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PREFACE

Chapters 2-5 of this dissertation were each written as separate manuscripts. Given this, there may
be some repetition between them, particularly between Chapters 4 and 5.
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noisy comparisons (ŝ) and observer verdicts on the magnitudes compared (v̂). Fitting
a logistic function Ψ to these data yields a best-fit JND estimate ˜JND. . . . . . . . . . 25

2.4 Results from Simulation A using the binned MOCS approach. (a) Mean bias estimates
of JND with Ns = 5. (b) Mean bias estimates of JND with Ns = 10. (c) Standard
deviation estimates of JND with Ns = 5. (d) Standard deviation estimates of JND with
Ns = 10. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.5 Results from Simulation B using the SP approach. Mean bias (a) and standard devia-
tion (b) of Monte Carlo estimates of JND with α0 = 10. . . . . . . . . . . . . . . . . 27

2.6 (A) The exoskeleton-human system (picture taken prior to the COVID-19 pan-
demic). Participants walked on a treadmill and experienced different changes to their
metabolic rates, which were measured using indirect calorimetry. (B) The Dephy
ExoBoot ankle exoskeleton used in the physical experiment. A brushless DC motor
mounted on a rigid shank assists the user by generating torque through a belt drive
transmission that applies force on a boot-mounted strut. The exoskeleton is securely
attached to the user via a shank attachment that transmits the actuator’s torque to the
leg. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

ix



2.7 (A) The psychophysical curve corresponding to the inter-participant average (solid
blue, 22.7%) with one inter-participant standard deviation (shaded, ± 17.0%). (B)
Participant-specific data: the likeliest psychophysical curve for each participant (solid
blue), participant responses (red circles), and the 95% credible interval of possible
curves from the posterior distribution (shaded blue). (C) The posterior distribution for
the inter-participant psychophysical curve (dashed black) vs. the posterior distribu-
tions for each participant with modeled inter-participant JND differences (blue). The
inter-participant model posterior distributions show clear differences between partic-
ipants and thus proved a better choice of model. (D) A comparison of different JND
models using the Watanabe-Akaike Information Criterion (WAIC) metric. A higher
WAIC score (black circle, standard deviations given by black lines) indicates a better
model. The best model has a light gray dotted line through its empty circle to aid in
comparison. Grey triangles indicate the difference in WAIC between that model and
the top model (standard error given by grey bars). (E) The absolute range of reference
costs aggregated across all participants. The vertical red line denotes the average net
cost of walking at 1.25 m/s across different studies [38]. . . . . . . . . . . . . . . . . 34

2.8 The average JND magnitude (solid red) plotted against the state-of-the-art in
exoskeleton-driven metabolic rate reductions. The 95% confidence interval for the
standard error of the mean of 5.35% is shown (shaded red). As of the date of writing,
no published device (to the authors’ knowledge) exists that would cause a perceivable
short-term energetic benefit to the average wearer. Data reproduced with permission
from [150]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.9 Fitness variables shown across estimated JNDs: Hours spend performing endurance
activity (e.g. running exercise), years spent performing athletic activity, and Body
Mass Index (BMI). The regressed best-fit lines are shown in blue, with individual
responses in red. The 95% confidence intervals are shown by the shaded region. No
relationships were statistically significant. . . . . . . . . . . . . . . . . . . . . . . . . 41

3.1 The Dephy ExoBoot used in this experiment. An electric motor applies plantarflexion
torques at the ankle via a belt transmission. . . . . . . . . . . . . . . . . . . . . . . . 46

3.2 (a) The torque profile applied by the bilateral ankle exoskeletons during the uphill
walking task. The torque applied stems from the proprietary control strategy imple-
mented by Dephy Inc and represents the state of the art. The mean profile is shown
in solid orange, with a single standard deviation shown by the shaded region. Torque
was quantified by using the measured q-axis motor current and the experimentally-
derived, q-axis torque constant to calculate motor torque [100], and then multiplying
that value by the instantaneous transmission ratio. Gait cycle progression is defined as
beginning and ending at sequential ipsilateral heel-strikes. (b) The power applied by
the exoskeletons at the ankle during the walking trial. Power was calculated by multi-
plying the current-derived torque profiles in (a) by measured ankle angular velocities.
The mean profile is shown in solid green, with a single standard deviation shown
by the shaded region. The average energy provided by the exoskeleton, obtained by
integrating the power curves over time is 13.4± 2.9 J. . . . . . . . . . . . . . . . . . 47

x



3.3 The transmission ratio curve of the exoskeleton device used in this experiment. Pos-
itive ankle angles denote dorsiflexion and negative angles denote plantarflexion. The
curve was modeled as a second-order polynomial, and was obtained by taking the
derivative of the best-fit third order polynomial that relates motor angle to ankle angle. 48

3.4 The experimental Vickrey auction protocol. In this protocol, human participants com-
pete against computerized bidders (depicted in the 2×2 grid) in sequential Vickrey
auctions for the prize of monetary compensation in exchange for undergoing a strenu-
ous locomotion task. A human participant, shown in the upper-left quadrant, competes
against computerized (‘robo-’) bidders, represented by the robots in the remaining
three quadrants. Every two minutes, the human participants verbalize their bids to
their experimenter, which are recorded and compared to the bids from the comput-
erized opponents; the lowest bid is the winner of the auction, and the payout is the
second-lowest bid. The second-price nature of the auction elicits truthful bids/prices
from the participants. Should the human win, they accrue the payout and walk for
the two-minute interval; should they lose, they instead miss out on the payout and
rest until the next interval. Regardless of whether the human won or suffered a loss,
their bid is aggregated to form their price to walk curve. This process repeats for
roughly an hour. As the human walks more, they become more fatigued, causing their
price to walk to increase; a trend well-modeled by a first-order exponential according
to the observed data. Among other conditions, participants competed while wearing
normal shoes (’no-exo’ condition) and while receiving powered assistance from the
exoskeleton (’exo-powered’). The integral of the difference between the price-to-walk
curves for the no-exo and exo-powered conditions is the value added from the device’s
assistance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.5 (a) Generic examples of price to walk curves for the walking-no-exo condition (green)
and the exo-powered condition (orange) from different subjects. The marginal value
(MV, the value of the exoskeleton assistance) is given by the area between the curves.
In actual trials, the price to walk curves are estimated by fitting first order exponentials
to subject bids. Circles denote winning bids, while squares denote losing bids. The
participant in (b) shows a clear benefit from the device, the one in (c) shows a clear
detriment, and the one in (d) is more ambiguous. . . . . . . . . . . . . . . . . . . . . 53

3.6 Histograms of the Marginal Values (MVs) for the different conditions. Positive MVs,
indicating that value was added to the wearer are in blue, while negative MVs, indicat-
ing that costs were imposed on the wearer, are in red. (a) The MVs of exoskeleton +
assistance for all sixteen subjects. The average MV was 5.81%, with an SD of 31.1%.
(b) The MVs of the unpowered exoskeleton for the twelve subjects who participated in
this condition. Aside from one subject, all participants experienced notable economic
costs from this condition, reflected by the average MV being significantly negative
(average: -31.8%, SD: 45.0%). (c) The MVs for the exoskeleton assistance alone (av-
erage: 33.8%, SD: 38.1%). While the average MV of the exoskeleton + assistance
was not significantly positive, the assistance alone conferred a significant benefit. . . . 54

3.7 Representative price-to-walk curves for a single ’repeater’ subject across different
days. The agreement across the curves demonstrates the test re-test reliability of our
approach. These sessions were completed over a seven day span. . . . . . . . . . . . . 55

xi



4.1 The regressed continuous gait models for θf , θs, θt, and θp, left to right respectively.
As each model depends on three input variables (p, l, and r) and has one output
variable (θf , θs, θt, or θp), the models reside fully in 4D-space and are thus difficult
to plot. In this figure, the models are plotted over phase and ramp (with stride length
constant at 1 meter). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.2 The heteroscedastic measurement noise model as a function of phase. Foot angle
variance σ11, shank angle variance σ33, thigh angle variance σ55, and pelvis angle
variance σ77, are shown, along with their respective covariances. . . . . . . . . . . . . 70

4.3 The Bayesian filter and gait model regression processes. In this cross-validation study,
gait data from our dataset is segregated into training strides from non-excluded sub-
jects that are used to regress the gait model, and validation strides from the subject
being evaluated. The gait model is then used within each of the four candidate
Bayesian filters. The validation strides contain sensor measurements that are input
to the Bayesian filter, which then uses the gait model to yield gait state estimates that
are compared to the true states from the validation strides. . . . . . . . . . . . . . . . 71

4.4 (A) The errors for all four elements of the gait-state for the four types of Kalman Fil-
ter, using each sensor configuration. The means are denoted by the solid circles, with
standard deviations given by the vertical lines. Generally speaking, the EKF and UKF
provide the best estimation for the four states. For the purposes of abbreviation, the
sensors present in each configuration are given by a string composed of the first letter
of the angular measurement (foot, shank, thigh, pelvis) aside from the full configura-
tion, which contains all four sensors (e.g., the configuration of shank-foot is ‘fs’). (B)
Representative results for the three Kalman Filters run in this simulation, with the full
sensor configuration. These results were randomly selected from a single subject in
the in silico cross-validation. The ground truth states are shown in solid red, with the
filter estimates shown in blue. Phase is not shown since it is not perceptible at this
time scale, but the estimation quality can be inferred from phase rate graphs. . . . . . 77

4.5 EKF estimation performance for the fifteen measurement configurations and four dif-
ferent state vector configurations. Combined state errors were calculated using the
Mahalanobis distance weighted by the average state covariance matrix from the base-
line case (full sensing, full state, top-left). Errors were then normalized by the error
of the baseline state, with higher errors shown in darker colors. . . . . . . . . . . . . . 78

5.1 (A) A sagittal-plane view of the human leg. The foot angle θf is defined from the
global horizontal, and the shank angle θs is defined from the global vertical. The
Vicon markers used in the experiment were placed on the heel, the front of the foot
(on the second metatarsal), and the ankle joint. The dedicated foot IMU was also
placed on the back of the heel, while the exoskeleton system contained the IMU used
for shank angle estimation. (B) Average θf and θs profiles over the gait cycle at 1 m/s,
zero incline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

xii



5.2 The regressed continuous gait models for θf , θs, pf , and pu (foot angle, shank angle,
forward heel position, and upward heel position respectively). As the models them-
selves depend on three variables (p, l, and r) and each produce an output, they fully
reside in 4D-space and are thus difficult to express in 3D-space. In this figure, the
model relation between phase and ramp is shown (with stride length constant at 1
meter). Stride length merely changes the amplitudes of the gait model. . . . . . . . . . 84

5.3 The regressed continuous biomimetic torque profile. Like the continuous gait model,
the full torque profile depends on p, l, and r, and thus fully resides in 4D-space. The
model relation between phase and ramp is shown (with stride length constant at 1
meter) in this figure for the purposes of visualization. . . . . . . . . . . . . . . . . . . 86

5.4 The heteroscedastic measurement noise model that modulates the measurement noise
matrix as a function of phase. Foot angle variance σ11 (i.e., the covariance with itself),
foot angular velocity variance σ22, shank angle variance σ33, shank angular velocity
variance σ44, forward heel position variance σ55, and upward heel position variance
σ66, are shown. For ease of viewing, the covariances between these measurements are
not shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.5 State estimates from the treadmill trials from two representative participants. Phase
rate is shown in the first row, stride length in the second, and incline in the third. For
clarity, the periods where the speed changed in the first trial are delineated by the
black dashed lines. Overall, the EKF had excellent tracking of phase rate (and thus,
phase), as evidenced in these representative trials. The EKF was responsive enough to
correctly estimate Subject AB03’s stride length but tended to underestimate this state
for some participants (such as Subject AB04), in part due to individual differences
from the trained gait model. Finally, the EKF adequately tracked ground incline,
although it occasionally exhibited a negative bias due to changes in gait caused by the
exoskeleton assistance (more obvious in Subject AB03). . . . . . . . . . . . . . . . . 94

5.6 Stills from the analyzed videos taken during the Mars Yard and Wavefield trials, with a
focus on the EKF’s incline estimation performance. The incline estimation is primar-
ily driven by the participant’s foot angle on the outdoor slopes (red dashed circles).
(A) The subject walking on level ground on the Mars Yard during a period of varying
speeds, with the EKF correctly updating its estimate. (B) The subject walking up the
Mars Yard, in which the EKF correctly increases its incline estimate. (C) The subject
walking uphill on the Wavefield (D) The subject going down a decline on the Wavefield. 96

xiii



5.7 (A) Subject AB06’s forward and upward heel position kinematics during the tread-
mill trials, as an example of how inter-person gait variability can lead to errors in state
estimation. Based on the subject’s kinematics as measured by the sensors (red), the
EKF gait model predicts heel positions (solid blue) that imply a stride length state
estimate below the ground truth measured by Vicon (orange). The gait model predic-
tions using the ground truth state from Vicon (green) would more closely track the
actual measurements from the sensors for Subject AB06. (B) Subject AB03’s forward
and upward heel kinematics during the treadmill trials better match the general gait
model’s predictions of heel position, leading to more accurate stride length estimates.
(C) Subject AB04’s foot and shank angle measurements exhibit a clear flat-foot con-
tact period in early stance during regions of high model trust (gray shade) and thus
result in accurate incline estimates; trust is indicated by the width of the confidence
region (blue shade) about the model estimates. (D) Subject AB02’s foot and shank an-
gle measurements exhibit a less-defined flat-foot contact period where the noise model
expects high confidence in the measurement, resulting in persistent negative biases in
the incline estimate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

A.1 The price to walk curves for the exo-powered (orange) and walking-no-exo (teal) from
all sixteen subjects. Circles denote winning bids, while squares denote losing bids. . . 118

A.2 A histogram of all the subject bids for the two-minute intervals across all tested con-
ditions. The average bid was $0.75, with a standard deviation of $0.39. . . . . . . . . 119

A.3 Histograms of the cumulative costs for (a) the walking-no-exo condition, (b) the exo-
powered condition, and (c) the exo-powered off condition. . . . . . . . . . . . . . . . 119

A.4 The price to walk curves for the exo-powered-off (gray) and walking-no-exo (teal) for
the ten subjects who completed the former condition. Circles denote winning bids,
while squares denote losing bids. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

A.5 The price to walk curves for the walking-no-exo conditions across different days for
the four subjects who repeated the walking-no-exo condition. Circles denote winning
bids, while squares denote losing bids. Subject 4 only repeated the walking-no-exo
condition once, while the rest of the participants repeated it twice. . . . . . . . . . . . 120

A.6 The price to walk curves for two subjects (2 and 7) that repeated the walking-no-exo
and exo-powered conditions on a level ground condition. The solid lines denote the
standard 10◦ incline task featured in this work; the dashed lines are the level ground
condition. Both participants’ MEVs decreased during the level ground condition. . . . 121

xiv



LIST OF TABLES

TABLE

2.1 Participant Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

5.1 Gait State RMSEs for All Subjects in Treadmill Experiment . . . . . . . . . . . . . . 95

A.1 Participant characteristics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
A.2 Powered condition cumulative prices and marginal values. . . . . . . . . . . . . . . . 116
A.3 Powered-off condition cumulative prices and marginal values. . . . . . . . . . . . . . 116
A.4 Cumulative prices for participants who repeated the walking-no-exo condition . . . . 117

xv



LIST OF APPENDICES

A Chapter 3 Supplementary Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

B Extended Kalman Filter Implementation . . . . . . . . . . . . . . . . . . . . . . . . . 122

xvi



LIST OF ACRONYMS

JND Just Noticeable Difference

TBE Timing Based Estimation

WF Weber Fraction

WAIC Watanabe Akaike Information Criterion

SD Standard Deviation

SEM Standard Error of the Mean

EKF Extended Kalman Filter

UKF Unscented Kalman Filter

EnKF Ensemble Kalman Filter

xvii



ABSTRACT

Powered exoskeletons have long captivated both the public consciousness and scientific interest
with their potential to transform the mobility of the public. In particular, augmentative lower-limb
exoskeletons have had notable success in making walking more efficient; however, this has not yet
resulted in these technologies achieving widespread adoption. One primary obstacle to this goal
is that the ideal metrics by which augmentative exoskeletons should be designed and evaluated to
enable dissemination are not yet clear. Without a better understanding of how to develop these
devices in such a way that they are voluntarily adopted, exoskeletons will remain confined to
the laboratory. Another major challenge is that, while existing exoskeleton controllers are largely
designed for a controlled laboratory setting, widespread adoption of these technologies will require
controllers that can adapt their assistance in response to the transitory, ever-changing terrains of
the real world.

This dissertation aims to provide solutions to these two major challenges. The works contained
in this dissertation can be categorized into 1) investigations into the metrics by which augmentative
exoskeletons are developed and judged, and 2) the development of a controller that continuously
learns the wearer’s gait in real-time and applies appropriate assistance. These two categories are
comprised of four primary projects.

In the first project, I calculated the Just Noticeable Difference (JND) of changes in metabolic
rate, which is the “gold standard” physiological metric by which augmentative exoskeletons are
designed and evaluated [117]. This study revealed that the average JND was nearly twice as high
as the average energetic benefit from modern devices, which calls into question the primacy of
a metric that yields imperceptibly beneficial devices. In the second project, I characterized the
economic value of modern bilateral ankle exoskeletons. The goal of this work was to investigate
economic value as a potential alternative metric that more effectively reflects user willingness to
use an exoskeleton. Designing exoskeletons according to this metric may then result in devices that
are likelier to translate outside the laboratory by virtue of providing economic value to potential
users. Beyond this result, this work also revealed that the average net benefit, in dollars, of the use
of the bilateral exoskeletons tested in this study is near-zero. In the third project, I investigated
the fundamental problem of estimating the user’s gait state—the parametrization of a person’s
locomotion—continuously throughout a variety of walking tasks using the Bayesian framework
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[118]. This project revealed that an Extended Kalman Filter (EKF) estimator was capable of
tracking the gait state as it evolved throughout different speeds and inclines. Finally, in the fourth
project, I built upon this work to develop a practical exoskeleton controller that learns the gait
state in real-time and adapts biomimetic torque assistance accordingly [116]. This controller was
validated both on controlled treadmill trials to establish a baseline, and on a series of “stress-tests”
in which a participant walked in extreme outdoor terrain settings. Taken together, these projects
provide a foundation for translating exoskeletons out of the laboratory and into the real world.
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CHAPTER 1

Introduction

1.1 Research Motivation

Powered exoskeletons have long captured the interest of the public through their promise to let us
exceed the limits of our human bodies. This fascination is reflected in the recent explosion in the
number of scientific investigations into these technologies [150] as our world’s top minds seek to
create devices that will let us run faster, walk longer, and carry heavier. The augmentation from
these exoskeletons has the potential to dramatically alter human society. For example, in the United
States, nearly 28 million Americans work in fields that require heavy or very heavy labor [23, 22],
such as supply chain workers, first responders, and builders. It is easy to imagine a future in which
a worker, rather than using solely their own strength in their daily job, instead dons a powered
exoskeleton that allows them to not only bear the physical demands of their career more easily,
but also enables them to accomplish loading tasks that would otherwise be impossible without
the aid of the device. What took five unaided workers, one worker wearing an exoskeleton could
potentially do alone, drastically decreasing task completion times and allowing society to reap the
benefits. The goal of superseding the limitations of our bodies motivates many research groups to
overcome the various barriers that prevent exoskeletons from reaching widespread adoption.

