prosthesis

Hardware

Readers are referred to Chapter 6, Part 1 for device hardware details.

Walking Controller

The readers are referred to Chapter 6, Part 1 for walking controller details.

Note that the features of active stance support and powered swing with load-based initiation are unique to the inter-
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ventional device (i.e., versus participants’ passive prescribed prostheses) and have the potential to address deficiencies
(1-3).

Stumble Recovery Controller

The stumble recovery controller used for this experiment is depicted in Fig. 6.7 below and designed by Shane King,
detailed in [51]. Briefly, the approach looks at the shank-thigh angle configuration space trajectory immediately after
impact with the obstacle, compared to the configuration space of a typical gait cycle (i.e., prior to the perturbation), to
decide whether to implement the elevating strategy or the lowering strategy. For the elevating strategy, the knee tracks
a spline similar to swing phase, with a greater peak knee flexion angle. For the lowering strategy, the knee enters the
stance state to facilitate the lowering step, then increases flexion in its subsequent swing phase in order to clear the
obstacle.

Figure 6.7: Diagram of approach for the powered knee stumble recovery controller. The shank-thigh configuration
space for a typical gait cycle (stance in black, swing in blue) is superimposed with the configuration space trajectories
of a representative elevating strategy (red) and lowering strategy (green). The stumble recovery controller looks at
the configuration space immediately after the perturbation (20 ms, from circle to diamond) to determine whether to
implement the elevating or lowering strategy. If the trajectory deviates outward from the typical swing path, elevating
is implemented, as shown by the dotted red line; if the trajectory deviates inward, lowering is implemented, as shown
by the dotted green line. (Figure courtesy of [52]]

Note that this active response to the perturbation is unique to the powered knee prosthesis intervention and not available
in typically prescribed passive prostheses, potentially addressing deficiency (4).

6.2.3.2 Experimental Protocol & Data Analysis

The experimental protocol and data analysis for this study are identical to Chapter 6, Part 1, with two exceptions: (1)
prosthetic-side stumbles are analyzed rather than sound-side stumbles; (2) participants underwent a training protocol
that introduced the active recovery strategies provided by the powered prosthesis intervention prior to testing, as
detailed in the following subsection.

Stumble Recovery Strategy Training

After prosthesis fitting and walking controller familiarization and tuning, the participant was introduced to the el-
evating strategy. They were coached to continue swinging their limb upon contact with the obstacle and trust that

118



the powered knee would quickly bend and straighten to clear the obstacle. They were repeatedly introduced to early
swing perturbations in an incremental fashion until they could comfortably coordinate their response with the device’s
response. Specifically, they first were allowed to watch the obstacle encounter the prosthesis and use the handrails
to recover. Then they were advised to wear the sensory occlusion equipment (i.e., white noise in earbuds, noise-
cancelling headphones, inferior vision-blocking goggles) but still had access to the handrails. Finally, the handrails
were removed (in some cases, one at a time).

Next, the participant was re-introduced to the lowering strategy (a strategy more familiar to them, as this is the typical
response of passive prosthetic knees). They were incrementally introduced to this perturbation in the same manner as
the elevating strategy.

Finally, the participant was introduced to the elevating and lowering strategies in random order, first with then without
the handrails and sensory occlusion equipment. Once the participant successfully coordinated with the prosthesis
response in this setup, they were considered to have passed the training segment.

Note that controller performance will be comprehensively analyzed in a separate work; however, the intent of this
work is to assess how correct stumble recovery assistance affected responses. Thus only trials in which the device’s
and user’s strategy selection matched were included in the analysis.

6.2.4 Results

Overall, three out of 31 successful stumble trials resulted in falls (10%) with the powered prosthesis intervention,
compared to four out of 13 trials (32%) with the prescribed prostheses. Trials were grouped into early swing (<35%
swing), mid swing (35-55% swing) and late swing (>55% swing) for analysis. To address objective (i), the full
breakdown of fall outcomes and recovery strategies attempted for each trial in early, mid and late swing phase is
reported in Fig. 6.8 (i) for each participant. To address objective (ii), recovery deficiency metrics (peak trunk flexion
angle, peak trunk flexion velocity, and peak prosthetic-side thigh abduction) are reported in Fig. 6.8 (ii) to compare
powered versus prescribed recoveries. As in Chapter 6 (Part 1), results from a single healthy control participant are
included in Fig. 6.8 (ii) for reference, which plots the average values from six early swing elevating strategies, two
mid swing delayed lowering strategies, and three late swing lowering strategies.