In contrast to the classic image of exoskeletons as large, bulky devices, today’s exoskeletons are
designed to be lightweight, to avoid encumbering the wearer [121, 149, 133], powerful, to max-
imize the powered assistance delivered [21, 206], and untethered, to allow wearers to use these
technologies outside the laboratory [133, 132, 92]. Commonly, these exoskeletons are designed
to aid in locomotion, and do so by applying mechanical assistance to the joints of the leg during
walking, thus reducing the demands on the wearer’s neuromuscular system. Notable successes in
augmentative exoskeleton development include an autonomous powered ankle exoskeleton [121],
which uses an electric motor and belt transmission to apply assistive torques at the ankle, a soft
exosuit that uses a Bowden cable transmission to apply torques at the knee and hip joints [133],
and a modular multi-joint exoskeleton capable of assisting all three lower-limb joints depending
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on the application [126]. Modern augmentative exoskeletons are commonly deemed successful if
they reduce the wearer’s metabolic cost (e.g. the amount of calories burned) during locomotion, as
intuitively, upstream reduction in the energy required to perform a task should result in increased
capabilities or performance from the wearer. Due to the focus on locomotion, the controllers for
today’s exoskeletons are developed to assist during steady-state walking, and are usually tested
within the controlled conditions of a laboratory where this walking is easily realized on a tread-
mill. This regulated environment enables researchers to more easily design control strategies and
paradigms that augment the wearer in sync with their gait.

Despite the advent of these high-performance devices, exoskeletons are still far from entering
ubiquity in society. The field has made great strides in the design and control of exoskeletons within
the laboratory, but for exoskeletons to truly impact society, they must leave the realm of academic
research and enter people’s daily lives. Thus, it is paramount that we understand and remove the
obstacles preventing this widespread dissemination. There are two major fundamental gaps that
have inhibited the spread of these technologies: 1) although the field has had great successes in
augmenting wearers using the physiological metric of metabolic cost reductions, users may not
perceive these benefits, which calls into question the primacy of this metric and underscores the
need for a suitable standard according to which exoskeletons may be designed to have perceivable
value to their wearers; 2) the controllers developed for augmentative exoskeletons are developed
for tightly controlled laboratory conditions that may be advantageous for researchers, but are not
designed for the non-steady gaits and terrains that feature in the real world, which reveals the
need for a new generation of controllers that can function in practical environments. To close

these gaps, in this dissertation I 1) investigate the metrics by which we design exoskeletons, with
specific attention to how the user perceives and interprets the benefits from these technologies, and
2) develop exoskeleton controllers capable of augmenting the wearer during locomotion outside
the laboratory. By addressing these gaps, we can make progress towards the eventual goal of
getting exoskeletons out of the laboratory and into people’s daily lives where they can fulfill their
promise to transform human mobility.

1.2 State of the Art

1.2.1 Exoskeleton Metrics

The metrics by which we judge exoskeletons as successful influence their physical design, con-
trollers, and potential widespread impact. In the case of rehabilitative technologies, the obvious
physiological objective is to restore impaired gait function. These exoskeletons apply torque to
compensate for weakened muscle-tendons [205, 204, 164, 27, 151], and are deemed successful
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when they result in restored able-bodied kinematics or kinetics. Rehabilitative exoskeletons can
thus be explicitly designed and controlled with this goal in mind. For augmentative exoskeletons,
however, it is less clear what the metric of success should be. Users of augmentative technologies
are typically able-bodied, and thus do not require powered assistance to return to a lost level of
capacity. In the absence of as natural a goal as the restoration of normative gaits in the rehabilita-
tive case, today’s augmentative exoskeletons are developed and assessed based on their capacity to
fulfill physiological objectives. Among these, the reduction of metabolic expenditure during loco-
motion (i.e. a reduction of the calories burned) has emerged as the “gold standard” for exoskeleton
success [150]. Exoskeletons designed with this objective typically apply powered assistance at
either the ankle joint [123, 122, 149, 110, 85, 202, 128, 32] or hip joint [132] to substitute for
some of the mechanical power required from the user’s muscles, and control their assistance in
synchrony with the wearer to reduce the upstream metabolic expenditure. For example, Mooney
et al. developed the first autonomous exoskeleton capable of reducing the wearer’s metabolic rate
below baseline unassisted levels [123]. Panizzolo et al. demonstrated metabolic rate reductions
using a powered soft exosuit that applied assistance at the hip [132]. Collins et al. demonstrated
that metabolic expenditure could be achieved using a passive exoskeleton that applied torque via
a spring at the ankle[32]. This physiological objective is intuitively meaningful in that if an ex-
oskeleton reduces the muscular power, and thus, the metabolic demands on the wearer, the user
will have more energy to spare to perform strenuous locomotion tasks. An exoskeleton is thus
deemed successful if it reduces the metabolic expenditure of the wearer below that of unassisted
walking, which should be reflected in functional outcomes such as task completion time [169]. In
addition, a user’s metabolic expenditure is an objective measurement, and can be quantified in a
laboratory setting [195, 154] using methods such as indirect calorimetry.

Beyond the metric of metabolic rate reduction, researchers in augmentative exoskeleton re-
search have also considered other alternatives to evaluate exoskeletons. For example, Lewis et

al. employed pneumatically driven hip exoskeleton to reduce net hip joint torques as an objective
[103]. Muscle activation has also appeared as an alternative biomechanical metric. Lenzi et al.

used a powered hip exoskeleton to reduce the activations of both ankle and hip muscles [101],
while Zhu et al. demonstrated activation reductions using a powered knee exoskeleton [204].
Other researchers have also investigated operational metrics as a means to judge exoskeletons. Be-
quette, Norton, and Stirling employed a series of audiovisual tasks to evaluate a full lower-limb
exoskeleton based on cognitive load [11]. King, Gonzalez, and Stirling used the metric of agility,
quantified via IMU measurements, to evaluate the effect powered bilateral ankle exoskeletons on
individuals’ ability to quickly accelerate and perform turns. Acosta-Sojo and Stirling conducted
an analysis of specific lower-limb muscle activations to inform operational outcomes when using
powered bilateral ankle exoskeletons [4]. With operational outcomes in mind, Stirling et al. con-
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ducted a systematic review to identify pertinent cognitive and human factors that may inform these
outcomes, such as the mental burden to use a device or the trust placed in the robot [169]. In addi-
tion to the primary standard of energetic reductions, these alternative metrics provide an additional
source of insight with which to evaluate exoskeletons.

With the metric of metabolic rate reduction as a guiding force, modern exoskeletons have aug-
mented their wearers by reducing their metabolic rates by an average of approximately 14% relative
to unassisted walking [123, 122, 132, 149, 110, 85, 202, 128]. The focus placed on this objective
function has led to the rise of promising ‘human-in-the-loop’ optimization (HILO) techniques
[95, 201, 42, 186, 104, 163, 61]. In this control paradigm, users experience powered assistance
from the exoskeleton in the form of a torque profile applied to one of the user’s joints. The ex-
oskeleton controller uses online optimization algorithms to adapt the parameters of this torque
profile based on a continuous measurement of the metabolic rate signal, eventually converging on
an “optimal” profile that minimizes the wearer’s metabolic rate. These techniques have quickly
proliferated throughout the field of exoskeleton control. Koller et al. were among the earliest to
implement this optimization by incorporating physiological feedback from the human via indirect
calorimetry, and used gradient methods to optimize the onset timing of torque assistance from a
pneumatic exoskeleton [95]. Zhang et al. applied HILO to simultaneously optimize four parame-
ters of a torque profile applied by an exoskeleton emulator system, and reported greater metabolic
cost reductions using this optimized profile versus a generic profile [201]. Ding et al. corroborated
the benefits of individualized assistance in a study that optimized the peak torque and torque timing
from a hip exoskeleton [42]. Recently, Gordon et al. used musculoskeletal modeling to estimate
instantaneous metabolic rate rather than rely on the sparse and noisy measurements from indirect
calorimetry, which led to reduced optimization times within HILO when it was implemented on a
pelvis exoskeleton [61]. These successes have motivated the development of experimental infras-
tructure, such as tethered emulator systems [41, 21], whose purpose is to investigate exoskeleton
design and control in terms of metabolic rate reductions. Furthermore, numerous studies have
investigated the biomechanical underpinnings for metabolic rate reductions in the search for ever-
greater energetic improvements [120, 193, 201, 85]. Finally, alternative metrics for success, such
as net joint torque reduction [103] and muscle activation reduction [101, 204], are often simply
proxies for metabolic rate which may be easier to measure. These developments sharply illustrate
the primacy of the metric of metabolic rate, and emphasize the tight coupling between exoskeleton
development and exoskeleton objectives.

Despite this primacy, it has not yet been established whether or not users can even perceive these
reductions. While evidence exists that humans may be able to ‘subconsciously’ sense changes in
their metabolic rate, it is not known whether these changes can be perceived consciously. Donelan
et al. demonstrated that people choose a step width at which metabolic rate is minimized during
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walking [43]. In a follow-up study, Selinger et al. demonstrated that exoskeleton wearers can
re-optimize their gait patterns to minimize their metabolic rate when a resistive torque from a knee
exoskeleton perturbed them from a normative gait pattern [155]. Finally, Wong et al. discovered
that these optimizations in gait pattern did not spontaneously occur outside the laboratory without
forced exploration of different gait patterns [195]. The presence of these gait optimization suggests
that humans have, at some base level, the ability to sense metabolic rate; however, as these results
demonstrated that humans do not spontaneously return to a minimal rate without forced explo-
ration, exoskeleton wearers likely do not have a conscious perception of their metabolic rates.

Conscious perception is integral to decision-making, such as the decision to purchase, use, or
otherwise voluntarily adopt augmentative exoskeletons; these conscious decisions are prerequisites
for augmentative exoskeletons to reach widespread adoption within society. If the user is unable
to perceive the metabolic benefits from an exoskeleton, the user is then unlikely to incorporate
that value into decision-making. This would call into question the primacy of the metabolic cost
reduction metric for the assessment and development of exoskeletons based on this objective, and
could result in devices whose benefits are not perceptibly valuable despite being energetically
valuable [193, 105, 42, 121, 99, 132]. Users must thus actually perceive the metabolic benefits
from exoskeleton assistance before they can derive value from it.

However, this perception is not enough to ensure voluntary adoption on the part of the user;
for this, exoskeletons must be designed to provide value to their wearers. Once the perception
of the benefits of an augmentative exoskeleton is established, the value of these benefits must be
great enough that users voluntarily choose to adopt these technologies. Exoskeletons must provide
experiences that illustrate their value to potential wearers. Additionally, this value must be great
enough such that it overcomes the potential “costs” of exoskeleton use, such as the known disad-
vantages of monetary cost or discomfort. A technology’s perceived value has a significant impact
on its adoption throughout society. Within the field of management science, Davis proposed the
Technology Acceptance Model (TAM) [40], which demonstrated a significant correlation between
the consciously perceived usefulness of software and users’ intent to adopt the software [40]. Sub-
sequently, King and He found that TAM was applicable to different technologies[93], including
broadband internet [129], telemedicine [79], and smart watches [29]. These investigations suggest
that when users are considering the potential adoption or purchase of an exoskeleton, they must
perceive sufficient value to outweigh the cost of the exoskeleton’s price, weight, or aesthetics.
Thus, the metrics used to design augmentative exoskeletons must result in technologies that are
perceived as valuable by users before voluntary adoption occurs.
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1.2.2 Exoskeleton Control

For exoskeletons to see this widespread use, their controllers must be capable of functioning in the
practical environments of the real world. Prior work has primarily focused on controllers suited
to the steady-state, treadmill-based locomotion within a laboratory environment. This controlled
setting makes it easier for researchers to develop and validate control strategies that provide use-
ful augmentation in synchrony with the user’s gait. In these settings, both the walking task and
the phase rate, e.g. the rate at which the human continuously progresses through the gait cycle,
remain constant. Given this steady-state locomotion, progression through the gait cycle can be
reasonably estimated by normalizing time by the approximately constant stride period, which is
itself modeled as a constant and quantified as the time between prior ipsilateral heel strike events.
This normalized time is then used to predict the next heel strike event. Within the confines of
the laboratory[180], this timing-based estimation (TBE) approach is effective for delivering torque
assistance in the form of pre-defined torque profiles, which then deliver real-time assistance based
on the normalized time elapsed. The aforementioned reductions in metabolic cost during treadmill
walking [150] have been widely achieved using this torque profile paradigm. Furthermore, HILO
has made great use of the TBE strategy to directly optimize torque profiles in real-time, as the
unchanging treadmill conditions allow it to continuously update profiles solely on the metabolic
signal without confounding from any other changing environmental variables [202, 42]. However,
while the TBE paradigm for providing torque assistance is well-suited to the steady-state condi-
tions of the laboratory, these conditions are not likely to feature in the practical environments of
the real-world, in which locomotion is highly transitory and the walking task itself can change
irregularly. For exoskeletons to fulfill their potential to transform the mobility of the public, their
controllers must be capable of adapting to continuously changing gaits and tasks such that they can
provide seamless augmentation in the real world.

Recent work has begun to address the challenge of building controllers capable of function-
ing during non-steady-state gaits by introducing the concept of gait phase to encode progression
through the gait cycle. The gait phase variable monotonically increases from 0 at a heel strike to
1 at the next ipsilateral heel strike [184]. The time derivative of phase, phase rate, does not have
to be constant; phase can thus parametrize locomotion at different speeds. Phase-based controllers
for augmentative exoskeletons [157, 88, 89, 158, 200] and powered prostheses [75, 141, 140, 76]
can thus adapt assistance when the user dynamically changes their speed by continuously adapting
the rate of phase progression. Unlike TBE controllers, phase-based controllers must estimate the
gait phase in real time using the sensors on the lower-limb robot, which can be done numerous
ways. For example, Holgate et al.[75] used the relationship between shank angle and velocity in
the phase plane to estimate gait phase using shank angle measurements. Quintero et al.[140] and
Hong et al.[76] exploited a similar relationship between thigh angle and its integral in a phase
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controller for a knee-ankle prosthesis, while Rezazadeh et al.[141] used thigh angle measurements
and holonomic constraints to estimate phase. Machine learning techniques have also been used to
extract estimates of phase from onboard measurements. Kang et al.[89] deployed a convolutional
neural network to estimate phase using the sensors on a hip exoskeleton, which was then used to
provide torque assistance. Shepherd et al.[158] implemented a similar network using the sensors
on an ankle exoskeleton. This prior work highlights the potential for phase-based controllers to
drive lower-limb robots throughout varying speeds. However, a non-constant phase alone cannot
easily handle transitory walking tasks beyond level-ground walking.

Prior work has attempted to solve the challenge of estimating changing walking tasks using
the framework of machine learning classifiers. These classifiers use patterns in the lower-limb
robot’s sensors to infer the wearer’s intended task from among an enumerated list of candidate
tasks, such as stair ascent or incline walking, and then apply the correct task-specific controller
[180, 80, 197, 86, 196, 106, 78, 89, 158]. Although this strategy is capable of handling discrete
changes in task, it is unable to easily detect a continuously varying task or tasks that are not ex-
plicitly contained within the candidate tasks. This continuous adaptation is critical to defining the
behavior of the exoskeleton during the ever-evolving environments of the real world; in particular,
gracefully handling mode transitions is critical to ensuring a seamless interaction between the robot
and the wearer [169]. Recent work has extended the concept of continuous phase to develop gait
models parameterized by task variables, such as ground slope or stride length, that parameterize
a continuously changing walking task [47, 46]. These gait models take phase and task variables
as input and predict different kinematic measurements. Because task variables can continuously
change, they are potentially capable of encoding a wider range of walking tasks compared to cat-
egorizing by discrete tasks. Camargo et al.[24] used machine learning classification techniques to
determine which of the ground incline, step height, or walking speed continuous task variables to
estimate depending on ambulation mode, which highlights the potential for task variables to instan-
taneously parameterize locomotion; however, this approach was not validated on robotic hardware,
and used multiple EMG electrodes, IMUs, and goniometers which may not all be available aboard
a wearable robot. Embry et al.[46] used task variables and a continuous gait model of thigh an-
gle to control a lower-limb prosthesis, but was limited to estimating task variables only once per
stride. Notably, Holgate et al. [75] exploited the relation between tibia angle and angular velocity
in the phase plane to continuously update estimates of the stride length task variable; however,
this relation does not apply to non-steady-state walking, and was also not generalizable to other
joints or task variables such as ground slope. For exoskeletons, and lower-limb wearable robots
more generally, to seamlessly adapt their assistance to the varying terrains of the real world, new
methods are needed for real-time, continuous task variable estimation.

The Bayesian filter framework is a promising strategy to continuously estimate both phase and
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task variables using real-time sensor data. A Bayesian filter can use noisy measurements, such as
those from a thigh IMU onboard an exoskeleton, and estimate hidden states that are not directly
measurable, such as gait phase and continuous task variables. This framework is capable of iden-
tifying differences in measured gait biomechanics between and within strides to infer underlying
changes in gait state variables (phase and task variables together). The classic implementation
of the Bayesian filter is the well-studied Kalman filter, which is applicable to linear systems with
Gaussian noise. However, for nonlinear systems, different implementations of the Bayesian filter
with varying levels of simpliyfing assumptions are available [148]. The Extended Kalman Filter
(EKF) locally linearizes the nonlinear system and thus features the strongest assumptions. The
Unscented Kalman Filter (UKF) assumes less, and uses judiciously chosen points and weights to
approximate the nonlinear measurement update via quadrature integration [185]. Finally, the En-
semble Kalman Filter (EnKF) has the weakest assumptions, solely relying on the assumption of
a Gaussian state distribution to use Monte Carlo techniques to calculate the measurement update
[48]. Bayesian filtering has seen success within the field of wearable robotics to estimate human
gait. Clark et al. [30] used measurements of heel pressure and shank angle to estimate stance
progress and control the kinematics of an ankle prosthesis, although it was not capable of esti-
mating progression through the swing phase. Karulkar et al.[90] estimated stride length using a
Kalman filter and hip and knee velocity measurements on an exoskeleton, although this estimate
only updated non-continuously twice per step. Thatte et al.[173] recently developed an EKF-based
controller for a lower-limb prosthesis that estimated phase and phase rate with more accuracy in
non-steady-state locomotion compared to conventional TBE approaches. These results highlight
the potential for a Bayesian filter implementation to estimate the human gait state to control aug-
mentative exoskeletons in the continuously varying conditions outside the laboratory. Furthermore,
they motivate further investigation into the fundamental problem of gait state estimation using the
Bayesian framework to identify which assumptions and sensor measurements are necessary for
successful estimation.

1.3 Dissertation Contributions

This dissertation contributes to the development of both metrics for success of augmentative ex-
oskeletons and new control strategies for exoskeletons outside the laboratory. Both goals are
important to solving the lack of exoskeleton adoption outside the laboratory, as to facilitate this
adoption, exoskeletons must be designed and evaluated such that they are consciously valuable
in their benefits to users, while also having controllers capable of providing consistent assistance
throughout the transitory gaits and environments of the real world. The first goal of identifying
suitable metrics for the assessment of augmentative exoskeletons is addressed by the second and
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Figure 1.1: The central goal of this dissertation, the challenges to reaching that goal, and the four
chapters presented to solve those challenges.

third chapters (Fig. 1.1). Chapter 2 quantifies the perceptual threshold for changes in the metabolic
rate, which has been the field’s predominant standard for evaluating exoskeleton success, with the
motivation of elucidating whether this metric will lead to exoskeletons that are perceptually ben-
eficial. Chapter 3 proposes an alternate metric for developing exoskeletons—that of economic
value—that may be more conducive to voluntary adoption of exoskeletons, and evaluates state-of-
the-art bilateral ankle exoskeletons using this metric. The second goal of developing exoskeleton
controllers that function throughout practical applications is addressed by the fourth and fifth chap-
ters (Fig. 1.1). Chapter 4 investigates the fundamental challenge of learning a vector representation
of human gait capable of encoding real-world locomotion—the gait state—using Bayesian filtering
techniques, with the goal of determining which Bayesian filter is best suited for learning realistic
human gaits for real-time implementation on exoskeleton hardware. Chapter 5 then implements
the best filter from Chapter 4 on bilateral ankle exoskeletons and demonstrates the ability to update
torque assistance in response to accurate predictions of the gait state in real-time. By contributing
to these goals, the investigations contained in this dissertation advance the overarching objective
of translating these technologies out into the real world where they can transform the mobility of
the public.

In Chapter 2 of this dissertation, I investigate the conscious perception of energetic changes
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caused by powered exoskeletons by quantifying the Just Noticeable Difference (JND) of changes
in metabolic rate. The JND acts as a threshold below which humans cannot consciously perceive
the metabolic benefits from these technologies. This study refines our understanding of metabolic
rate reductions as the “gold standard” for exoskeleton success by revealing if humans can actually
sense the assistance from these technologies. This chapter has been published in the Journal of

NeuroEngineering and Rehabilitation [117], with further analysis on the underlying psychophysi-
cal methodology that enabled this study having been presented at the 2020 IEEE RAS and EMBS

International Conference on Biomedical Robotics and Biomechatronics [114] and 2018 Dynamic

Walking [113].
In Chapter 3 of this dissertation, I investigate the economic value of exoskeleton assistance. The

goal of this work is to identify the actual value of exoskeletons using the metric of economic value
as a potential alternative to metabolic cost reductions. This new metric is more viable compared
conventional physiological metrics as it is both more accessible, in that it does not require special-
ized equipment, and more intuitive, as users likely have e better grasp of benefits expressed in terms
of monetary currency rather than in terms of biomechanical quantities (e.g. calories burned). In
this study, I leverage the Vickrey second-price auction within economics to measure participants’
valuations of their walking times across different walking conditions, such as walking with and
without exoskeleton assistance from bilateral ankle exoskeletons and walking with and without the
exoskeleton itself. This chapter has been published in Nature Communications Engineering.

In Chapter 4 of this dissertation, I investigate the fundamental problem of gait state estimation
with the Bayesian filtering framework. The goal of this work is to understand which implemen-
tation of the Bayesian filter is best suited to the problem, and to understand which gait state vari-
ables can be suitably estimated with different combinations of sensors that are available on various
lower-limb powered exoskeletons. The results of this work result in a feasible implementation of
the Kalman filter to continuously estimate the gait state throughout various real-world locomotion
patterns and terrains, which will then adapt exoskeleton assistance in real-time within these practi-
cal environments. This chapter has been published in the IEEE Robotics and Automation Letters,
and has been presented at the 2023 IEEE RAS and EMBS International Conference on Biomedical

Robotics and Biomechatronics [118].
In Chapter 5 of this dissertation, I build upon the work presented in Chapter 4 to develop an

Extended Kalman Filter (EKF)-based exoskeleton controller that continuously estimates both the
phase variable and the task variables of ground incline and stride length, which are then used to
update the torque profile of bilateral ankle exoskeletons throughout various controlled and outdoor
environments. This work is significant as it demonstrates the EKF’s ability to estimate both phase
and task in real-time and presents a practical exoskeleton controller that is capable of adapting its
augmentation throughout the non-steady-state walking conditions of the real world. This chapter
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has been published in the journal IEEE Transactions on Robotics [116].
As a whole, this dissertation presents fundamental strategies for the translation of exoskeletons

out of the laboratory and into the daily life of the public. This work contributes results about
the conscious perception of exoskeleton benefits, a new user-focused economic design metric for
wearable robots, and a theoretical analysis and practical evaluation of an adaptive multi-modal
controller for ankle exoskeletons that all bring the field closer to the translation of exoskeletons.
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CHAPTER 2

Can Humans Perceive the Metabolic Benefit
Provided by Augmentative Exoskeletons?

2.1 Context

Chapter 2 of this dissertation focuses on investigating the conscious perception of energetic
changes caused by powered exoskeletons, with the goal of elucidating if the dominant standard
of metabolic rate changes will be perceived as useful and thus be conducive to exoskeleton success
outside the laboratory. This is achieved through quantifying the Just Noticeable Difference (JND)
of changes in metabolic rate, which serves as a threshold for human perception of the benefits of
such technologies. The study refines the understanding of exoskeleton success by providing insight
into whether humans can consciously sense the assistance from these devices. The chapter has been
published in the Journal of NeuroEngineering and Rehabilitation [117], with additional analysis
presented at the 2020 IEEE RAS and EMBS International Conference on Biomedical Robotics and

Biomechatronics [114] and the 2018 Dynamic Walking on the underlying psychophysical method-
ology utilized in this study.

2.2 Background

The purpose of augmentative exoskeletons is to help people exceed the limitations of their human
bodies. These technologies apply mechanical assistance to the joints of the legs during locomo-
tion, thereby reducing the physical demands on the wearer’s neuromuscular system. The potential
uses for these technologies are broad and impactful, including assisting people’s abilities to walk,
run, jump, and/or carry loads. Consequently, lower-limb exoskeletons may improve the mobility
of people with disabilities, as well as those completing sustained, physically demanding activi-
ties (e.g. first responders, postal/supply chain workers, and military personnel, among others).
Recently developed systems for human augmentation applications are untethered [133, 132, 92],

12



lightweight [121, 149, 133], and powerful [21, 206]. While recent work has been encouraging,
an ongoing challenge has been quantifying the success of these systems; the quantification of an
exoskeleton’s ability to reduce the metabolic expenditure of walking (i.e. calories burned) has
emerged as a focus of the field [150].

Exoskeleton researchers have focused on the reduction of metabolic rate because it is intuitive,
measurable, and supported by previous research. State-of-the-art exoskeletons have consistently
reduced the metabolic expenditure needed for walking by approximately 14% relative to not wear-
ing an exoskeleton [123, 122, 132, 149, 110, 85, 202, 128]. These exoskeletons apply powered
assistance at either the ankle joint [123, 122, 149, 110, 85, 202, 128] or hip joint [132] and imple-
ment control strategies that operate in tandem with the wearer to reduce their metabolic expendi-
ture. Intuitively, if an exoskeleton is successful, the muscular effort required will be reduced, which
should be reflected in an upstream reduction in the metabolic power required from the wearer. In
addition, metabolic expenditure can be objectively measured in a laboratory setting, meaning it
does not have the challenge of quantification that plagues other potentially subjective metrics of
success (e.g. comfort, stability, or preference, among others).

There is mounting evidence that humans may be able to ‘subconsciously’ perceive their
metabolic rate, but it is not yet known whether these changes can be perceived consciously.
Donelan et al. showed that people choose step widths that minimize their metabolic rate during
walking [43]. Subsequently, Selinger et al. demonstrated that exoskeleton wearers can re-optimize
their gait patterns to minimize their metabolic rate when manipulated externally (with an exoskele-
ton) [155]. That is, the resistance of a knee exoskeleton was varied to incur a metabolic penalty
during normative walking patterns, and participants needed to modify their gait patterns to reduce
the superimposed metabolic burden. Participants converged to non-normative gait patterns that
minimized metabolic rate, but this optimization did not occur spontaneously outside the laboratory
[195]. Since exoskeleton wearers choose gait patterns that reduce metabolic rate, we believe this
indicates people have some ability to sense this quantity (or something correlated). However, since
people do not spontaneously stay or return to their lowest rate, it suggests that exoskeleton wearers
do not have conscious knowledge of their metabolic rate or its gradient.

Conscious perception is a critical part of decision making. For an exoskeleton to appear valu-
able to its potential wearer, it must provide an experience that illustrates this value. Furthermore,
this value must offset the potential “costs” of exoskeleton use. For example, without an intuitive
and perceivable understanding of value, potential users may be unlikely to adopt exoskeletons with
known disadvantages (e.g. monetary cost, discomfort, or being unfashionable). Previous research
in the field of management science has investigated the implications of perceived value in tech-
nology adoption; one relevant framework proposed by Davis is the Technology Acceptance Model
(TAM) [40]. In this model, Davis found a significant correlation between the consciously perceived

13



usefulness of software and users’ intent to adopt the software [40]. More recently, King and He
found that this relation was generalizable across many different technologies [93], such as broad-
band internet [129], telemedicine [79], and smart watches [29]. Thus, when potential exoskeleton
users, manufacturers, and others are weighing the choice to adopt or purchase an exoskeleton, the
consciously perceived value must outweigh the price, weight, aesthetics, and other costs of wearing
a lower-limb exoskeleton.

The field of psychophysics focuses on quantifying human perception broadly [94]; for example,
sensing may involve perception of images, temperatures, sounds [57], or metabolic rate. Forced
comparison between two stimuli (such as asking which of two lines appears longer) across different
trials is a powerful method for determining how humans can perceive changes in stimuli. This
pair of stimuli is composed of a reference, which usually remains constant across trials, and a
comparison, which changes from trial to trial. By analyzing large numbers of these comparisons,
a perceptual model can be built that encodes and quantifies people’s perceptual performance. The
input to this model is the true difference between the reference and the comparison, and the output
is a probability of the comparison being perceived as different from the reference. The model
predicts that stimuli are accurately perceived when the difference between the stimuli is large, but
that human perception becomes essentially random when the difference is small. These models
are often visualized using a psychophysical curve [189], typically a sigmoid function. In general,
a single psychophysical curve pertains to the specific reference stimuli about which the test is
conducted.

The steepness of a psychophysical curve quantifies perceptual ability; namely, the smallest
difference in stimuli that can be perceived reliably. Using a threshold for reliability of 75% [176],
this delta is known as the Just Noticeable Difference (JND). The JND has been used to quantify
meaningful differences in visual acuity [168], sound [166], taste [9], and weight [19]. Recently,
wearable robotics researchers have begun to quantify the JND of various factors in the design and
control of wearable robotic systems, including perception of prosthetic ankle stiffness by users
[159] and clinicians [161], environment stiffness [6] and viscosity [5], electrical stimulation of the
residual limb [2], and vibrations of an osseointegrated prosthesis [31].

In this study, we characterized exoskeleton users’ conscious perception of their metabolic rate
during assisted walking by quantifying the JND of metabolic rate changes. Understanding the
human perceptual ability to sense this change is important because it has emerged as the gold stan-
dard by which exoskeletons are designed, controlled, and assessed. If exoskeletons are developed
to impact a metric that is not perceivable by the user, it will likely hinder widespread success. To
this end, we indirectly imposed different metabolic rates sequentially during walking by adjusting
the assistance provided from bilateral ankle exoskeletons. Simultaneously, we recorded whether
users perceived their metabolic rate to have increased or decreased as the control strategy changed.

14



We aggregated these data to estimate the JND for changes in metabolic rate. The contribution
of this work includes new fundamental knowledge of how metabolic rate can be sensed during
locomotion and a new benchmark for future exoskeleton developers who desire perceivable im-
pact on metabolic expenditure. In addition, these results underscore the need for new metrics of
exoskeleton success that are aligned with the value and experience of the user.

2.3 Methods

2.3.1 Participants

In this study, ten able-bodied participants (N = 10, 2 female, 8 male; age = 22.5 ± 3.17 years;
mass = 70.9 ± 11.9 kg, Table. 2.1) walked using bilateral ankle exoskeletons on a treadmill.
The required number of participants was chosen based on a power analysis to quantify a JND of
15% with 80% power and 5% type 1 error rate. We chose 15% as this was representative of the
reductions achieved by the best performing lower-limb exoskeletons [99, 42, 105]. All participants
provided written informed consent before participation. The study protocol was approved and
overseen by the Institutional Review Board of the University of Michigan Medical School.

Table 2.1: Participant Data

Subject Responses Gender Weight (kg) Age (years)
1 53 M 52.2 20
2 100 M 74.0 23
3 34 F 72.0 21
4 100 M 86.0 24
5 100 M 78.5 21
6 100 M 74.0 23
7 100 M 82.5 24
8 100 M 59.0 19
9 100 F 53.5 20

10 100 M 77.0 30
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2.3.2 Experimental Protocol

2.3.2.1 Walking Protocol

Participants experienced numerous metabolic rate changes in sequence that stemmed from the as-
sistance provided by the ankle exoskeletons. Participants walked for 20 minute blocks, where each
block consisted of 10 trials in series. Following each pair of trials, participants responded regarding
which condition they perceived had a higher metabolic rate by agreeing or disagreeing to the binary
question “is the current level of exertion higher than the previous level of exertion?”. Participants
responded non-verbally with either a ‘thumbs up’ or a ‘thumbs down.’ Thus, each block consisted
of nine comparisons across ten trials and participants completed approximately 11 blocks across
three to four days of data collection. We chose the two minute walking duration for each trial to
balance metabolic estimation quality with experiment duration; Zhang et al. demonstrated that the
metabolic estimation error with two minutes of data is approximately 2% [33]. The two-minute
trial duration also allowed the participants adequate time to experience and react to each walking
condition.

Prior to the experiment, participants familiarized themselves with several aspects of the exper-
imental protocol. Participants read a lay explanation of metabolic rate to familiarize themselves
with the concept. Next, participants were primed to react to their feeling of general exertion by
reading the instructions of the Borg Rating of Perceived Exertion [13, 15]. We chose to have
the participants read information on the Borg Scale because it has previously been demonstrated
to produce accurate estimates of exertion [14]. Finally, participants underwent a four-minute ac-
climatization period in which they were exposed to different representative exoskeleton behaviors
that spanned what could be encountered during the experiment.

2.3.2.2 Exoskeleton Control

We used bilateral ankle exoskeletons (Dephy ExoBoot, Dephy Inc. Maynard MA) to manipulate
the metabolic rate of the wearer. The exoskeleton (Fig. 2.6B) used electric motors (∼300 W)
and flat cable transmission (∼15:1) to apply plantarflexion assistance during walking. The assis-
tance was governed by parameterized current profiles that resembled a square pulse (see Fig. 2.1).
The current profiles were governed by three parameters; we manipulated the onset timing, pulse
magnitude, and pulse duration. We chose i) onset timings from a uniform distribution bounded
between 25% and 50% of stride time, ii) pulse magnitudes from a uniform distribution bounded
between 15 A and 25 A (corresponding to approximately 12 and 20 Nm with the ExoBoot’s non-
linear transmission), and iii) pulse durations from a uniform distribution with variable bounds.
The variable bounds for the pulse duration depended on the sample drawn from the onset timing
distribution such that the square pulse had a minimum duration of 10% of stride, and a maximum
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Figure 2.1: Sample exoskeleton current profiles used in this experiment (colored lines). The
profiles resembled square pulses and were parametrized using the following parameters: the peak
current of the profile, the onset time of the profile, and the duration of the profile. The total bounds
of possible current profiles are delineated by the black dashed line. The profiles’ currents were
mapped to motor torques through the motor torque constant and exoskeleton’s transmission.
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duration of 60% of stride time. Onset timings that occurred earlier than 30% of stride were ad-
ditionally constrained to have a minimum pulse duration of 20% of stride, which was imposed to
prevent excessive device wear. We chose these bounds as they have been shown to significantly
alter participant metabolic rate, and thus allow us to sample as wide an energetic range as possible
[95, 147, 85] while balancing device integrity and user safety. The current profiles were described
using the stride completion percentage to mitigate any variations in step length or cadence that oc-
curred during the trial. Thus, we inferred the stride completion percentage using heel-strike events.
We detected these events by thresholding the onboard accelerometers (MPU-9250, Invensense, San
Jose, CA) [89, 24].

2.3.2.3 Metabolic Rate Sensing

Participants walked with a randomized torque profile for two minutes, which produced a first-
order dynamic response in metabolic rate [154]. We measured participant metabolic rates through
indirect calorimetry [66] (COSMED K5, Rome IT) (Fig. 2.6A). We estimated the user’s steady
state metabolic rate by fitting a first-order response [154, 95] to the breath-by-breath transient data
gathered over the two minutes for each trial, with the steady state value representing the trial’s
metabolic rate. Prior to undergoing the walking protocol, participants stood still for four minutes
to obtain their baseline metabolic rates. Each participant’s standing metabolic rate was computed
as the average rate over this four-minute interval. The standing metabolic rate was subtracted from
each trial’s metabolic rate measurement to isolate the metabolic effects of exoskeleton assisted
locomotion (i.e. net metabolic rate).

2.3.3 Psychophysical Function Fitting

Within the field of wearable robots, established psychophysical protocols have previously been
used to calculate the JNDs of different physical quantities [6, 159, 7, 31, 2]. A key aspect of the
success of these methods is the ability to precisely control the magnitude of the stimulus under
consideration. Therefore, to measure the JND of metabolic rate in the context of exoskeleton
assistance, the change in metabolism must be precisely imposed. This poses a challenge for the
assessment of the JND of metabolic rate, since the impact of an exoskeleton on metabolism varies
with many controllable[95, 110, 85, 52] and uncontrollable [39, 71, 66] parameters. Thus, precise,
repeatable control is not realizable in our application. Malcolm et al. [110] achieved a mean
metabolic cost reduction of 6% by changing the timing characteristics of the exoskeleton, but with
a reduction variability of ±2%; this variability adds difficulty in regulating energetics as a stimulus
quantity. Current psychophysical experimental protocols do not account for imprecisely controlled
stimuli, such as the inability for an exoskeleton to predictably affect the metabolic rate during
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locomotion. The effect of this imprecise control on the quantification of the JND is unknown.
In addition, the optimal sampling strategy to estimate the JND with known statistical confidence
when this type of variability is present is also unknown.

In work presented at the 2020 RAS/EMBS IEEE International Conference on Biomedical
Robotics and Biomechatronics [114], we provide the foundation for assessing the effects of impre-
cise stimulus control when quantifying the JND in a broad class of psychophysical experiments;
our specific focus is on quantifying the JND of metabolic rate during exoskeleton assistance. We
investigate the two competing psychophysical sampling strategies using variable input stimuli, and
demonstrate their ability to mitigate the negative effects of this variability. This protocol is then
employed in the full study to quantify the JND of metabolic rate

Some common psychophysical concepts and definitions are useful for describing the following
work. In the field of psychophysics, the fundamental relation between a stimulus and an observer’s
responses to that stimulus is given by the psychometric function. The psychometric function rep-
resents the probability that the observer will state that a comparison stimulus magnitude is higher
than a fixed reference stimulus magnitude as a function of the comparison stimulus magnitude,
and is well modelled by a sigmoidal function. Sigmoidal psychometric functions are naturally
near zero for extreme negative comparisons and near unity for extreme positive comparisons, in-
dicating that perception of the relative magnitude of stimulus and reference is nearly perfect when
the difference between the two is large. A protocol in which a subject compares a stimulus to a
reference and must provide a binary answer is termed a forced-choice protocol. In the two-interval

forced-choice (2IFC) protocol used in this study, the subject experiences two stimuli sequentially
and is asked to state which of the stimuli was higher in magnitude. From the psychometric func-
tion, we can calculate the Just Noticeable Difference (JND) for that function, which represents the
minimum change in a stimulus quantity that must occur before an observer can reliably perceive
that a change has happened. More precisely, the JND is typically defined as half the difference in
stimulus between the points on the psychometric function with probability 25% and 75% [96].

To estimate the psychometric function, a typical experiment samples different stimulus levels,
measures observer responses using a forced choice protocol, and fits maximum likelihood psycho-
metric function parameters. A popular approach to choosing the stimulus levels is the Method of

Constant Stimuli (MOCS), in which the comparison stimulus for each trial is randomly selected
from a predefined vector of values. In this paper, we define the conventional MOCS sampling plan
as a method in which the number of stimulus levels in this predefined vector is low (~5), but each is
polled numerous times. By aggregating a subject’s responses to whether these comparison stimulus
levels are higher than a fixed reference, we obtain proportions that denote how likely a subject is to
indicate a comparison value is higher than the reference. A variant of this sampling methodology
is single presentation MOCS, which we refer to as SP. In SP, we instead present a much greater
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number of stimulus levels (~100) only once, and fit the psychometric function to this binary data.
A rich body of work has rigorously explored psychometric function estimation, including the opti-
mal location of stimulus values [188], the number of samples taken [130, 18, 53, 94], and the type
of function fitted [53, 178].

Each psychometric function and corresponding JND is specific to the fixed reference against
which all comparison trials are compared. A common modelling choice that relates the JND to
this reference is Weber’s Law, which states that the ratio of JND to this reference is constant;
this ratio is then defined as the Weber Fraction [127], and has been found to be constant (or near
constant) for a wide range of reference stimulus levels far from the perceptual extremes in other
sensing modalities [56]. A constant Weber Fraction relates the psychometric functions at different
reference stimulus levels.1

This section presents a detailed description of 1) the perceptual model used to simulate psy-
chophysical experiments with variable stimuli, 2) the binned MOCS sampling methodology and
fitting protocol, 3) the SP sampling methodology and fitting protocol, and 4) the Monte Carlo
experiment used to estimate and compare the performance of binned MOCS and SP under differ-
ent magnitudes of stimulus variance. These comprehensive descriptions are intended to facilitate
replication of these protocol in other physical experiments where the stimulus can be imprecisely
controlled.