6.2.5 Discussion

6.2.5.1 Early Swing

For early swing stumbles, the intra-participant fall rate improved for P3 and P4 (fell after 50% of prescribed prosthesis
stumbles, but recovered from all powered prosthesis stumbles). P1 recovered from his single prescribed prosthesis trial;
however, this recovery involved a full-body transverse plane 90-degree turn upon initial loading of the prosthetic limb,
followed by hopping on the sound limb and substantial side-stepping before returning to steady-state forward walking
gait. P1 recovered from five of six stumbles with the powered prosthesis intervention. In all cases he successfully
completed the elevating strategy, clearing the obstacle in the same step which allowed him to avoid turning and side-
stepping. For one of P1’s powered prosthesis trials, he completed the elevating strategy but lost his footing after
several steps and ultimately fell. However, overall using the elevating strategy (which was not possible for five of six
prescribed prosthesis trials) resulted in a higher recovery rate.

Comparing P1 and P3’s recoveries, using the powered prosthesis intervention with the elevating strategy involved
less peak trunk flexion and trunk flexion velocity compared to their delayed lowering strategies on their prescribed
prosthesis. This suggests that implementing the elevating strategy when appropriate helps control trunk motion, which
has been identified as a key component of successful stumble recovery [36, 87, 88]. A reduction in trunk flexion
metrics was not observed with P4’s powered prosthesis trials compared to prescribed prosthesis trials, as he used the
elevating strategy in both cases.

For all three participants, thigh abduction was reduced with the powered prosthesis intervention relative to prescribed
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Figure 6.8: (i) Recovery strategy and fall outcomes and (ii) recovery deficiency metrics for early, mid, and late swing
stumbles for each participant when wearing their prescribed prosthesis and the powered prosthesis intervention after
prosthetic-side stumbles. An “x” represents a single data point, and a line is the average of trials in that category
(prescribed, powered, or healthy control). Overall, recoveries with the powered prosthesis intervention (purple) in-
volved less trunk flexion, less trunk flexion velocity, and less prosthetic-side thigh abduction relative to recoveries with
prescribed passive prostheses (blue), and reached values closer to that of the healthy control (black), indicating better
trunk control and less compensation during recoveries.

prostheses for all but one trial. The powered prosthesis provides load-based swing initiation and powered swing motion
(i.e., active flexion and extension), which reduced the thigh abduction compensation technique used with prescribed
prostheses to initiate and complete swing phase with enough toe clearance.

6.2.5.2 Mid swing

For mid swing perturbations, the intra-participant fall rate worsened for P1 and did not change for P4. P1 recovered
from his single mid swing perturbation with his prescribed prosthesis, but he fell after all three mid swing pertur-
bations with the powered prosthesis intervention. However, P1’s recovery on his prescribed prosthesis still involved
deficiencies: he used substantial thigh abduction with a hopping strategy before turning 90 degrees and side-stepping
for approximately 10 steps prior to returning to a steady-state, forward walking gait. During P1’s stumbles with the
powered prosthesis, the knee’s quick, active extension to implement the lowering strategy appeared to drive rapid thigh
extension that induced forward trunk flexion which limited his recovery step and resulted in a fall. Perhaps a modifi-
cation to the lowering strategy control action (e.g., extend over a longer period of time, or lock joint at its loaded angle
rather than extend) would have reduced this trunk flexion and helped P1 recover. P4 recovered from all mid swing
perturbations.

Comparing P4’s mid swing recoveries, he exhibited less peak trunk flexion, flexion velocity, and thigh abduction
with the powered prosthesis intervention relative to his prescribed prosthesis. During the recovery with his prescribed
prosthesis, he initially elevated but abandoned elevating, lowering behind the obstacle with substantial trunk flexion
and a quick sound-side step. He then hopped from his sound limb while swinging his prosthetic limb laterally to
complete the prosthetic-side step. During the powered prosthesis trials, the device’s quick stumble detection and
implementation of the lowering strategy (active extension) allowed P4 to land behind the obstacle (initial loading)
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quicker than with his prescribed prosthesis (which involved a delayed reaction time likely due to lack of proprioception
and required hip extension to extend the passive prosthesis). This quicker initial loading allowed more time to execute
a longer recovery step with the sound limb, reducing trunk motion compared to the prescribed prosthesis trials. The
powered prosthesis then completed the lowering strategy with a powered swing phase in the next step to clear the
obstacle. This active knee flexion and extension eliminated the need to abduct (i.e., swing entire leg out laterally) in
order to initiate swing phase and clear the obstacle, as P4 did with the prescribed prosthesis.