2.3.3.1 Perceptual Model

We begin by describing the perceptual model of the observer used in our simulation studies. This
observer is modelled as responding to 2IFC discrimination tasks in which each of the responses
is generated randomly, independent of the others. Using this observer model, we modelled the
psychometric function Ψ describing these responses as a logistic function of stimulus x,

Ψ(x, α, β, γ, λ) = γ +
1− λ− γ

1 + e−β(x−α)
, (2.1)

that was characterized by the following parameters: an experimental lapsing rate λ was fixed at the
commonly used value of 0.02 [94]; a false positive rate γ, was fixed at the lapsing rate, since the
experiment simulated discrimination tasks [94][53]; a slope parameter β that shapes the steepness
of the logistic function; and the logistic function’s threshold point α on the x-axis, which we fixed
at the reference to simulate unbiased comparisons. This standard choice of function structure
constrains the psychometric function to be odd symmetric about its inflection point, and is simple
to manipulate analytically. The observer in this model responds to different values of comparison

1This is a very useful property for our purposes, but should be verified by fitting maximum likelihood models for
different psychometric functions to test the assumption that it is constant with reference magnitude.
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stimulus, referred to as stimulus levels; the value of Ψ at each of these levels denotes the probability
that the observer will state that the comparison is higher than the reference at that level.

This psychometric function has a corresponding JND value, which is calculated by taking the
difference between the values of x at Ψ(x) = 0.75 and Ψ(x) = 0.25 and dividing that difference
by two [96][54]. The equation for JND then depends only on β,

JND = k/β, (2.2)

with a scale constant k in terms of the fixed parameters.

k =
1

2
ln

[
(0.75− γ)(1− λ− 0.25)

(1− λ− 0.75)(0.25− γ)

]
. (2.3)

The Weber Fraction2 (WF) is a function of both β and the reference α,

WF =
JND

Reference Stimulus
=

k

αβ
. (2.4)

For both simulations, we defined a ground truth psychometric function with parameters α0 = 10
and β0 = 1, such that the probability of the simulated subject rating a stimulus s as larger than the
reference α was modelled as

Ψ(s, α,
β0α0

α
, 0.02, 0.02). (2.5)

This function’s parameters also provided the benchmark JND0 = k/β0 (corresponding to the
nominal reference α0) for measuring estimation bias in the two sampling protocols. Subject re-
sponses to pairs of reference and stimuli were simulated randomly according to the probability
in (2.5), as in the parametric bootstrap methods used in prior studies [188]. With prior knowl-
edge of the benchmark psychometric function, we evenly spread the nominal stimulus levels S

over the middle 98% support region of the psychometric function, which ensured an optimal sam-
pling schema [188]. After the observer responses were generated at all stimulus levels, we used
the Palamedes toolbox Maximum Likelihood Estimation (MLE) [94][53] to fit an overall psycho-
metric function and JND to these simulated proportional response levels, which would then be
compared against the ground truth function and JND.

2.3.3.2 The Impact of Variability

Our simulation study extends previous work by incorporating an analysis of stimulus variance
during function fitting, which occurs when the experimenter does not have precise, direct control

2We assume the WF is locally constant for metabolic rates in the range of level-ground exoskeleton-assisted walk-
ing experiments [160, 127].
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over the stimulus. We desired to identify the “optimal” psychophysical strategy to calculate the
JND of a stimulus when confronted with this variability; that is, if the researcher can only afford Nt

trials, what approach will yield a JND estimate with the least amount of bias or standard deviation?
To aid in our analysis, we model this variability as normally distributed (Gaussian) noise. In our
proposed physical experiment, σ represents the natural respiratory variability in metabolic rate
during level ground walking, which results in an inconsistent imposition of the desired metabolic
rate by the exoskeleton. Since this noise causes the reference to vary, the psychometric function
(which is based on this reference) also varies. For each simulated trial’s desired stimulus s and
reference α0 values, we add stimulus noise to the reference that perturbs the reference to α̂ and
the stimulus to ŝ. We perform this corruption for all Nt trials, generating a vector of α̂ values
that denotes the corrupted reference values for all trials. The effect of noise on the comparison
manifests as noisy stimulus levels that the simulated observer experiences during each trial. For
a given trial’s corresponding comparison stimulus value s, we add stimulus noise to generate a
new corrupt comparison stimulus ŝ. Similar to with the reference, for each stimulus level S1,2,...Ns

where Ns is the number of stimulus levels, we perform this corruption for each separate stimulus
value Nt/Ns times, to obtain a sub-vector containing noisy comparison values. We aggregate the
Ns sub-vectors containing ŝ1,2,...Ns to obtain a vector of length Nt that represents the comparison
stimulus values with added noise over all Nt trials.

2.3.3.3 Noise-Robust Methods

The impact of noise is to perturb the benchmark psychometric function and thus cause the observer
to produce responses with probabilities far different than the baseline. As α̂ varies due to stimulus
noise, it corrupts the benchmark Ψ by moving not only its reference from α0 to α̂, but also its slope
due to our constant Weber fraction model described in (2.4). To eliminate Ψ shifting in both slope
and reference, we non-dimensionalize the threshold α0 and slope β0, which have stimulus units
and inverse stimulus units respectively. For each given trial featuring noisy reference α̂ and noisy
comparison stimulus ŝ, we non-dimensionalize using the following equations:

s∗ =
ŝ− α̂

α̂
, α∗ = 0, β∗ = α0β0. (2.6)

This prevents Ψ from changing its shape due to noisy references, and re-characterizes all response
probabilities as originating from a single logistic function.

After non-dimensionalizing the noisy reference and comparison stimuli, we generate observer
response probabilities. For each trial i = 1, 2, ...Nt, we look up the corresponding α̂i and ŝi

values in their vectors and non-dimensionalize to obtain dimensionless quantities for both reference
stimulus α∗

i and comparison stimulus s∗i . By using (2.1) and evaluating Ψ(s∗i , α
∗
i , β

∗, γ, λ), we
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obtain the probability p̂i that the simulated observer would state that ŝi is greater than α̂i. We
perform this Nt times to obtain a third vector containing these probabilities for their respective
noisy reference and comparison values. After all probability data are generated, we choose one of
our two competing sampling methodologies to evaluate with the data.

We introduce the following two methods to mitigate the influence of noise on the stimulus
quantities: an adaptation of conventional MOCS that bins noisy comparison stimulus values to
nominal stimulus levels, and an SP approach that treats noisy comparisons as intentionally realized
trials. To compare these two novel methods, we performed two simulations to characterize their
performance in yielding accurate JND estimates with the presence of stimulus noise.

Figure 2.2: A sample psychometric curve (blue) fit to proportions of observer responses (blue
circles) using the binning MOCS protocol (a). A sample psychometric curve fit to representative
observer responses (blue circles) using the single-presentation protocol (blue) (b). The true under-
lying curve for both is shown in red.

2.3.3.4 Conventional MOCS with Binning

The first of these simulations (A) represents the adaptation of conventional MOCS to incorporate
noise on both the reference and comparison stimulus values by binning noisy stimulus levels to
their closest nominal values. Simulation A simulates MOCS with varying levels of noise and
quantifies its effect on the number of trials needed for the psychometric function fitting procedure
to converge to the true underlying JND value. To account for this noise in the conventional MOCS
approach taken in Simulation A, we bin the actual non-dimensional noisy comparison stimulus
values that the observer experienced to a bin centered on corresponding nominal non-dimensional
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stimulus level values S∗
1,2,...Ns

, expressed as follows:

S∗
1,2,...Ns

=
S1,2,...Ns − α0

α0

. (2.7)

For each trial i = 1, 2, ...Nt, we generate a single binary response v̂i from the observer using a
Bernoulli distribution with probability p̂i that the dimensionless comparison s∗i is greater than the
corresponding dimensionless reference α∗

i . We identify the appropriate bin for that response given
by index k:

k = argmin
j∈Ns

|S∗
j − s∗i |, (2.8)

where S∗
k denotes the dimensionless bin to which s∗i is closest. In this simulation, all noisy s∗ are

placed in a bin; no s∗i that are sufficiently far away from even the outermost bins are discarded. We
count both the number of instances that the kth bin was polled and the number of times the observer
responded that the comparison was higher than the reference for the kth bin. By dividing these two
numbers, we obtain a response proportion for that bin; performing this binning procedure for all
trials yields Ns proportions. We then fit a psychometric function using those proportions, S∗, fixed
parameters α∗, γ, and λ, and free parameter β∗. Palamedes uses MLE to find the best fitting β̃∗

that corresponds to that function. We use (2.6) and (2.2) to solve for the resulting best-fit ˜JND. A
representative function fit using this approach is shown in Fig. 2.2a.

2.3.3.5 Single Presentation MOCS

The second simulation (B) represents an alternative approach of incorporating noise into an ex-
periment by using the single presentation MOCS (SP) protocol to treat noisy stimulus readings
as “one-off” measurements dispersed evenly throughout a parameter space [178][124]. In the SP
approach of Simulation B, the noisy comparison stimulus values experienced are instead treated
as intentionally realized nominal values. In Simulation B, the number of stimulus levels Ns was
equal to Nt, and thus each would be polled only once even without noise. The nominal stimulus
levels in SP were also spread with even spacing over the middle 98% support region of the psycho-
metric function. We follow a similar procedure as in Simulation A by generating responses using
Bernoulli distributions using probabilities p̂ for all noisy comparisons s∗ and noisy references r∗.
We poll each tuple of these quantities once and obtain binary responses at each s∗ instead of pro-
portions. In SP, we calculate S∗

1,2,...Ns
according to (2.7) using the respective α̂1,2,...Ns instead of α0.

We use this S∗, fixed parameters α∗, γ, and λ, and free parameter β∗ to fit a logistic function using
MLE. This yields the best fitting β̃∗ and ˜JND. A representative function fit using SP is shown in
Fig. 2.2b.
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2.3.3.6 A Simulated Monte Carlo Comparison

To evaluate the competing simulation approaches, we varied both the noise level σ, which was
scaled as a percentage of JND0, over the following values: (0% 1% 10% 100% 1000%). We
also varied the overall number of trials Nt, which ranged between 100 and 1000 in increments
of 100, to measure their impact on the simulated JND estimates with these different sampling
methodologies. We performed Simulation A with the number of stimulus levels Ns = 5 and Ns

= 10, both reasonable numbers given prior psychophysical recommendations [94][159][53]. The
number of times that each stimulus level was polled in Simulation A was then Nt/5 and Nt/10

respectively.
One thousand Monte Carlo replicates were completed for each sampling plan combination of

simulation approach, number of trials, and magnitude of noise, which yields a distribution of JND
estimates for that sampling methodology. The mean and standard deviation of these distributions
can then be compared to the actual JND to calculate how accurate and precise that sampling plan.
If a replicate failed to converge to a fit, that replicate was not included in further analysis. The
complete process is illustrated in Fig. 2.3.

Figure 2.3: The simulated experimental process. The experimenter inputs the known or estimated
noise value of σ as well as reasonable estimates of β0 and α0. These inform the experimenter such
that they judiciously select the number of trials Nt distributed over the number of stimulus levels
Ns with the option of binning the data in bins centered at S∗

1,2,...Ns
. Multiple simulated trials are

run to generate tuples of noisy references (α̂), noisy comparisons (ŝ) and observer verdicts on the
magnitudes compared (v̂). Fitting a logistic function Ψ to these data yields a best-fit JND estimate
˜JND.

2.3.3.7 Results of Monte Carlo Simulation A

The mean bias of JND estimates for all sampling methodologies using binned MOCS in Simulation
A are given in Fig. 2.4, which calculates bias of the estimates from the actual JND using the
following equation:
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Figure 2.4: Results from Simulation A using the binned MOCS approach. (a) Mean bias estimates
of JND with Ns = 5. (b) Mean bias estimates of JND with Ns = 10. (c) Standard deviation estimates
of JND with Ns = 5. (d) Standard deviation estimates of JND with Ns = 10.

MeanBias = 100%×
˜JND− JND0

JND0

(2.9)

The different curves represent different levels of simulated noise σ, expressed as a percentage
of JND0. The effect of noise manifests as a bias away from the true JND that increases with the
value of σ. This bias is positive with increasing σ before reversing to a larger negative value once a
sufficiently large σ has been reached. Increasing Ns from 5 (Fig. 2.4a) to 10 (Fig. 2.4b) mitigates
the positive effect, and results in a larger negative bias at the 1000% noise level.

When the binned MOCS strategy is used and the stimulus noise is sufficiently low (~1% of
JND), there is no apparent difference in fit behavior from an ideal noiseless case; increasing the
number of trials Nt causes the mean JND estimate to converge to the true value, which is consistent
with prior work [53].

The general trend in the standard deviations for JND estimates matches the expected inverse
relation between deviation and increasing Ns [53] (Figs. 2.4c and 2.4d). Noise appears to have no
impact on the standard deviation of JND estimates using binned MOCS, aside from an increase at
the largest noise level.

2.3.3.8 Results of Monte Carlo Simulation B

A positive bias exists at high noise levels (100% and 1000%) and low Ns values for the mean bias
of the JND estimates using SP (Fig. 2.5a). This low-Ns bias appears to depend on the handling of
cases where the maximum likelihood solution does not converge. Unlike with the binned MOCS
strategy, increasing noise level σ increases the standard deviation of the estimates (Fig.2.5b).
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Figure 2.5: Results from Simulation B using the SP approach. Mean bias (a) and standard deviation
(b) of Monte Carlo estimates of JND with α0 = 10.
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2.3.3.9 Discussion of Experiment Designs

The effect of imprecisely controlled stimuli on psychophysical protocols is not understood, which
poses a challenge in calculating the JND of variable signals such as that of metabolic rate. In this
study, we characterized the impact of stimulus variability in the fitting process for psychometric
functions. We modelled this variation as noise and incorporated it in both the reference stimulus
and comparison stimulus values, and performed two simulations of alternative sampling method-
ologies for a 2IFC procedure. Our long term goal was to use the results of these simulations to
inform a sampling strategy for that would mitigate the effects of stimulus variability, which we
would then use in a physical experiment to calculate the JND of metabolic expenditure during
exoskeleton-assisted locomotion.

Some common trends exist for the results of both simulations. The most obvious result is
that as the number of samples Nt increases, the standard deviation of the sampling plan estimates
decreases with an increasing number of samples, which is well established by the literature. An
initial positive bias exists for both binned MOCS and SP at low samples before reaching steady-
state behavior at 300 samples. This is likely due to our discarding of failed fits (MLE occasionally
failed to converge) during our Monte Carlo simulations. The surviving fits are likelier to contain
larger JND estimates, which skews the mean of the estimate distributions higher. This bias is
eliminated by increasing the number of samples such that MLE can reliably find a fit.

The effects of this noise manifest differently in the two competing strategies explored in this
study: binned MOCS and SP. In binned MOCS, extremely large stimulus noise causes bias in the
mean JND estimates due to the effect of binning the noisy samples once they are perturbed far
away from their nominal comparison values. Comparison values that are sufficiently outside the
region of support of the psychometric function do not normally convey any useful information,
as the sigmoid reaches asymptotic behavior and does not change value with changing stimulus
in this region. However, by binning these values at the asymptotes to the outermost bins at the
extremes of the stimulus levels, we disproportionately bias the edge bins towards 0% and 100%
response probabilities when they would otherwise contain less extreme responses. These extreme
responses, which would otherwise not contain useful information, artificially inflate the confidence
Palamedes has in the outer bins when fitting functions, which return smaller JND values. The
opposite effect happens at specific lower values of σ, which is caused by the inner bins being biased
in an analogous way by the center bin’s noisy comparison stimuli with response probabilities close
to 50%. The center bin contains responses that are essentially guesses, so these responses corrupt
the proportions of their adjacent bins by reducing the confidence of the observer’s responses in the
adjacent bins, and thus bias the JND to a larger value. The noise level at which these effects occurs
depend on the relative magnitude of the JND to the noise, and the number of bins used.

In SP, the effect of noise is an increase in the standard deviation of the JND parameter and
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thus a decreased confidence in our estimates, although this can be mitigated by increasing the
number of samples taken. This effect is likely caused by the presence of perturbed comparison
values s∗ outside the psychometric function’s optimal region of support. With increasing σ, more
realized comparison stimuli fall in the asymptotic regions of the logistic function, and are therefore
providing no useful information for the MLE function fitter. With fewer data points in the non-
asymptotic region, confidence decreases, and so the standard deviation should increase with σ as
observed.

With this knowledge, we can conclude that for experiments in which the noise vastly overpow-
ers the signal, SP is the superior choice. Based on the results presented in Fig. 2.4, if the stimulus
noise level is sufficiently low (< ˜10%), then the binned MOCS strategy can be used by assuming
that the actual realized stimulus values are equal to the nominal values. In this scenario, binned
MOCS is superior to SP, as the noise causes no mean bias or increase in variance, and the tradi-
tional trade-off between number of samples / fit confidence and experimental duration is present.
When stimulus noise has overwhelming magnitude, such as in our experiment with metabolic rate,
binned MOCS exhibits bias with large relative σ that does not disappear with increasing Nt, and
depends on optimal bin placement. In a physical experiment, the real JND and Ψ are not known
ahead of time, and thus the experimenter must make an educated guess as to the optimal location
of the bins for the binned MOCS approach; if the guess is incorrect, the experimenter must expend
more time to correct for bin placement. On the other hand, SP appears to avoid such biases, and
more accurately reflects the reduction in estimate confidence due to the increase in non-informative
tests.

To estimate the JND of metabolic rate, which denotes the magnitude of change necessary for
consistent perception, our experimental protocol requires the normalization of metabolic rates.
That is, to compare across sequential trials with differing references, normalization is needed to
combine these data to obtain a single JND for each subject under the assumption of a constant
Weber Fraction (see Limitations subsection) [114]. The Weber Fraction (WF) [127] is a metric
that captures the differences in perceptual thresholds that are dependent on the magnitude of the
reference stimulus used in the comparisons. By definition, the WF is the JND divided by the refer-
ence stimulus, thus it represents the percent change from the reference stimulus that is perceivable.
For a wide range of stimulus magnitudes, the WF can be modeled by a constant [56].

For normalization, consider a sequential pair of metabolic rates A then B; we normalized B (the
comparison) as a percent change in rate from A. Note that rate A is the reference that changes from
trial to trial. We used the normalized metabolic rate differences and corresponding participant
responses to fit a psychometric function. The psychometric function then provided JNDs with
units of percent change of metabolic rate (rather than absolute units (W/kg)). The JND is then
equivalent to the WF expressed as a percentage. This is advantageous as it allows the resulting
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JNDs to characterize the perceptual thresholds of different tasks that may have different baseline
rates (in W/kg), such as locomotion tasks at different walking speeds—the minimum perceivable
change for those tasks would still be the percentage change relative to any baseline metabolic rate,
as long as the comparison pertains to stimuli where the Weber Fraction is constant.

A logistic psychometric function was used to model participant responses. This model predicted
the probability that the participant would choose “the comparison is greater” as a function of the
normalized metabolic rate difference between the two trials. Using the convention from above, the
psychophysical curve predicts the probability that rate B is greater than rate A, as a function of the
relative difference between A and B. The logistic function of (reference-normalized) stimulus x

had the following form,

Ψ(x, α, β, γ, λ) = γ +
1− λ− γ

1 + e−β(x−α)
(2.10)

where Ψ(x) was parametrized by the following variables: the experimental lapsing rate λ, which
was fixed at the commonly used value of 0.02 [94]; the false positive rate γ, which was fixed at
the lapsing rate since participants underwent a stimulus discrimination task [94, 53]; the logistic
function’s threshold point α on the x-axis, which anchors the center of the logistic curve and was
set to 0; and the parameter β which governs the slope of the logistic function and is the only degree
of freedom estimated during the fitting procedure.

Using the modeled psychometric curve, we quantified the JND which represents the minimum
change in metabolic rate that must occur before an observer can reliably perceive with 75% accu-
racy [96]. The JND is calculated by taking the difference between the values of x at Ψ(x) = 0.75

and Ψ(x) = 0.25 and dividing the difference by two. By fixing the other parameters of Ψ(x) at the
values specified, the JND thus depended only on β

JND = k/β, (2.11)

with a scale constant k in terms of the fixed parameters,

k =
1

2
ln

[
(0.75− γ)(1− λ− 0.25)

(1− λ− 0.75)(0.25− γ)

]
. (2.12)

Shallower slopes (indicating less sensitivity) caused higher JNDs, while steeper slopes (indicating
higher sensitivity) caused lower JNDs.

2.3.4 Survey on Fitness Correlates

As a secondary outcome, we investigated potential links between the magnitude of the estimated
JNDs and subject-specific fitness variables. At the close of the experiment, subjects completed
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a survey in which they indicated how many hours per week they typically performed endurance
activities (e.g. running), how many years they had spent performing these athletic activities, and
their Body Mass Index (BMI). The intent of this survey was to provide initial investigation into
potential underlying factors that may influence metabolic perception.

2.4 Statistics and Comparisons

A separate logistic model was fit for each participant using Bayesian analysis [97]. This approach
yielded a posterior distribution of JND estimates for each participant. From this posterior distri-
bution, we extracted the maximum likelihood estimate for each participant, which was considered
the estimated JND [190]. Our approach of using Bayesian estimation enables quantification of
both the JND value for each subject in addition to the uncertainty about our estimates. We chose
Bayesian estimation because preliminary work indicated the conventional Maximum Likelihood
Estimation approach could fail to converge [138]. We conducted our Bayesian analysis using the
PyMC3 library in Python [146]. Each participant’s prior distribution of JND estimates was chosen
as a uniform distribution between 0% and 70%, representing a plausibly large range of perceptual
abilities.

The posterior JND distributions were obtained by updating our prior distributions using the
participant response data. We used the No-U-Turn Sampler (NUTS) [73] strategy—a Markov
Chain Monte Carlo (MCMC) algorithm—to numerically approximate the posterior distribution of
possible JND values; we used four sampling chains with 8000 tuning iterations and 4000 poste-
rior predictive samples. We chose these values to balance computation time and accuracy. The
JND with the highest likelihood in the posterior distribution was the nominal JND estimate. Each
posterior also yielded a 95% credible interval for the JND estimates.

Our approach using Bayesian statistics enabled investigation of several assumptions made about
the JND distributions. We compared three different JND models using the Watanabe-Akaike In-
formation Criterion (WAIC) metric, which evaluates the predictive power of models and corrects
for the number of model parameters to favor parsimony [182]. The three competing models were:
i) Pooled—assuming all participant JNDs arose from a single posterior distribution, and which
therefore does not allow for inter-participant differences (this model thus has a single constant
WF); ii) Independent—assuming each participant has a single independent JND (and a constant
WF), which allows for inter-participant differences in JND posterior distributions; and iii) Vari-
able WF—assuming each participant can have two JNDs. The first JND was calculated using the
metabolic data that corresponded to absolute reference costs in the lower half of that participant’s
reference cost magnitudes, and the second JND was calculated using the metabolic data in the up-
per half of reference magnitudes. Thus, this model featured a non-constant WF in which the JND
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varies based on the absolute magnitude of the reference cost.
In each model, our parameter estimates were informed by the data, yielding posterior distribu-

tions over all possible parameter estimates. In the pooled model, the single JND estimate predicted
the responses of all participants; in the independent model, each participant’s responses were pre-
dicted by individual JND distributions which we estimated; and in the variable-WF model, each
participant had two different JNDs for references above or below the average reference value. The
pooled model featured 2000 tuning iterations and 2000 posterior predictive samples for reduced
computational time, given the greater number of responses used as input. The remaining models
used our default settings of 8000 tuning samples and 4000 posterior predictive samples due to the
relative sparsity of the data and the complexity of the models.

2.5 Results

The average inter-participant JND was 22.7% (standard deviation (SD): 17.0%) (Fig. 2.7A). Many
participants were highly attuned to the changes in their metabolic energetics, while others were
less perceptive, as evidenced by the high standard deviation of the estimates (Fig. 2.7B). We
used a one-sample Kolmogorov-Smirnov test in MATLAB to verify that the independent JND
estimates from the participants were normally distributed. The lowest estimated JND was 6.4%,
while the highest was 69.9%. The standard error of the mean (SE) was 5.35%. Our confidence in
each participant’s JND estimate was given by their respective JND posterior distributions, which
represent the distribution over potential JNDs of each participant (Fig. 2.7C). Differences in the
JNDs can then be observed by comparing the shapes of these distributions; for example, a narrow
distribution with a defined peak at a low value represents a participant who is highly attuned to
changes in energetics, while a flattened distribution with a peak at a high value denotes a participant
with a greater JND and less sensitivity.

We used the WAIC metric [182] to identify the psychophysical model that best describes our
data (Fig. 2.7D). This metric evaluates the predictive power of each psychometric model [55] and
corrects for the number of parameters to favor parsimony. The best model was the independent-
JND model with a constant WF (described in ii above in Statistics and Comparisons), which obtains
the highest WAIC score and is outside the standard error regions of both competing models.

We found no significant relationships in our exploratory analysis of fitness correlates. We re-
gressed lines of best fit to identify any relations between the magnitude of the independent JNDs
and the fitness variables (Fig. 2.9). We conducted F-tests to detect significance of the slope
(α = 0.05). No significant relationship was found between the fitness variables and the magnitude
of the estimated JNDs.

We examined the range of absolute metabolic rates experienced by participants in our protocol

32



Figure 2.6: (A) The exoskeleton-human system (picture taken prior to the COVID-19 pandemic).
Participants walked on a treadmill and experienced different changes to their metabolic rates,
which were measured using indirect calorimetry. (B) The Dephy ExoBoot ankle exoskeleton used
in the physical experiment. A brushless DC motor mounted on a rigid shank assists the user by
generating torque through a belt drive transmission that applies force on a boot-mounted strut. The
exoskeleton is securely attached to the user via a shank attachment that transmits the actuator’s
torque to the leg.
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Figure 2.7: (A) The psychophysical curve corresponding to the inter-participant average (solid
blue, 22.7%) with one inter-participant standard deviation (shaded, ± 17.0%). (B) Participant-
specific data: the likeliest psychophysical curve for each participant (solid blue), participant re-
sponses (red circles), and the 95% credible interval of possible curves from the posterior distri-
bution (shaded blue). (C) The posterior distribution for the inter-participant psychophysical curve
(dashed black) vs. the posterior distributions for each participant with modeled inter-participant
JND differences (blue). The inter-participant model posterior distributions show clear differences
between participants and thus proved a better choice of model. (D) A comparison of different JND
models using the Watanabe-Akaike Information Criterion (WAIC) metric. A higher WAIC score
(black circle, standard deviations given by black lines) indicates a better model. The best model
has a light gray dotted line through its empty circle to aid in comparison. Grey triangles indicate
the difference in WAIC between that model and the top model (standard error given by grey bars).
(E) The absolute range of reference costs aggregated across all participants. The vertical red line
denotes the average net cost of walking at 1.25 m/s across different studies [38].
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and verified that the metabolic rates humans experience while walking with an assistive exoskele-
ton were included in this range (∼10% reductions from unassisted walking, see Fig. 2.7E). As the
WF is modeled as locally constant over this range, the JNDs estimated in this work pertain to the
perception of energetics in both augmentative and resistive assistance regimes.

Figure 2.8: The average JND magnitude (solid red) plotted against the state-of-the-art in
exoskeleton-driven metabolic rate reductions. The 95% confidence interval for the standard er-
ror of the mean of 5.35% is shown (shaded red). As of the date of writing, no published device (to
the authors’ knowledge) exists that would cause a perceivable short-term energetic benefit to the
average wearer. Data reproduced with permission from [150].

2.6 Discussion

On average, modern augmentative exoskeletons do not yet provide a metabolic benefit sufficient
to exceed the perceptual threshold of human energetics. We demonstrated that the average Just
Noticeable Difference (JND) of metabolic rate was 22.7% ± 5.35% (SE). This is substantially
greater than the typical reductions obtained using state-of-the-art exoskeletons over the past decade
(see Fig. 2.8) [150]. While some studies have shown metabolic reductions greater than 15%
[99, 42, 105], most research has demonstrated more modest reductions. The mean reduction in
metabolic rate over the past decade is ∼9.6% ± 4.5% (SD) (averaged from studies in Fig. 2.8).
Based on the inter-participant psychophysical curve obtained in this work, there is a 61% likeli-
hood an average user would perceive a 9.6% change in metabolic rate, when compared to walking
without an exoskeleton (50% accuracy would be a random guess). Thus, based on the metabolic
rate reductions provided to date [150], the typical benefit from these devices is unlikely to yet be
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a critical factor in the short-term, conscious perception of exoskeleton use. The perceptual thresh-
old presented in this work (i.e. the JND) can act as a useful benchmark for future exoskeletons
designed to noticeably improve walking energetic efficiency.

For augmentative exoskeletons to demonstrate value to their wearers, the benefits provided
should be perceivable in the short term. Given that the state-of-the-art exoskeletons do not yet
provide a metabolic benefit that can be sensed reliably (i.e. metabolic benefit > 22.7%), this re-
duction in metabolic rate is not likely to be a driving factor in short-term decision making. Given
the short-term nature of the trials in this study, it is possible the reduction in metabolic rate is more
perceivable over an extended period of use. While this could positively impact user experience,
perception over a longer duration may also lead to challenges in experience and adoption. Prior
work in economics has demonstrated that a benefit provided in the future is less valuable when
compared to a more immediate benefit (i.e. temporal discounting) [199, 63, 64, 162, 35, 153, 17].
Thus, we believe exoskeletons will be most successful if the metrics used to develop these tech-
nologies are aligned with what is perceivable and valuable to the user in the short term. Under-
standing if and how longer-term energetic reductions are perceivable, in addition to the impact of
temporal discounting, are important avenues of future study.

Metabolic rate reduction is currently the “gold standard” for augmentative exoskeletons, which
is supported by its role in the reduction of joint mechanical power, previous biomechanical stud-
ies, and its objective measurability. However, our results demonstrate that the current reductions
in metabolic rate are not yet broadly perceptible in the short term. The difficulty of perceiving
changes to metabolic rate motivates the consideration of alternative metrics which may be more
clearly perceivable by users, including reduction of muscle fatigue [112, 3, 36], peak joint forces in
arthritic joints [3, 82, 115], and user preference [172, 84, 159, 179]. The development of perceiv-
able and meaningful metrics to quantify success in future exoskeletons is an important challenge
for the field.

Previous work investigating the perception of exertion has shown lower thresholds for exertion
during exercise cycling [69]. Haile et al. applied the method of adjustment [94] to cycling intensity,
arriving at a threshold of 0.15 L/min ˙V O2, but did not provide a resting metabolic rate for their par-
ticipants. Using the resting rate estimates provided in [39], this equates to a JND of ∼10%. There
are several possible explanations for the differences from our results. For example, the method of
adjustment can lead to lower JND estimates [191], and is known to be less reliable [167, 26, 135]
than forced-choice experiments. Additionally, the exertion levels tested were substantially greater
than what was tested in our experiment, and thus might have occurred in the perceptual regime
where the WF was non-constant. Lastly, their method of moderating exertion used only a single
variable (cycling resistance), which is susceptible to confounding factors. That is, cycling resis-
tance will vary proportionally with muscle loading, which can be more easily sensed through the
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Golgi tendon organs, mechanoreceptors, and other mechanisms. Thus, any perceptual thresholds
calculated using these sensations could be confounded to underestimate the true JND of exertion
because the participants could intuit a mapping between the easier-to-perceive cycling resistance
and the harder-to-perceive metabolic effort.

Researchers have established that humans will seek energetically optimal gaits, even when
metabolic rate changes are far below our estimate of the perceptual threshold for metabolic rate
(i.e. ∼5% rather than 22.7%) [155, 1]. One potential explanation for these differences is that our
experiment measures conscious perception of changes in metabolic rate, whereas this prior work
has allowed for potential subconscious sensing contributions from sensorimotor system and auto-
nomic nervous system [194, 156]. The literature suggests that humans rely on a combination of
different afferent signals, such as heart rate or muscular strain, to generate a gestalt perception of
exertion in ways that are not yet fully understood [70, 59, 152, 16, 14]. It is also not yet known
whether the observed changes in locomotor mechanics that are correlated with metabolic rate are
causally linked to those changes.

Participants varied greatly in their ability to perceive changes to their metabolic rate. In this
study we investigated whether the JND was more appropriately modeled as a constant value or
a person-specific value. Using the Watanabe-Akaike Information Criterion (WAIC) metric—a
modern Bayesian tool for comparing the quality of models—we found that the data were better
fit by the model where each participant had their own independent JND (see Fig. 2.7.D). While
the inter-participant mean JND value was greater than the metabolic benefits provided by modern
exoskeletons, our participant pool included three participants who had JNDs below 9.6% and thus
would likely perceive benefits from these technologies [150] (see Fig. 2.7.C).

Although our study was not powered to identify significant relationships between fitness and
perception, we investigated this potential link by regressing linear models between the estimated
JND and relevant fitness variables (hours weekly spent performing endurance activities, years
spend performing athletic activities, and BMI). We failed to detect any significant relationships
between the fitness variables and the magnitude of the estimated JNDs. Future work is needed to
study both the physiological mechanisms that underlie variability in perception of energetics, as
well as discover methods to identify those users who may have better perception.

In our experiment, the WF—the ratio of the JND (in absolute units of W/kg) to its corresponding
reference—is constant with respect to reference magnitude over the range of references tested.
The Variable WF model we evaluated, in which each subject’s JND was dependent on the absolute
magnitude of the reference, was inferior to a model in which each subject had a single JND and
constant WF. Given the inter-participant range of reference costs experienced (from ∼1.5 to 6.6
W/kg, see Fig. 3E), we believe our experiment occurred in the mid-section of the perceptual
regime, rather than the extremes around which the WF will rise steeply in many cases [127].
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This distribution of reference metabolic rates does skew towards relative increases away from the
metabolic rates experienced during baseline unassisted walking, as it is far easier to add a metabolic
penalty with exoskeleton use. However, in many psychophysical studies, the psychometric curve
is assumed to be symmetric about the origin [53, 137, 189, 177, 102]—that is, subject perception
does not depend on the sign of the comparison. Due to this symmetry and the success of the
constant-WF model, we anticipate that the estimated JND pertains to both metabolic benefits and
metabolic penalties. Consequently, our results may not only apply to the benefits from modern
exoskeletons, but also extend to applications where metabolic penalties may be more relevant (e.g.

athletic or endurance training).

2.6.1 Limitations

The posterior distributions for those participants with low and high JNDs were differently shaped,
reflecting a limit on the maximum metabolic rate changes possible via exoskeleton assistance. The
exoskeleton used in this experiment was capable of providing a peak torque of approximately 30
Nm (∼ 10 J per stride), which limited the available metabolic rates that could be experienced.
The ability to induce a wide array of metabolic rates is important for sampling the psychometric
function. To obtain estimates of these functions that have low uncertainty, they must be sampled
across both the constant and transitory regions of the psychometric curve [94]. The quality of the
measurements is reflected in the posterior distributions for the JND estimates, with high quality
measurements resulting in narrow posterior distributions. For participants with smaller JNDs, the
limitation on available metabolic rates enabled the sampling of the majority of the relevant areas
of the psychometric curve. This allowed us to exclude both excessively large and small estimates
for those participants. In contrast, for participants with high JNDs, the imposed energetics spanned
a comparatively narrower region of the psychometric function, which only excluded lower JNDs.
The posterior distributions for participants with high JNDs was asymmetric, and thus contained
greater uncertainty in the upper bound of the threshold. Consequently, any error would likely bias
the true JND to be greater than what was measured in this study.

The indirect nature of manipulating energetics via an exoskeleton increased variability in each
participant’s JND distribution. In conventional psychophysical studies, researchers have more
deterministic control over the applied stimulus under investigation. While exoskeletons are known
to influence energetics indirectly through several controllable [95, 110, 85, 52] aspects of the torque
profile, metabolic rate also depends on many uncontrollable factors that appear noise-like [39, 71,
66]. This added noise results in sub-optimal sampling of the psychophysical curve that reduces
certainty in the corresponding JND estimates [114]. This uncertainty is reflected in the width of
the posterior distributions of each participant.

38



The uncertainty of our results also stems from an experimental limitation in how many trials are
feasible. Conventional best practice in the psychophysics literature would recommend ∼300 trials
[53] when estimating the underlying psychophysical curve; however, in this study we were able to
obtain ∼100 trials for each participant. The relatively low number of trials was due to the time nec-
essary to obtain responses. In this protocol, participants experienced different metabolic rates in
sequence, each of which requires two minutes to estimate the participant’s metabolic rate. To ob-
tain the necessary data for this experiment, participants walked during three sessions spread across
three days, with each session lasting four hours. This is in contrast to many studies of human per-
ception, which can obtain experimental data without the time delay of the human cardiopulminary
system (τr = 42 s [201]). Consequently, the uncertainty of our estimates was increased by approx-
imately 60% [114] due to the lower number of samples, which is reflected in the inter-participant
distribution of the JNDs.

We found that despite the uncertainty in JND estimates, these estimates were relatively insen-
sitive to assumptions in our approach. We used a uniform prior distribution in our analysis that
encompassed available JNDs between 0% and 70%. We investigated the sensitivity of our results
to the bounds of this prior distribution (i.e. 0% and 70%). We chose our lower bound to reflect
perfect human perception, while the upper bound was informed by the reasonable assumption that
a human could consistently detect changes in energetics just under those that result from switching
from walking to running (a ∼ 100% change [171]). When the bounds of our uniform prior dis-
tribution were changed to [0%, 60%] and [0%, 80%], we found that the average inter-participant
JND estimate shifted from 22.7% to 21.9% and 23.2%, respectively. These small shifts in the mean
JND estimate indicate that our approach is robust to the exact shape of our prior distributions, and
are thus well-informed by our sampled data.

Participants responded to questions about exertion, but we are unable to know what specifically
drove their answers. Our study relies on participants honestly reporting perceived exertion and not
confounding this report with other perceptions, which could include perceptions of assistive torque
and assistance timing, as well as higher-level perceptions of the helpfulness of the actuation pro-
file. Our study was designed to mitigate these confounding factors. Participants read a predefined
script to help elucidate the concepts of metabolic rate and exertion. The prompt was designed using
vocabulary consistent with the Borg Scale, used to assess exertion [13, 14, 152]. Additionally, the
torque profile was designed to be intentionally complex (see Methods). That is, the participant’s
metabolic rate was induced by the complex interaction of three controller parameters, obscuring
any foreseeable relationship with metabolic rate (i.e. ”it feels more powerful when it is stronger,
which must lower my exertion”). However, if participant’s JNDs were affected by additional infor-
mative sources, this would also bias the true JND of metabolic perception to be greater than what
was estimated.
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2.7 Conclusion

Motivated by the need to develop augmentative exoskeletons that can realize their potential to
impact society, we quantified the human ability to perceive the metabolic impact of these tech-
nologies. Participants were able to perceive an average change of 22.7% ± 5.35% (SE) in their
metabolic rate with 75% accuracy in short-term testing. Thus, the average user cannot yet con-
sciously perceive the metabolic benefits from the typical modern exoskeleton, which may hinder
translation and adoption of these technologies. Our results provide a new benchmark for aug-
mentative exoskeletons that will enable perceivable value to their users. The relatively insensitive
perception of metabolic rate also suggests that alternative metrics for exoskeleton success, such as
reduced muscle fatigue, loading, or user preference, may be more significant to user experience
and exoskeleton success.
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Figure 2.9: Fitness variables shown across estimated JNDs: Hours spend performing endurance
activity (e.g. running exercise), years spent performing athletic activity, and Body Mass Index
(BMI). The regressed best-fit lines are shown in blue, with individual responses in red. The 95%
confidence intervals are shown by the shaded region. No relationships were statistically significant.
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CHAPTER 3

The Economic Value of Augmentative Exoskeleton
Assistance

3.1 Context

Chapter 3 of this dissertation delves into the economic value of exoskeleton assistance for the first
time. The objective is to determine the actual value of exoskeletons using economic value as a
viable alternative which may be more conducive to the adoption of exoskeletons outside the lab-
oratory when compared to the current standard of metabolic cost reduction. The economic value
metric is both more accessible, as it does not require specialized equipment, and more intuitive,
as users can better comprehend benefits expressed in terms of monetary currency compared to
biomechanical quantities, such as calories burned. This study employs the Vickrey second-price
auction within economics to measure the participants’ valuations of their walking times across var-
ious walking conditions, including walking with and without exoskeleton assistance from bilateral
ankle exoskeletons and walking with and without the exoskeleton itself. This chapter is currently
under submission to Nature Communications Engineering.