6.2.5.3 Late swing

For late swing perturbations, the intra-participant fall rate did not change for P1 or P3 (recovered after all stumbles)
but improved for P4. P4 fell after one of two stumbles with his prescribed prosthesis but recovered from all four
stumbles on the powered prosthesis intervention. During the late swing fall, P4’s prescribed knee prosthesis flexed
upon contact with the obstacle and landed behind the obstacle still flexed such that it buckled upon loading. The robust
stance support with the powered knee prosthesis eliminates the possibility of buckling while loaded.

Comparing recoveries from like perturbations, P4’s peak trunk flexion and flexion velocity decreased with the powered
prosthesis intervention relative to his prescribed prosthesis, but this trend was not observed for P1 or P3. This may
reflect the participants’ core strength in their response to the rapid knee extension in the powered knee’s lowering
strategy, which may have induced trunk flexion, as discussed in P1’s mid swing stumble responses.

However, for all three participants thigh abduction was decreased with the powered prosthesis relative to prescribed
prostheses, due to the active flexion and extension provided by the powered swing phase that eliminates the need to
abduct to initiate swing phase and/or clear the obstacle.

6.2.6 Limitations

There are several limitations to this work. First, ideally this comparison would have comprised an even number of
trials for each case (prescribed versus powered prosthesis), and preferably an ABA study design. Unfortunately due
to the taxing nature of this protocol, stumbles were capped per session to prevent fatigue, and participant availability
was limited for multiple multi-hour sessions. As such, this work was intended to provide a preliminary analysis of the
effect of the powered prosthesis intervention and insights for future innovation, which were accomplished.

Second, one could argue that allowing training for the powered prosthesis intervention biased results for that case.
However, the intent of this work was to compare how individuals typically respond with their prescribed prosthesis
(which they have previously been fit to and trained on extensively) versus how they respond when properly using a
new powered intervention. It would have been unfair to not introduce the individuals to the new powered prosthesis
behaviors prior to testing; rather, the authors contend that this training is akin to typical and necessary learning of how
to use a new type of prosthesis.

6.2.7 Future Directions

The promising results of this work invite future studies to build upon these findings. First, testing this powered
prosthesis intervention on more individuals may help bolster the results presented in this work. Additionally, the
inclusion of more outcome metrics (e.g., steps to steady-state walking, frontal and transverse plane trunk metrics, etc.)
to quantify recovery deficiency would provide more insight into prosthesis user responses. In future experiments,
modifications to the lowering strategy (as highlighted in Discussion) may further improve outcome metrics.

The authors note that a powered prosthesis is not the only possible intervention to reduce falls for prosthetic-side
stumbles for this population; future works could explore its combination with task-specific training and/or muscle
strength training [35, 90]. Additionally, some behaviors provided by the powered prosthesis (e.g., more robust stance
support) may be implementable in passive or quasi-powered prostheses.
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6.2.8 Conclusions

Overall, the results of this work provide preliminary evidence of the efficacy of a powered knee prosthesis as an
intervention for stumble recovery for transfemoral prosthesis users. The active elevating strategy reduced falls and
trunk motion after early swing stumbles, the robust stance support eliminated buckling and subsequent falls, and the
powered swing phase reduced compensatory thigh abduction relative to prescribed prosthesis stumble outcomes. Such
behaviors offer promising solutions towards improving stumble recovery and ultimately reducing falls and the effects
of falling for this population.
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CHAPTER 7

Conclusion

7.1 Conclusions

The results of this dissertation address a crucial gap in the current development of lower-limb wearable assistive de-
vices: accounting for stumble perturbations. Understanding what behaviors might improve stumble recovery and how
to implement them had received little exploration thus far in the field. In this work, stumble recovery behaviors were
proposed based on experimental insights, designed for real-time use, and implemented into a robotic knee prosthesis
and exoskeleton with favorable fall risk outcomes. This thesis comprises the most complete examination to date of
how stumble recovery behaviors might be implemented into lower limb exoskeletal and prosthetic knee devices, and
to what extent they might be effective in reducing the likelihood of falls.