3.2 Introduction

Powered lower-limb exoskeletons have the potential to transform human mobility by extending the
locomotor abilities of their wearers. These technologies augment lower-limb function by provid-
ing mechanical assistance to the joints of the legs in tandem with the human neuromotor system,
and thus can make physically demanding tasks less challenging for both able-bodied and impaired
individuals. Assistance provided by modern exoskeletons have been shown to reduce the caloric
demands and muscular effort required for walking [123, 122, 132, 149, 110, 202, 21, 151, 49].
Consequently, exoskeletons may have beneficial implications for recreational users and workers
in factory, military, or supply chain environments. In addition, exoskeletons can reduce muscle
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activation, and thus may reduce joint loading [101, 103, 204, 115], potentially extending the phys-
ical capabilities of aging individuals. Rehabilitation-focused exoskeletons may also restore the
mobility of people with neuromotor deficits who face weakness and impairments in balance, co-
ordination, and joint mechanics following upper motor neuron disease (e.g. stroke). Exoskeletons
can be used to assist the gait of these individuals, with several commercially-available lower-limb
exoskeletons having been approved by the U.S. Food and Drug Administration.

The metrics by which we assess exoskeletons drive their design, control, and potential im-
pact. For rehabilitative applications, the design of these technologies has a clear physiological
objective: the restoration of impaired gait function. These exoskeletons are often considered suc-
cessful if they restore able-bodied kinematics or kinetics, which provide clear physiological goals
on which to base exoskeleton design and control decisions [205, 204, 164, 27, 151]. However,
for augmentative applications in which the user is typically able-bodied, the metrics of success
are less clear. Currently, augmentative exoskeletons are developed based on their ability to meet a
physiological objective; the “gold standard” for exoskeleton success is the reduction of metabolic
expenditure during locomotion (i.e. a reduction of the calories burned) [150]. This objective is
both intuitively meaningful and objectively measurable [195, 154]. Modern exoskeletons have
reduced the metabolic rate relative to unassisted walking by an average of approximately 14%
[123, 122, 132, 149, 110, 85, 202]. This objective has led to the rise of promising ’human-in-
the-loop’ (HILO) optimization techniques, which directly modulate exoskeleton assistance based
on the metabolic reductions experienced by the wearer [95, 201, 42, 186, 104, 163, 61]. Recent
work has established experimental infrastructure that illustrates the tight coupling between met-
rics of success and exoskeleton development. An example of this infrastructure includes tethered
emulator systems [41, 21], whose purpose is to inform exoskeleton design and control based on
their ability to reduce the metabolic expenditure of their wearer. Numerous studies investigating
the biomechanical underpinnings of metabolic cost reductions have also been conducted to find
more optimal exoskeleton assistance settings [120, 193, 201, 85]. Finally, other metrics include
net-joint torque reduction [103] and muscle activation reduction [101, 204], which are commonly
used, easier-to-measure proxies for improvement in energetics.

Though the physiological benefits of exoskeletons have been demonstrated using metabolic
metrics, these benefits have not widely translated to wearer perception of enhanced endurance and
strength. These perceptions are important, as for augmentative exoskeletons to reach their potential
in society, users will need to voluntarily accept these technologies into their lives. They thus must
be developed to provide a perceivable benefit to their wearer, in addition to objective assessment
of their impact. Our recent work has shown that during exoskeleton-assisted walking, the average
user cannot yet perceive the benefit of most systems available today [117, 114, 113]. That is, the
metabolic rate needed to be reduced by 23% (N = 10) before exoskeleton users could reliably per-
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ceive this improvement (whereas most modern exoskeletons reduce the wearer’s metabolic rate by
14% compared to unassisted walking [150]). These results agree with prior studies that showed
humans were relatively insensitive to small changes in exertion in other exercise contexts [69].
Intuitively, if the user is unable to perceive the metabolic reduction provided by an exoskeleton,
this value may be difficult to incorporate into decision-making during exoskeleton design, transla-
tion, and adoption. Consequently, assessing and developing exoskeletons based on reductions in
metabolic rate could result in systems that are not perceived as valuable by users, despite significant
energetic benefits [193, 105, 42, 121, 99, 132].

An alternative method for measuring success in exoskeleton development is to quantify the
perceived economic value provided to the wearer during its use. Economic value, measured in
monetary currency (e.g. US dollars), is assigned by the wearer and can reflect the multifaceted na-
ture of exoskeleton user experience. Although exoskeletons can provide assistance that improves
energetics, that assistance often comes at a cost to the wearer. Exoskeletons can add discomfort,
weight, and audible noise, in addition to having aesthetic implications. While exoskeletons may
potentially have universal positive value, the heterogeneity of the metabolic response to exoskele-
ton assistance, coupled with the known variety of responses to new innovations within the social
sciences [144], could also imply a wide range of valuations for wearing an exoskeleton. If the user
is able to assign economic value to the experience of exoskeleton use, they are able to inherently
balance and quantify these trade offs. Thus, we posit that exoskeletons that maximize economic
value may have a greater likelihood for adoption and use. Prior work in management science has
established that the perceived value of different technologies has a significant impact on user intent
to adopt those technologies into their daily lives [40, 93, 129, 79, 29]. When potential exoskeleton
users, manufacturers, and others are weighing the choice to adopt or purchase an exoskeleton, the
consciously perceived benefits must outweigh these costs. Thus, the perceived economic value of
exoskeleton use is a potentially powerful metric for designing and controlling exoskeletons that
quantifies meaningful, individualized benefits to wearers.

In this study, we introduce a tool for measuring the perceived economic value of exoskeleton
use as a metric to evaluate their performance and user experience. We define and use this tool
to quantify the economic value—termed Marginal Value (MV)—provided by bilateral ankle ex-
oskeleton use during uphill walking. We leveraged the Vickrey second-price auction to measure
participants’ “price to walk,” which was then aggregated and compared across conditions to obtain
our economic value metric (i.e. MV). Our experiment revealed that while there was insignificant
positive value of exoskeleton use across subjects, there was a large disparity between subjects.
Some subjects reported substantial value provided by the exoskeletons, which represents an oppor-
tunity target these “responders” in future work. The near-zero net MV from the exoskeleton stems
from two competing effects: the MV of the powered assistance alone was substantially positive,
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but it was counteracted by the cost from wearing the device itself. The use of MV offers advan-
tages over the more common metabolic rate metric, including its accessibility, in that it does not
require specialized equipment, and its intuitiveness, as users and manufacturers are more likely to
understand the value of monetary currency over biomechanical quantities (e.g. calories burned or
muscle power). Our approach is also generalizable, and can be used to measure the value of not
only different types of exoskeleton assistance, but also various technologies, activities, or experi-
mental conditions.

Within the field of economics, the Vickrey second-price auction [183] provides a well-studied
incentive structure for quantifying the economic value of abstract concepts. In a seller’s Vickrey
auction, participants compete via bidding to sell a good. The winner of the auction is the partici-
pant that bids the lowest amount to sell the good. However, the winner will earn the amount bid
by the second-lowest bidder. The Vickrey auction is also “sealed-bid” in that each participant’s
bids are not revealed publicly. This second-price paradigm incentivizes subjects to bid their true
perceived value for the good [183, 134, 107] rather than attempt to guess (and slightly underbid)
all other bidders’ lowest bids. Auction participants would be discouraged from bidding higher
than what they believe the good is truly worth, for fear of losing the auction to a competitor with a
lower bid, and the second-price nature breaks the link between the auction winner and their actual
bid. Conversely, they will have no incentive to underbid below their true value since they would
risk selling for a “loss” if they won the auction. Thus, the Vickrey auction provides a quantitative
measurement for the value of arbitrary goods or services by measuring an individual’s willingness
to buy or sell [107, 181]. The specific incentive structure is thus less prone to biases when quanti-
fying the value of a good when compared to alternative methods such as direct feedback [165, 44].
Prior researchers have also used Vickrey auction metrics to measure the value of abstract concepts
or actions, such as food safety [50], GMO-free foods [145], the stigma resulting from HIV [74],
personally identifiable information [165], and smartphone battery life [77]. In particular, Coursey
et al. employed the Vickrey auction to quantify the willingness of participants to endure perform-
ing an unpleasant task, such as tasting a bitter liquid [34]. These examples highlight the promise of
the Vickrey auction to quantify the perceived economic value provided by experiences, including
exoskeleton use.

3.3 Methods

3.3.1 Participants

In this study, sixteen able-bodied participants (N = 16, 5 female, 9 male; age = 26.3 ± 4.61 years;
mass = 77.1 ± 13.4 kg, Table. A.1) walked using bilateral ankle exoskeletons on a treadmill.
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All participants provided written informed consent before participation. The study protocol was
approved and overseen by the Institutional Review Board of the University of Michigan Medical
School. Participants had no prior experience walking with the bilateral ankle exoskeletons featured
in this study.

3.3.2 Experimental Protocol

3.3.2.1 Exoskeleton Apparatus

Figure 3.1: The Dephy ExoBoot used in this experiment. An electric motor applies plantarflexion
torques at the ankle via a belt transmission.

Our approach quantifies the value of bilateral ankle exoskeletons that were designed to improve
the energetic efficiency of human walking (ExoBoot, Dephy Inc. Maynard MA, Fig. 3.1). The
commercially-available system utilizes an onboard brushless electric motor and flat cable transmis-
sion (for a mean transmission ratio ∼15:1, see Supplementary Fig. 3.3.) to apply ankle assistance
during walking. The exoskeletons have a single powered degree of freedom (dorsi-plantar flexion)
and a passive, unactuated degree of freedom (inversion-eversion). The transmission is unidirec-
tional, which enables the system to apply plantar flexion assistance torque but it cannot provide
dorsiflexion assistance. Each side of the exoskeleton applies a torque profile (Fig. 3.2a) that pro-
vides a burst of positive power (Fig. 3.2b) during the terminal stance phase of gait, augmenting the
propulsive effort provided by the triceps surae. The average energy provided by the exoskeleton
during the gait cycle is 13.4 ± 2.9J . During swing phase, the exoskeleton is able to add slack to
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Figure 3.2: (a) The torque profile applied by the bilateral ankle exoskeletons during the uphill
walking task. The torque applied stems from the proprietary control strategy implemented by De-
phy Inc and represents the state of the art. The mean profile is shown in solid orange, with a single
standard deviation shown by the shaded region. Torque was quantified by using the measured q-
axis motor current and the experimentally-derived, q-axis torque constant to calculate motor torque
[100], and then multiplying that value by the instantaneous transmission ratio. Gait cycle progres-
sion is defined as beginning and ending at sequential ipsilateral heel-strikes. (b) The power applied
by the exoskeletons at the ankle during the walking trial. Power was calculated by multiplying
the current-derived torque profiles in (a) by measured ankle angular velocities. The mean profile
is shown in solid green, with a single standard deviation shown by the shaded region. The av-
erage energy provided by the exoskeleton, obtained by integrating the power curves over time is
13.4± 2.9 J.

the belt drive, thereby preventing any unwanted resistance to the foot; this capability stems from
the unidirectional nature of the design. Gait progression, inferred from heel-strike timing events,
was used to schedule how assistance was provided during each step. Similar exoskeletons have
been shown to lower the user’s metabolic expenditure during walking as well as reduce the biome-
chanical power requirements at the ankle and other joints of the legs [121, 123, 120]. The walking
assistance controller was developed by Dephy Inc. as part of their commercial system. As one of
the first commercially available exoskeletons, the Dephy Exoboot was chosen for its ease of use,
robustness, and representation of the state-of-the-art.
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Figure 3.3: The transmission ratio curve of the exoskeleton device used in this experiment. Pos-
itive ankle angles denote dorsiflexion and negative angles denote plantarflexion. The curve was
modeled as a second-order polynomial, and was obtained by taking the derivative of the best-fit
third order polynomial that relates motor angle to ankle angle.

3.3.2.2 Vickrey Auction Protocol

The Vickrey auction [183] is a powerful economic tool for determining the true value placed on
goods or actions. In this type of auction, participants compete to purchase (or sell) a good or item.
For each participant, the auction’s structure is designed such that the optimal strategy for obtaining
the item is to truthfully represent their internal value with their bid (e.g. to bid an amount equal
to the true worth of the item). This optimality stems from the second-price nature of the auction
[183, 134, 107], in which the winner is the participant who bids the highest (or lowest, as in the
selling implementation used in this study). However, rather than paying the highest bid, the winner
of the auction instead pays the second-highest bid. Participants do not know the value of competing
bids (sealed-bid). In theory, bidders are disincentivized to bid less than their true value, as they
run the risk of not winning the auction (not acquiring the good). Similarly, participants should not
bid more than their true value, which otherwise could cause them to pay more than the value of
the item. The second-price nature breaks the link between the auction winner and their specific
bid. The inverse is also true for the case of selling an item (second-lowest bid is paid, lowest bid
wins); thus, the incentive structure that elicits truthful bidding still holds in the seller’s auction.
Due to the presence of this optimal strategy, the Vickrey auction provides a method for quantifying
the value of abstract concepts [107, 181]. In our protocol, we use the Vickrey auction sequentially
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to repeatedly sample individuals’ valuations of their time during uphill walking. The participants
bids across the sequential auctions denotes the wearer’s “price-to-walk” curve.

3.3.2.3 Walking Protocol

Figure 3.4: The experimental Vickrey auction protocol. In this protocol, human participants
compete against computerized bidders (depicted in the 2×2 grid) in sequential Vickrey auctions
for the prize of monetary compensation in exchange for undergoing a strenuous locomotion task.
A human participant, shown in the upper-left quadrant, competes against computerized (‘robo-’)
bidders, represented by the robots in the remaining three quadrants. Every two minutes, the human
participants verbalize their bids to their experimenter, which are recorded and compared to the bids
from the computerized opponents; the lowest bid is the winner of the auction, and the payout is
the second-lowest bid. The second-price nature of the auction elicits truthful bids/prices from the
participants. Should the human win, they accrue the payout and walk for the two-minute interval;
should they lose, they instead miss out on the payout and rest until the next interval. Regardless
of whether the human won or suffered a loss, their bid is aggregated to form their price to walk
curve. This process repeats for roughly an hour. As the human walks more, they become more
fatigued, causing their price to walk to increase; a trend well-modeled by a first-order exponential
according to the observed data. Among other conditions, participants competed while wearing
normal shoes (’no-exo’ condition) and while receiving powered assistance from the exoskeleton
(’exo-powered’). The integral of the difference between the price-to-walk curves for the no-exo
and exo-powered conditions is the value added from the device’s assistance.

Participants received guidance on the Vickrey auction protocol prior to the experiment. During
this time, participants read a lay explanation of the Vickrey auction. Subsequently, participants un-
derwent two mock Vickrey auctions, where the optimal strategy of truthful bidding was explained.
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Subjects were also repeatedly informed of the optimality of the honest-bid strategy to improve the
number of honest bids provided [111]. In the first mock auction, participants were presented with
a miscellaneous office supply item and told to bid honestly on it as if they were competing to pur-
chase it in a real Vickrey auction. Each participant wrote down their bid on an index card, while
the researcher wrote down some artificial competing bids. The participant then revealed their bid,
and the experimenter explained which bid won (the highest bid) and what the cost would be (the
second-highest bid). Next, participants were told to imagine they were participating in the actual
study, in which they would compete to sell their walking time in exchange for monetary compensa-
tion. Participants were prompted to consider bidding based on an hourly wage, although they were
also told that any truthful bid would be accepted. Again, participants wrote down their bids while
the researcher aggregated the competing bids. As in the previous mock auction, the participants
revealed their bids, and the experimenter walked them through which bid won and the payout.

Following familiarization with the exoskeleton and auction mechanics, participants competed in
sequential Vickrey auctions to sell their time while walking uphill. The protocol was organized into
a set of Vickrey auctions experienced in series, each lasting two minutes. If the participant won the
auction, they would walk for the two minute interval, and they would rest if they lost the auction.
During walking, participants walked on a split-belt treadmill with a 10◦ incline (Fig. 3.4). Unlike in
the mock auctions, the participants would accrue and receive monetary compensation according to
the Vickrey auction protocol. At the end of each interval, the winning bid (second-lowest bid) was
revealed. The sequential auctions lasted a randomly-specified duration between 50 and 70 minutes,
with a mean duration of 60 minutes; participants walked on average a total of 31.3 minutes ±
11.5 minutes. The duration uncertainty was added to discourage subjects from waiting until their
bidding competitors were “exhausted” to inflate payouts. The two-minute interval duration was
chosen to minimize subject exploratory behavior. In total, participants experienced approximately
25 - 35 Vickrey auctions in series. By aggregating each subject’s bids across the series auctions,
the resulting price to walk curve captured the participants’ valuation of their time to complete the
experiment, which can be used to provide insight into the value provided by the exoskeleton in this
application.

Our protocol was broken up across several days to reduce the effect of fatigue from the ex-
periments. The order of the testing was randomized across participants. On one day, subjects
completed the Vickrey auction protocol with normal shoes (i.e. the walking-no-exo condition);
these data establish their baseline price to walk curve and cumulative price. On a different day,
subjects instead walked with powered exoskeleton assistance (i.e. the exo-powered condition). Par-
ticipants were not explicitly told that the exoskeleton would provide assistance; instead, they were
told that the exoskeleton was applying a randomized torque profile that would either help or hinder
their locomotion. This was done to reduce the chance that participants would experience a placebo
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effect and perceive the exoskeleton as valuable due to information provided by the experimenter.
By comparing the price to walk curves from the walking-no-exo and exo-powered conditions, we
obtained a measurement for the value provided by the exoskeleton in this task. If undergoing the
exo-powered condition on the second day, subjects were given time to re-familiarize and experi-
ence the exoskeleton’s assistance.

In addition, each subject was randomly assigned to additional experimental sessions to investi-
gate other attributes our approach. Participants were randomly assigned to groups that either quan-
tified the inter-day variability of the price-to-walk measurements, or investigated the additional
condition of walking with the exoskeleton without assistance (i.e. the exo-powered-off condition).
Due to the number of experimental sessions required, particpants were assigned to only one of
these groups. Of the sixteen total participants, ten participants walked in the exo-powered-off
condition, while four participants repeated the walking-no-exo condition at least once (the remain-
ing two subjects were not able to participate in the additional sessions). Within the experimental
group that repeated the walking-no-exo condition, three participants repeated the condition twice
more, while the last participant repeated the condition once. The intent of investigating the exo-
powered-off condition was to support that the price-to-walk curves captured the cost of wearing
the additional exoskeleton weight, when no assistance was provided. The goal of repeating the
walking-no-exo condition was to provide insight into the test re-test variability of the price to walk
curves and how they may be affected by inter-day confounding factors.

3.3.2.4 Robo-bidders

For a live Vickrey auction, multiple participants are needed; however, this constraint adds practi-
cal challenges in coordination and logistics. To this end, we utilized computerized bidding agents
(robo-bidders) as a substitute for other human participants in the Vickrey auctions. The mechanics
of the robo-bidders are modeled on the bidding behavior of three pilot subjects. The robo-bidders
bid with prices following a first-order exponential function of the number of intervals spent walk-
ing. This model captured the effect of fatigue and increased their bids as the robo-bidder won the
auction. If the robo-bidder did not win the auction (meaning the human participant won), their
bid remained constant. Gaussian white noise (zero mean, standard deviation $0.01) was added to
corrupt the robo-bidder bids, to reduce the likelihood that the human participant would intuit the
robo-bidder model. Robo-bidder behavior at time tk during simulated walking was governed by
the following equation:

yk(t) = k · e(b·tk) + σ, (3.1)
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where yk was the robo-bidder’s price, k was the initial price, b was the rate at which the price
increases, is time, and σ was drawn from normal distribution N (0, 0.01). Parameters k and b were
set differently for each robo-bidder; full implementation details can be found in [TBD]. Having
robo-bidders instead of human auction participants reduced the logistical difficulty of executing
the Vickrey auction experiments over time, while still replicating modeled behavior of a human
participant. Naturally, the robo-bidder bids competed in parallel with the human subject and ap-
proached an equilibrium behavior, which affected the total walking time of the human participant.
In the application of auctions in series, an equilibrium would also likely be established between
multiple human participants. The human participants were not initially made aware of the fact
that they were competing against computerized opponents. They instead were told that they were
competing in live Vickrey auctions against other humans located remotely, with the experimenters
communicating live. This was done to prevent the participants from attempting to learn and ex-
ploit the price to walk curves of the robo-bidders in an attempt to maximize profits beyond the
strategy of honest bidding. Participants were debriefed on the true nature of the robo-bidders at the
conclusion of their participation in the experiment.

3.3.3 Analysis

3.3.3.1 Marginal Value

Our outcome metric is the marginal value (MV) that stems from difference in two price to walk
curves obtained for different experimental conditions. Each price to walk curve was fit with a
first-order exponential response of the form:

Y (t) = k · e(b·c·t), (3.2)

where Y is the participant’s price, k is the initial price, b is the rate at which the price increases,
c is a scaling factor equal to the participant’s win-rate, and t is time. The scaling factor is necessary
to control for the different durations of walking experienced by the participants (i.e. variations in
the number of auctions won). After correcting for this win-rate, these curves are integrated and
subtracted, yielding the area between the two curves. This area represents the marginal value
added—in US dollars—from one exoskeleton condition compared to another. The expression for
the MV is as follows:

MV =

exo condition 1︷ ︸︸ ︷∫ t2

t1

k1 · e(b1·t) dt−

exo condition 2︷ ︸︸ ︷∫ t2

t1

k2 · e(b2·t) dt, (3.3)

where k1, b1 correspond to the first exoskeleton condition in the comparison, k2, b2 correspond to

52



the second condition, and t1, t2 are the bounds of the time domain for the integrals—0 and 30
minutes respectively, which roughly corresponds to the average time each participant walked in
each trial. The MV is then equivalent to the value added or removed by the exoskeleton during a
continuous thirty minute, uphill walking task. We commonly normalized the MV by the cumulative
price from the walking-no-exo condition to obtain a percentage change. However, this metric can
be converted to compare any two experimental conditions or other candidate control strategies that
researchers wish to evaluate in terms of economic value.

3.4 Results

Figure 3.5: (a) Generic examples of price to walk curves for the walking-no-exo condition (green)
and the exo-powered condition (orange) from different subjects. The marginal value (MV, the
value of the exoskeleton assistance) is given by the area between the curves. In actual trials, the
price to walk curves are estimated by fitting first order exponentials to subject bids. Circles denote
winning bids, while squares denote losing bids. The participant in (b) shows a clear benefit from
the device, the one in (c) shows a clear detriment, and the one in (d) is more ambiguous.

Within each trial, participant bids invariably trended upwards as participants became more fa-
tigued and this trend was well represented by a first-order exponential. During each trial, par-
ticipants either walked with normal walking shoes (‘walking-no-exo’), with the exoskeleton ap-
plying assistance (‘exo-powered’), or with the exoskeleton donned but applying no power (‘exo-
powered-off’). Across all three walking conditions, the average bid for each two-minute interval
was $0.75, with a standard deviation of $0.39. The maximum bid was $5.00, while the min-
imum bid was $0.10. As participants continued to walk during each trial, their bids increased
at varying rates (Fig. 3.5). The first-order exponential model exhibited an R2 of 0.87 ± 0.11,
averaged over all conditions experienced by the sixteen participants. These first-order responses
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Figure 3.6: Histograms of the Marginal Values (MVs) for the different conditions. Positive MVs,
indicating that value was added to the wearer are in blue, while negative MVs, indicating that costs
were imposed on the wearer, are in red. (a) The MVs of exoskeleton + assistance for all sixteen
subjects. The average MV was 5.81%, with an SD of 31.1%. (b) The MVs of the unpowered
exoskeleton for the twelve subjects who participated in this condition. Aside from one subject, all
participants experienced notable economic costs from this condition, reflected by the average MV
being significantly negative (average: -31.8%, SD: 45.0%). (c) The MVs for the exoskeleton assis-
tance alone (average: 33.8%, SD: 38.1%). While the average MV of the exoskeleton + assistance
was not significantly positive, the assistance alone conferred a significant benefit.

denote the user’s price to walk curves for each condition (the curves for the walking-no-exo and
exo-powered conditions are shown in Fig. 3.5a). The area between the walking-no-exo and exo-
powered curves denotes the Marginal Value (MV) of the exoskeleton and its assistance, which is
the value obtained by the participant from the exoskeleton’s use. Participant price-to-walk curves
broadly demonstrated three potential outcomes; namely, a clear economic benefit from the ex-
oskeleton’s assistance (higher walking-no-exo curve than exo-powered curve, Fig. 3.5b, positive
MV), a clear economic penalty (lower walking-no-exo curve than exo-powered curve, Fig. 3.5c,
negative MV), and a negligible economic effect (similar walking-no-exo and exo-powered curves,
Fig. 3.5d, near-zero MV).

Our approach was able to quantify the intuitive effects of added mass and assistance. Across
subjects, the MV of the exoskeleton + assistance was positive but not significant, while the MV
of the unpowered exoskeleton was significantly negative, and the MV of the assistance itself was
significantly positive. The average inter-subject MV of exoskeleton use was 5.82%, with a standard
deviation (SD) of 31.14% (N=16, Fig. 3.6a). The exoskeleton + assistance thus provided only a
small value benefit to the average participant. Using a t-test, the average MV of exoskeleton +
assistance (5.82%) was not significantly different from zero (p = 0.24). However, as denoted by
the high standard deviation, some participants received large benefits from the device’s assistance,
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Figure 3.7: Representative price-to-walk curves for a single ’repeater’ subject across different
days. The agreement across the curves demonstrates the test re-test reliability of our approach.
These sessions were completed over a seven day span.

while others experienced an economic penalty from exoskeleton use. The average MV for the
unpowered exoskeleton was -31.8% with a standard deviation of 45.0% ( N=13, 3.6b). Using the
same t-test as in the exo-powered condition, we found this change to be significantly different
from zero (p = 0.03). Additionally, the powered assistance alone from the exoskeleton provided a
significant increase in value (mean: 33.8%, SD: 38.1%, p = 0.01, N=13, Fig. 3.6c).

The integral of each price to walk curve yields the cumulative price to walk for each condition
(Fig. A.3). The average cumulative price for the walking-no-exo condition was $29.23 ± $28.11

(Fig. A.3a), for the exo-powered condition $25.38± $13.87 (Fig. A.3b), and for the exo-powered-
off $49.68 ± $54.34 (Fig. A.3c). Changes in participant value due to the different walking condi-
tions can be measured by comparing the associated cumulative prices.

We also characterized the repeatability of our measurements with a subset of participants to
verify that the changes in price to walk detected due to the changing walking conditions were
attributable to the difference in perceived difficulty between conditions and not due to participant
day-to-day variability (a representative repeater trial is shown in Fig. 3.7). For the four subjects that
repeated the walking-no-exo condition at least once, the average intra-subject standard deviation
of the cumulative price for the walking-no-exo condition was 3.38%, expressed as a percentage of
each subject’s average walking-no-exo cumulative price. This quantity represents the day-to-day
fluctuation in the value demanded to walk, in addition to any user or experimentally derived noise.

3.5 Discussion

In this work, we use the Vickrey second-price auction as a method to capture the economic value
or detriment provided by exoskeletons and their assistance. As part of our broader goal of empha-
sizing the user’s role in the design, control, and evaluation of exoskeletons [117, 83], the intent
of this work is to quantify the success of these technologies through a user-centered metric which
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encompasses the different aspects of the user experience, including exertion, weight, comfort,
and assistance. To this end, the wearer specified their “price to walk” during a series of Vickrey
auctions from which we quantified the economic value of different conditions. Our approach is
particularly relevant for assessing the success of augmentative exoskeletons, which do not have a
clear, clinically-relevant, biomechanical or physiological objective (as in the case of prostheses or
orthoses). Our work is motivated by the belief that obtaining accessible and relevant metrics of
success is critical to the successful development and adoption of exoskeletons in the real world.
This motivation is supported by a history of strong interconnection between the assessment of ex-
oskeletons and their design and control architectures [95, 201, 42, 186, 104, 163, 61]. Our strategy
quantifies success using monetary currency, as opposed to biomechanical or physiological quan-
tities that may be more difficult for users, manufacturers, and those outside of the exoskeleton
research field to interpret.

Our results showed that the economic value provided by the exoskeleton assistance was com-
parable to the cost incurred by wearing the unpowered system. We obtained these results by quan-
tifying the marginal value (MV) between two conditions, and by varying which two conditions
were compared, we isolated the value of the exoskeleton + assistance, the assistance alone, and
the detriment of the unpowered exoskeleton. The average cumulative price of walking uphill for
30 minutes without the exoskeleton was $29.23 ($58.46/hr SD: $57.49/hr). The MV of wearing
the unpowered exoskeleton—that was not providing assistance—was -31.8%, which translates to
a monetary cost of $18.59/hr (SD: $18.28/hr) for wearing the unpowered system. When assistance
was applied by the exoskeleton, the MV increased to just above zero ($3.40/hr, SD:$3.35/hr) when
compared to not wearing the exoskeleton. The marginal value added by the assistance alone was
33.8%, which translates to an added value of $19.76/hr (SD: $19.43/hr). Thus, the assistance ap-
plied by the exoskeleton offset the cost of wearing the system, and the net benefit was modest but
positive. These results suggest that modern augmentative ankle exoskeletons may not provide a
substantial benefit to their wearers during short-term uphill walking. This is particularly surprising
because of the lightweight, refined design of the exoskeletons used, and the high physiological
demands of the uphill walking task [131, 51], which we chose to increase the observed value of
the exoskeleton (i.e. to improve the signal-to-noise ratio in our measurement of economic value).

Our approach and metrics can be used to guide the development of exoskeletons in new ways.
Exoskeleton controllers can potentially be directly engineered to maximize the MV added (in dol-
lars) from the assistance of the exoskeleton during walking. Similarly, exoskeletons can them-
selves be designed to minimize the economic cost they impose on the wearer, which includes not
only weight, but also other factors such as inertia and discomfort. This information can be obtained
using the MV of the unpowered exoskeleton when compared to the walking-no-exo condition. Ad-
ditionally, this study suggests that exoskeleton development may be improved by identifying the

56



users who innately receive greater economic value from wearing the system. We found that nine
participants obtained substantial positive economic value from wearing the system (27.8%±16.3%,
corresponding to $16.25/hr ± $9.53/hr), even though the average across all participants was lower.
Such “responders” may be more willing to adopt exoskeletons in the face of potential drawbacks,
including cost and added mass, among others. Understanding why some users obtain this value
would enable the targeting of these individuals to maximize the translation and impact of augmen-
tative exoskeletons. For example, models such as the diffusion of innovation (DOI) theory within
the social sciences categorize individuals based on their willingness to adopt a new innovation
[144], such as exoskeletons. It is possible that the individuals who obtained positive value within
our study fall into the “early adopter” category, and are more willing to find value in exoskeleton
use. Future investigations could focus on the separation of these individuals a priori based on the
social characteristics within DOI theory, or based on other human factors, such as fitness level or
perceptual abilities [117]. Furthermore, investigations of whether users can be “trained” to receive
a greater economic value from the exoskeleton are promising avenues of future study.

Participant results were consistent when repeated across days, supporting the quality of our
measurements. Four participants repeated the walking-no-exo condition across several days, and
the inter-day variance of the cumulative prices was low ($0.67, Table A.4). This consistency sup-
ports the ability for our approach to quantify perceived changes in value, with potentially minimal
effect from inter-day confounding factors. Using this inter-day variance, we estimated the Mini-
mum Detectable Change (MDC), defined as the minimum change in value not caused by chance.
The MDC for the MV measurement was 9.4% (95% confidence interval, difference between two
measurements, standard deviation 3.4%). To identify which subjects had a noticeable change in
value, we compared each participant’s MV against the inter-day variability’s 95% confidence in-
terval (±9.4%); nine of 16 subjects had MVs exceeding this threshold in the positive direction,
while four subjects exceeded it in the negative direction.

Our auction strategy avoids several potential limitations of more direct methods to quantify
value, such as a Likert scale test, direct feedback, or auctions without a real monetary payout
[125]. The locomotion task implemented in our approach does not necessitate extreme fatigue and
can remain relatively short, avoiding confounding factors (e.g. boredom or opportunity cost). Ad-
ditionally, the incentive structure of the auction links participant bids to a specific consequence (e.g.

walking uphill), and are thus less prone to biases, such as self-enhancement or social desirability,
while still remaining intuitive [165, 44].

Individual bids and, subsequently, cumulative prices varied widely across subjects. Since partic-
ipants were able to set their own bids, this added inherent variability across subjects. This variation
may have resulted from each participant having different internal valuations of their time, which
could have been driven by differing socioeconomic status, athleticism, opportunity cost, or other
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factors. This large discrepancy motivated the creation of the marginal value (MV) metric, which
normalizes by each participant’s ‘baseline’ cumulative price from the walking-no-exo condition,
expressing the change as a percent of the walking-no-exo condition.

We anticipate that the conclusions drawn in this study extend to other augmentative ankle ex-
oskeletons, although further study is needed to quantify the value from other technologies. The
ankle exoskeletons from this work were developed for commercial use, and represent a “best-in-
class” technology; the system’s refined design is lightweight, untethered, and provides substantial
net-positive energy during each stride (13.4 ± 2.9 J). We expect that other, similar exoskeletons
would have comparable marginal values, and thus may also not provide a substantial economic
benefit to their wearers. Additionally, although the task of uphill walking does not represent all
possible uses for augmentative exoskeletons, it enables an opportunity to quantify value provided
by the exoskeleton during an intuitive application where it can provide substantial benefit. We
expected that the increased energetic difficulty of uphill walking [131, 51] would enable the ex-
oskeleton to more readily demonstrate its value to the wearer. Furthermore, we chose the uphill
walking task to reduce experimental duration as the greater difficulty would cause participant bids
to rise more quickly. We expect that for less strenuous tasks, exoskeletons will show reduced
marginal value; this hypothesis is supported by the results of a separate study we conducted (see
Supplementary Information) in which the MVs of the exoskeleton + assistance were lower for
level-ground walking when compared to uphill walking.

The changes in exoskeleton conditions caused intuitive changes in value, supporting the validity
of our economic value metric. That is, we believe the different exoskeleton conditions (walking-
no-exo, exo-powered-off, and exo-powered) likely drove the changes in value measured, and these
changes agree with the biomechanical demands of the conditions. The MV of the exo-powered-off
condition was strongly negative, denoting a cost to wearing the system. This result is expected,
since without assistance, wearing an exoskeleton is akin to wearing shank weights during loco-
motion, which would necessitate greater mechanical work from the triceps surae and cause an
upstream increase in (by ∼ 16.8 W based on the results from [20, 121]). Additionally, when the
assistance was added, the value increased to just above zero, indicating the assistance was useful
in offsetting the challenge of wearing the unpowered system during uphill walking.

The MV for the exo-powered condition may shift with repeated sessions, as the participants
adapt to the assistance. Prior work has found that training sessions across multiple days yield
greater reductions in metabolic rate in naive users [132]. Accordingly, the MV for the exoskeleton
may adjust as well while the user adapts to the experience of wearing an exoskeleton. For this
initial investigation, we sought to understand the immediate economic value obtained from a first-
time experience of exoskeleton use, analogous to a user assessing an exoskeleton when making the
decision to adopt (i.e. a “test drive”). To calculate the MV, we thus conducted a single exo-powered
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session with a brief adaptation period of a few minutes. Future work is needed to understand any
adaptation of value that may occur over time, which would have implications in the longer-term
value of these technologies.

The use of simulated bidding agents may have influenced the results but we expect the overar-
ching conclusions of the study would not be affected. In our auction protocol, we used simulated
bidding agents (“robo-bidders”) to model human behavior, rather than implementing our approach
with multiple human subjects. The intent for this choice was to reduce the logistical challenges
of our approach, which would otherwise have required multiple treadmills and exoskeletons. To
mitigate any effect of the simulated nature of the other participants, the human participant was
informed that the robo-bidders were humans participating in the experiment in remote locations.
The behavior of the robo-bidders—defined by a parameter that governs the rise and fall of their
bids—was derived from pilot data obtained from human participants. To reduce the likelihood that
the human participants could infer the robo-bidder behavior model, the robo-bidder bids were cor-
rupted with noise. The use of robo-bidders also enabled us to standardize the interaction between
the human participant and the other auction participants. Any series of auctions would naturally
establish an equilibrium between the participants; thus, by using robo-bidders, we were able to
control for this equilibrium, which strengthens our ability to compare across subjects. In addition,
the use of robo-bidders enables our results to more readily be compared across other researchers,
institutions, and exoskeletons that are assessed using comparable methods. The code to implement
the robo-bidders is provided in [TBD].

During the experimental protocol, participants responded with bids as instructed, but we are
unable to know for certain that their bids were truly honest (i.e. truthfully reflecting their internal
sense of value). Our study relies on participants honestly reporting their bids, which is theoretically
guaranteed as an optimal strategy by the nature of the Vickrey second-price auction for rational
actors [183]. In addition to the natural structure of the Vickrey auction, which incentivizes truthful
bidding, we minimized the potential influence of dishonest bidding by setting the auction interval
to two minutes (as opposed to a shorter duration). We chose the two minute duration to increase
the effort required, and thus minimize potentially ’dishonest’ exploratory bidding, which would
corrupt the price to walk curves. Additionally, subjects continuously received verbal instructions
to always bid honestly as the best strategy, which has been demonstrated to increase the likelihood
of honest bidding [111]. Finally, participants received the expected monetary compensation that
resulted from their winning bids, which similarly incentivizes truthfulness.
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3.6 Conclusion

We have developed a method to quantify the economic value of augmentative exoskeletons, and
used these methods to assess the value provided by bilateral ankle exoskeletons during uphill walk-
ing. Our results underscore the challenge of developing exoskeletons that provide a clear, mean-
ingful benefit when augmenting the healthy human neuromotor system. The value of the assistance
provided by the exoskeletons was modest, and just offset the cost of wearing the unpowered sys-
tem. Our results also suggest that more work is needed to identify why some participants received
substantially greater value from the exoskeleton assistance, which could be used to identify or
train individuals for maximizing the real-world impact of these technologies. Finally, the eco-
nomic value metric we have developed can be readily used to compare different design and control
strategies to develop exoskeletons that are maximally valuable to their wearers.
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CHAPTER 4

Analysis of the Bayesian Gait-State Estimation
Problem for Lower-Limb Wearable Robot Sensor

Configurations

4.1 Context

Chapter 4 of this dissertation tackles the challenge of developing exoskeleton controllers capable
of applying assistance in the real world by first investigating the fundamental problem of estimat-
ing the gait state (i.e. a vector encoding of human gait) using the the Bayesian filtering framework.
The objective is to determine the most suitable implementation of the Bayesian filter for this prob-
lem and to identify which gait state variables can be estimated effectively using various sensor
combinations available on lower-limb powered exoskeletons. The study results in a practical im-
plementation of the Kalman filter for continuously estimating the gait state, which can then be used
to adapt the exoskeleton assistance in real-time to practical environments. This chapter has been
published in the IEEE Robotics and Automation Letters and presented at the 2023 IEEE RAS and

EMBS International Conference on Biomedical Robotics and Biomechatronics [118].