Regarding exoskeletons, the three key elements of a stumble recovery controller were designed and tested in a pow-
ered knee exoskeleton: stumble detection, stumble recovery strategy identification, and stumble recovery strategy
assistance. Detection and identification algorithms yielded high detection and classification accuracies when tested
with real-time exoskeleton sensor data from a substantial dataset of stumbles – the critical first steps in implementing
any exoskeleton assistance. Elevating strategy assistance was shown to improve elevating limb kinematics and reduce
fall risk metrics for three healthy adults whose recovery was impaired due to leg weights attached to the shank – the
first study to show recovery limb exoskeleton assistance to be a viable intervention for mitigating fall risk. These works
offer promising approaches to account for stumble perturbations in exoskeletons, which may ultimately contribute to
increased exoskeleton user safety and improved stumble recovery for fall-prone populations.

Regarding prostheses, several active behaviors were incorporated into a powered knee prosthesis as a stumble recovery
intervention. Primarily, sound-side stumbles were considered, which was a completely unexplored area of research.
Thus behaviors were designed based on deficiencies identified from stumble experiments with participants wearing
their prescribed passive prosthesis – the most comprehensive analyses of swing-phase obstacle perturbation responses
for transfemoral prosthesis users to date. An active closed-loop walking controller was shown to decrease trunk motion
(i.e., fall risk) and thigh abduction (i.e., compensation technique to initiate and complete swing phase) during recov-
eries, which was attributed to robust stance support and load-initiated, powered swing phase. Additionally, stumble
recovery assistance following prosthetic-side stumbles was tested. Incorporating a powered elevating strategy reduced
falls in early swing and reduced trunk motion (i.e., fall risk), and powered swing phase again reduced thigh abduction.
Collectively these works offer promising approaches to improving stumble recovery for transfemoral prosthesis users
by considering trips to both the sound and prosthetic limb, which may ultimately contribute to a decrease in fall risk
and associated effects of falling, a major issue for this population.

These promising innovations in robotic lower-limb prostheses and exoskeletons were tested using a custom obstacle
perturbation system and informed by the healthy adult response to stumble perturbations. First, this novel experimental
setup and protocol is the only system to date shown to introduce obstacle perturbations during treadmill walking that
were realistic, unexpected, targetable, and allowed for biomechanics evaluation. The system proved invaluable in the
iterative design process required to develop these stumble recovery interventions. Second, the healthy adult response
had previously been characterized in numerous works, but the phenomenon of strategy selection remained unanswered.
A machine learning approach applied to a dataset of healthy adult stumbles elucidated this decision process, ultimately
forming the foundation for the exoskeleton recovery strategy identification algorithm.

In conclusion, this work uses novel experimental techniques and comprehensive biomechanics analyses to propose
and test robotic knee prosthesis and exoskeleton interventions for stumble recovery. In the end, knee assistance at both
the recovery and support limb yielded promising results for improving stumble recovery and ultimately reducing fall
risk for many populations.
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7.2 Future Directions

The work presented in this dissertation offers exciting opportunities for future innovation. Since the implementation
of stumble recovery behaviors was a new and underexplored field, it was necessary in this work to start with a narrow
investigation space as a first attempt at designing and testing interventions. However, with this foundation in place,
approaches that broaden the scope of these suggested applications would certainly contribute to the overarching goal
of reducing fall risk and improving safety of lower-limb prostheses and exoskeletons.

To start, the obstacle perturbation system and protocol can be used to characterize stumble recovery for many additional
populations with high fall risk. Similar to transfemoral prosthesis users, for many populations (e.g., elderly, stroke
survivors, post-polio patients, individuals with cerebral palsy or multiple sclerosis) retrospective studies report high fall
rates relative to healthy controls, but relatively little research has been done to actually study and identify deficiencies
in their responses. Such studies would help develop further interventions to reduce their fall risk. Additionally, the
obstacle perturbation system could be used to test other obstacle perturbation scenarios. For example, stumble recovery
during sloped walking or at various speeds has yet to be explored.

Second, there are several open questions regarding how to best design the assistance profile. This work shows that
when coordinated with the user’s intent, knee recovery strategy assistance can improve stumble recovery outcomes;
however, the recovery strategy identification algorithm developed in this work correctly predicted the user’s intent
for 96% of stumbles. Therefore, the field would benefit from a more comprehensive examination of the following
questions: Should the assistance be bimodal (i.e., make a decision between two strategies) or unimodal (only perform
one strategy)? More specifically, to what extent can a bimodal response coordinate with the user’s intent, and what are
the implications of implementing assistance contrary to the user’s intent? Are there situations in which either strategy
is sufficient? Ultimately, which type of response is safest for the user? Furthermore, there are opportunities to optimize
the assistance provided: the timing, magnitude, and control scheme could be explored to maximize recovery benefit.
Additionally, future studies could consider assisting the hip or ankle joint in addition to the knee, as well as bilateral
interventions that provide assistance to both limbs during stumble recovery.

Third, the interventions tested here were applied to transfemoral prosthesis users and healthy adults with a simulated
impairment. Future work could assess the extent to which these behaviors apply to other fall-prone populations (and
to what extent these conclusions are population- or pathology-specific).

Finally, the interventions proposed and tested here focus on a specific type of unexpected perturbation: a stumble.
However, other perturbations, such as slips or postural disturbances also warrant future research to ultimately reduce
fall risk in prostheses and exoskeletons.

This work has set the foundation for the future of stumble recovery in assistive devices by (1) studying and charac-
terizing stumble recovery, (2) using insights from experiments to design and test interventions, and (3) suggesting
successful and feasible robotic knee exoskeleton and prosthesis behaviors. Future work can broaden the scope of work
with the same approach.
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CHAPTER 8

Appendix

The following are included as supplementary files to this dissertation:

Chapter 2

• Additional file 1: A compilation video of a single subject recovering from a range of variously timed pertur-
bations throughout swing phase. The subject is walking at 1.1 m/s. Elevating, lowering, and delayed lowering
strategies are demonstrated.

• Additional file 2: CAD files detailing the design of the Obstacle Delivery Apparatus in full (ramp, block, and
magnet). McMaster-Carr part numbers are included in the properties for applicable parts.

• Additional file 3: A script containing the essential functions to the operation of the Predictive Targeting Algo-
rithm. Intended as a guide for similar systems.

Chapter 3

• Supplementary material: The purpose of this Supplementary Material is to provide intermediate/extended re-
sults such that readers with similar but slightly diverging research questions or potential applications can better
understand what signals and approaches may work best for their purposes. Sections A and B provide additional
results from the feature exploration and feature selection processes, respectively. Section C provides additional
figures from Experiment B to help visualize results. Section D provides feature selection results from alternate
strategy selection frameworks.

Chapter 4, Part 1

• Supplementary material: This video shows implementation of the stumble recovery controller in a knee ex-
oskeleton worn by a healthy adult participant. Both walking and stumble trials are presented.For walking trials,
three conditions are shown: a) not wearing the exoskeleton; b) wearing the exoskeleton with assistance turned
off; and c) wearing the exoskeleton with walking controller enabled (Fig. 4.5).For stumble trials, five experi-
mental cases are shown, as described in detail in the paper: 1) No Exo; 2) No Change; 3) Turn Off; 4) Reflex;
5) Opposite. Note that only one recovery strategy (elevating) is shown here (Fig. 4.6).

Chapter 5

• Additional file 1: A compilation video of each participant’s stumble responses in early swing (<40% swing
phase). If a participant experienced more than one perturbation in early swing, it is identified by a lower-case
letter which is used in the main text and figures. Refer to Fig. 5.2 for fall/recovery outcome, strategy, and swing
percentage of each stumble.

• Additional file 2: A compilation video of each participant’s stumble responses in mid swing (40-60% swing
phase). If a participant experienced more than one perturbation in mid swing, it is identified by a lower-case
letter which is used in the main text and figures. Refer to Fig. 5.2 for fall/recovery outcome, strategy, and swing
percentage of each stumble.

• Additional file 3: A compilation video of each participant’s stumble responses in late swing (>60% swing
phase). If a participant experienced more than one perturbation in late swing, it is identified by a lower-case
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letter which is used in the main text and figures. Refer to Fig. 5.2 for fall/recovery outcome, strategy, and swing
percentage of each stumble.
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