4.2 Introduction

Lower-limb wearable robots, such as exoskeletons and prostheses, have the potential to trans-
form the mobility of the public. Already, powered exoskeletons have been able to improve
the physiological performance of users during locomotion, including reducing the metabolic
cost [123, 202, 42, 132, 150] and muscular effort [62, 101, 206] below the levels of unas-
sisted walking, while powered prostheses have allowed amputees to regain locomotion ability
[5, 197, 198, 65, 80, 45]. However, these technologies have been largely limited to the controlled
conditions of a laboratory. To truly impact society, these technologies must function with the un-
steady, transitory gaits that arise in the real world, such as walking at variable speeds and inclines.
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Measuring these task variables, along with the user’s progression through a gait cycle, is difficult
to do directly. Recent work has demonstrated success in estimating dynamically changing gaits
using implementations of the Bayesian filtering framework [173, 90, 30, 116]. Thus, a systemic
investigation into the fundamental problem of gait state estimation using the Bayesian framework
can guide wearable robot controller design and may lead to better estimation of real-world walking
conditions.

Gait variation can be represented in multiple ways. The concept of gait phase quantifies pro-
gression through the gait cycle. A phase variable ranges from 0 at heel strike to 1 at the next
ipsilateral heel strike [184]. Its time derivative, phase rate, is not necessarily constant. Recent
work in phase-based controllers for powered prostheses and orthoses relies on estimates of phase
(and sometimes phase rate) [75, 140, 141, 88, 89, 157, 200, 76, 158] to handle gait speed variation.
To encode other types of task variation, machine learning-based solutions often classify the loco-
motion task from signal patterns from onboard sensors [180, 80, 197, 86, 196, 106, 78, 89, 28, 158].
However, such controllers are typically only able to classify tasks within a pre-specified set of cat-
egories. Walking tasks have been parameterized by continuous task variables such as ground slope
or walking speed [47, 46, 12], but these task variables have only been estimated once per stride in
laboratory conditions. New methods for real-time, continuous task estimation are needed to enable
seamless adaptation to real-world conditions.

Bayesian filtering allows using noisy measurements to estimate hidden states like gait phase
and continuous task variables; this framework is well-suited to discriminate the differences in gait
biomechanics between strides to notice changes in the underlying task. For linear systems with
Gaussian noise, Bayesian filters are implementable as the classic Kalman filter. However, for non-
linear problems, simplifying assumptions are inevitable [148] with differing levels of assumption
strength. The Ensemble Kalman Filter (EnKF) has the weak assumption of a Gaussian state distri-
bution, and uses Monte Carlo methods to calculate the measurement update [48]. The Unscented
Kalman Filter (UKF) assumes more, and uses quadrature integration and judiciously chosen points
and weights to approximate the nonlinear measurement update [185]. The Extended Kalman Filter
(EKF) assumes the most, and trusts a local linearization to perform the nonlinear measurement
update.

Recently, Bayesian filtering has been applied to human gait estimation in wearable robotics.
Thatte et al. [173] introduced a simple two-state EKF as a robust solution to estimating progression
through the stance period using the hip, knee, and ankle angles and velocities from a knee-ankle
prosthesis. Stance progress was also estimated using the heel pressure and shank angle of an an-
kle prosthesis [30]. However, the swing period was handled separately in these two approaches.
Researchers were also able to estimate stride length using a twice per step filter update based on
hip and knee velocities from an exoskeleton [90], but this estimate was not continuously updated.
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Zhang et al. [203] proposed new methods using an EKF to estimate the gait phase and walking
heading with greater accuracy, although this method relied on sensor thresholds set manually and
did not update its task variables in real-time. Our recent work introduced a 4-state EKF to continu-
ously estimate stride progress (both stance and swing), stride length, and ground inclination using
foot and shank angles/velocities and filtered heel acceleration for real-time adaptive control of an
ankle exoskeleton [116]. This simultaneous estimation approach begs the question of which mea-
surements inform which states, which sensors are necessary for successful estimation, and to what
extent the other Bayesian filters in the literature reflect the non-linearity of gait-state estimation.

In this paper, we A) systematically evaluate different implementations of the Bayesian filter to
determine which simplifying assumptions (i.e., those of the EnKF, UKF, or EKF) were best suited
to the challenge of gait-state estimation; B) investigate which angular kinematic measurements of
the leg segments provide the most information about the underlying gait state, which can inform a
minimal realization of sensors on hardware that balances estimation quality with sensor complex-
ity; and C) determine the relationship between sensor configurations and estimation of simplified
models of the gait state without ground inclination, stride length, or both. We intend for these
results to inform the design of future wearable systems that estimate human gait.

4.3 Methods

4.3.1 Process Model

Bayesian estimation employs a forward model that predicts the dynamic evolution of the measur-
able link angles according to a hidden gait-state that evolves from its initial conditions according
to a dynamic model. We begin by defining the gait-state vector x to be estimated,

x(t) =
(
p(t) ṗ(t) l(t) r(t)

)T
, (4.1)

comprised of phase p, phase rate ṗ, stride length l, and the ground inclination r. The gait-state at
time k evolves to time k + 1 as

xk+1 = Fxk + wQ, (4.2)

with wQ distributed as zero-mean Gaussian process noise of covariance ΣQ and state transition
matrix F as

F =


1 ∆t 0 0

0 1 0 0

0 0 1 0

0 0 0 1

 . (4.3)

63



This choice of F represents a simple numerical integration of phase rate using the time stride
∆t. We model ΣQ as a diagonal matrix diag[σ2

11, σ
2
22, σ

2
33, σ

2
44] ×∆t, with σ22, σ33, and σ44 being

standard deviations for ṗ, l, and r, respectively. The phase variable p generally has no process
noise σ11 to represent the noiseless integration of ṗ. The phase variable p is wrapped within [0, 1)

using the modulo operation.

4.3.2 Nonlinear Stride Length Transformation

Within walking, there exists an upper limit on a person’s stride lengths, which is determined by
the length of their legs. Additionally, we can choose to model the smallest possible stride length as
0, as negative stride lengths that could model backwards walking are instead handled by positive
stride lengths and negative phase rates. To encode these choices, we model the stride length as the
output of an arctangent transformation [184], to which the input is a ‘pseudo-stride length’ lp. The
arctangent transformation is defined as

l(lp) =
2

π
atan(

π

2
lp) + 1. (4.4)

This saturates the stride length output at 2 (meters) and floors it at 0. lp is allowed to vary freely
during EKF estimation. Our state vector x technically contains lp instead of l, but for a more
intuitive understanding of our estimation, we referred to it as containing stride length instead of its
‘pseudo’ counterpart. We also account for this change of variable when taking partial derivatives;
for example, within the Jacobian H in the update step of the EKF, we multiply all partial derivatives
with respect to l by ∂l

∂lp
.

4.3.3 Measurement Model

In contrast to our simple linear process model, the gait-state uses a non-linear function h(x) to
predict both joint angle and angular velocity measurements. The joint angle measurements arise
from a regressed gait model hgait(x) trained on human biomechanical data, while the angular ve-
locity measurements can be estimated using the differentiation chain rule. The gait model hgait(x)

is trained offline, but is evaluated in real-time. The continuous gait model hgait(x) predicts global
foot angle θf , global shank angle θs, global thigh angle θt, and global pelvis angle θp (all potentially
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measurable by sensors on a lower-limb wearable robot), and this function is denoted by
θf (t)

θs(t)

θt(t)

θp(t)

 =


hf (x(t))

hs(x(t))

ht(x(t))

hp(x(t))

 = hgait(x(t)). (4.5)

Additionally, given knowledge of the phase rate ṗ, we can also model the angular velocity of
the foot θ̇f , shank θ̇s, thigh θ̇t, and pelvis θ̇p using the differentiation chain rule:

θ̇f

θ̇s

θ̇t

θ̇p

 =


∂θf/∂p

∂θs/∂p

∂θt/∂p

∂θp/∂p

 ṗ (4.6)

where ṗ is the estimate of the phase rate from the prediction stride and the partial derivatives
of θf , θs, θt, and θp are available analytically from the regressed gait model. Phase substi-
tutes in for stride time when parametrizing the gait cycle. The full observation function is then

h(x) =
[
θf , θ̇f , θs, θ̇s, θt, θ̇t, θp, θ̇p

]T
. We selected these signals to investigate as they are com-

monly available (via IMUs and joint encoders) in lower-limb wearable robots, where the exact
combination of measurements depends on the hardware and use case. In this investigation, we
analyzed the impact of using subsets of this 8x1 vector to drive gait state estimation (e.g., using
only shank angle and its velocity).

The gait model hgait(x) is regressed from labeled training data from a 10-subject able-bodied
dataset [47], which contains walking data grouped by strides, over a range of speeds (0.8, 1, and
1.2 m/s) and ramps (-10 to 10 degree inclination in increments of 2.5 degrees). Ground-truth phase,
phase rate, stride length, and ground inclination, along with the measurements of the global angles
at each condition, are readily available from this dataset. The gait model hgait(x) takes as input the
gait state vector x and outputs the best-fit estimates of the kinematic measurements.

For least-squares regression, hgait(x) is formulated as

hgait(x) = ϕTRT (x), (4.7)

where ϕ ∈ R144×4 is a matrix of real-valued model parameters and R : R4 7→ R1×144 is a gait-
state-dependent regressor row-vector. The parameters ϕ are chosen to minimize the sum squared
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error for each equation of the form(
θf (t) θs(t) θt(t) θp(t)

)
= R(x(t))ϕ, (4.8)

for all times t in the training dataset (treating each instant of each step by each participant in each
trial as a separate t).

The definition of R(x) makes extensive use of the Kronecker product, ⊗ to construct large row-
vectors from smaller row-vectors. To review, the Kronecker product of row-vectors A ∈ R1×N

and B ∈ R1×M , expressed as A⊗ B ∈ R1×NM , is the block row-vector (a1B a2B · · · aNB).
In the case of matrices A ∈ Rn×N , B ∈ Rm×M , this generalizes to

A⊗B =


a11B a12B · · · a1NB

a21B a22B · · · a2NB
...

... . . . ...
an1B an2B · · · anNB

 ∈ Rnm×NM . (4.9)

The regressor is defined as

R(x) = Bp(p)⊗ Λr(r)⊗ Λl(l)⊗ Λp(p), (4.10)

that is, it combines the effects of the four simpler behaviors such that the final model depends on
p, l, and r. The components are as follows:

• Bp(p) : The Boolean selector row R 7→ R1×4,

Bp(p) =



(1, 0, 0, 0) if 0 ≤ p ≤ 0.1,

(0, 1, 0, 0) if 0.1 < p ≤ 0.5,

(0, 0, 1, 0) if 0.5 < p ≤ 0.65,

(0, 0, 0, 1) if 0.65 < p ≤ 1,

(4.11)

which divides the gait phase into four sections. In our gait model, we chose four Bern-
stein polynomials (see Λp(p) below) to represent the kinematics; Bernstein bases have an
equivalent span to polynomial bases and have previously been useful in gait modelling [47].
The sections were determined by inspection of the nominal biomechanical kinematics in our
dataset.

• Λr : The ramp angle basis (R 7→ R1×3) is a second-order polynomial Bernstein basis in
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ramp angle,
Λr(r) =

(
(1− r)2 2(1− r)r r2

)
, (4.12)

which allows for continuous adjustment to ground slope.

• Λl : The stride length basis (R 7→ R1×3) is a second-order Bernstein polynomial basis in
stride length,

Λl(l) =
(
(1− l)2 2(1− l)l l2

)
, (4.13)

which allows for kinematic changes associated with stride length.

• Λp : The phase-polynomial basis R 7→ R1×4 is a Bernstein polynomial basis, defined as

Λp(p) =
(
(1− p)3 3(1− p)2p 3(1− p)p2 p3

)
. (4.14)

Figure 4.1: The regressed continuous gait models for θf , θs, θt, and θp, left to right respectively.
As each model depends on three input variables (p, l, and r) and has one output variable (θf , θs, θt,
or θp), the models reside fully in 4D-space and are thus difficult to plot. In this figure, the models
are plotted over phase and ramp (with stride length constant at 1 meter).

4.3.4 Measurement Model Constraints

To ensure desirable gait model properties, such as continuity of the function hgait(x) (the global
angle predictions) and realistic behavior with changing stride length, the elements of the param-
eter matrix ϕ are subject to constraints. To express the C0 continuity of the model, we require
lim
p→ρ−

hgait(x) = lim
p→ρ+

hgait(x) for all 0 < ρ < 1 as well as the special wrap-around case where

lim
p→1−

hgait(x) = lim
p→0+

hgait(x). This is trivially satisfied everywhere except at ρ = 0.1, 0.5, 0.65,

and in the wrap-around case. In these four cases, equality constraints must be satisfied for all
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possible stride lengths and ramp angles. We express this constraint on ϕ using a matrix equality:
(1 − 1 0 0)⊗ Λ∀r ⊗ Λ∀l ⊗ Λp(0.1)

(0 1 − 1 0)⊗ Λ∀r ⊗ Λ∀l ⊗ Λp(0.5)

(0 0 1 − 1)⊗ Λ∀r ⊗ Λ∀l ⊗ Λp(0.65)[
(0 0 0 1)⊗ Λ∀r ⊗ Λ∀l ⊗ Λp(1)

−(1 0 0 0)⊗ Λ∀r ⊗ Λ∀l ⊗ Λp(0)
]

ϕ = 036×4, (4.15)

where

Λ∀r =

 Λr(10)

Λr(0)

Λr(−10)

 and Λ∀l =

Λl(0)

Λl(1)

Λl(2)

 (4.16)

serve to constrain all parts of the quadratic fits in r and l by specifying three (arbitrary but unique)
points of each.

To express the C1 continuity constraint, we exploit the linearity of the Kronecker product. For
almost all p we can express the derivative

dhT
gait(x)

dp
=

[
Bp(p)⊗ Λr(r)⊗ Λl(l)⊗

dΛp(p)

dp

]
ϕ, (4.17)

since dBp(p)

dp
is zero almost everywhere.

Note that dΛp/dp : R 7→ R1×4 is available analytically. The resulting continuity constraint is
then 

(1 − 1 0 0)⊗ Λ∀r ⊗ Λ∀l ⊗ dΛp/dp(0.1)

(0 1 − 1 0)⊗ Λ∀r ⊗ Λ∀l ⊗ dΛp/dp(0.5)

(0 0 1 − 1)⊗ Λ∀r ⊗ Λ∀l ⊗ dΛp/dp(.65)[
(0 0 0 1)⊗ Λ∀r ⊗ Λ∀l ⊗ dΛp/dp(1)

−(1 0 0 0)⊗ Λ∀r ⊗ Λ∀l ⊗ dΛp/dp(0)
]

ϕ = 036×4, (4.18)

simply requiring that the derivatives match on either side of each potential discontinuity in p (for
all values of r and l).

To ensure constant-with-phase behavior when stride length is zero, i.e., when the person is
standing still, we require

∀ Bp(p),︷︸︸︷
I4 ⊗

∀r, if l=0,︷ ︸︸ ︷
Λ∀r ⊗ Λl(0)⊗

∀ p︷ ︸︸ ︷
Λp(0)

Λp(
1
4
)

Λp(
1
2
)

Λp(
3
4
)

ϕ =

angles are constant︷ ︸︸ ︷
148×1 ⊗


c1

c2

c3

c4


T

. (4.19)
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The constraint takes a form similar to the Kronecker construction of the regressor, but where the
regressor has Bp(p), the constraint uses an identity matrix. The purpose of this is to expand the
row dimension of the constraint so that it applies to any of the four possible cases for Bp(p).
Similarly, where the regressor has Λp(p), the constraint has a block matrix that constrains the
polynomial at four points (enough to ensure the third-order polynomial expression is equal to a
constant everywhere). Taken together, these two components of the constraint equation force all
four 3rd-order parts of the piecewise polynomial Λ([p, ṗ, l = 0, r = 0]T )ϕ to be constant for all
the measured kinematics. Any four unique phase points could replace the constants 0, 1

4
, 1
2
, 3
4

and
achieve the same effect of constraining the 3rd-order polynomials to be everywhere zero.

To enforce that the gait model has zero derivative with respect to stride length at zero stride
length, we apply a constraint similar to (4.19), using dΛl

dl
instead of Λl:

∀Bp,r, if l=0,︷ ︸︸ ︷
I4 ⊗ Λ∀r ⊗

dΛl

dl
(0)⊗

∀ p︷ ︸︸ ︷
Λp(0)

Λp(
1
4
)

Λp(
1
2
)

Λp(
3
4
)

ϕ

ignoring pelvis︷ ︸︸ ︷
1 0 0

0 1 0

0 0 1

0 0 0

 =

d/dp=0︷ ︸︸ ︷
048×3 . (4.20)

We also constrain the pelvis to be a linear fit with respect to stride length by constraining it to have
a constant derivative with respect to stride length (a constraint similar to (4.19) with dΛl

dl
instead of

Λl).
We regressed the model using the constrained least-squares optimization function lsqlin in

MATLAB (Fig. 4.1).

4.3.5 Heteroscedastic Noise Model

We developed a heteroscedastic measurement noise model that dynamically changes the measure-
ment noise matrix ΣR based on phase p. In this schema, ΣR is defined as

ΣR(p) = ΣR,sensor + ΣR,xsub(p), (4.21)

where ΣR,sensor is the traditional measurement noise matrix that denotes how uncertain the mea-
surements are, and ΣR,xsub denotes the uncertainty present due to inter-subject gait kinematic vari-
ability (subscript xsub for cross-subject). In this schema, the heteroscedastic model not only encap-
sulates the uncertainty present due to each person’s unique gait, but also can continuously change
its trust in the data to capture regions within the gait cycle where the measurements are more trust-
worthy due to smaller inter-subject gait variability (e.g., flat-foot contact). The matrix ΣR,sensor was
set as diag[σ2

11,r, σ
2
22,r, σ

2
33,r, σ

2
44,r, σ

2
55,r, σ

2
66,r, σ

2
77,r, σ

2
88,r], with each σxx,r representing the standard

deviation for θf , θ̇f , θs, θ̇s, θt, θ̇t, θp, θ̇p, respectively. In our implementation, the σxx,r values that
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Figure 4.2: The heteroscedastic measurement noise model as a function of phase. Foot angle
variance σ11, shank angle variance σ33, thigh angle variance σ55, and pelvis angle variance σ77, are
shown, along with their respective covariances.

pertained to the angles and angular velocities were set equal to 1 and 10 respectively.
For ΣR,xsub(p) we used the prior dataset to calculate the covariance matrices of the measurement

residuals y for the eight measured kinematic variables at each of 150 phase values (Fig. 4.2). The
instantaneous ΣR,xsub(p) was then calculated in real-time using the estimate of phase.

4.3.6 Candidate Bayes Filter Implementations

The first filter we tested was the Ensemble Kalman Filter (EnKF), which uses Monte Carlo
methods to approximate the state mean and covariance at each time step. This allows for highly
nonlinear measurement maps and makes the fewest assumptions of the filters we tested. In the
EnKF, these expectations are tracked by N particles X(i)

k , i = 1, . . . N , which each evolve through
the prediction and update steps of the Kalman Filter. There is a tradeoff between the number of
particles used to track the states and the computational times involved in the filter. In our simula-
tions, we use an EnKF with 1000 particles (EnKF1000) and one with 100 particles (EnKF100). In
this formulation, each particle is fed through the dynamics and individually corrupted by samples
from the process noise. Owing to the requirement that ΣQ be strictly positive definite (due to di-
rectly needing to sample from the process noise matrix), σ11 was set to 1e− 20 to approximate the
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noiseless integration while maintaining positive definiteness; σ22, σ33, and σ44 were set to 1e − 2,
1e − 2, and 1.5e − 1 respectively. State means and covariances were estimated by the empirical
means and covariances of X(i)

k (see [48]).
The Unscented Kalman Filter (UKF) is capable of approximating the posterior mean and vari-

ance of nonlinear functions up to the 3rd order[185]. For the update step of the Kalman Filter, the
UKF approximates the mean and covariances of the states using quadrature integration and care-
fully selected Sigma Points X [i] and weights w[i]. The Sigma Points X [i] and w[i] were generated
using α = 1e − 3, β = 2 for the Gaussian approximation, and κ = 0 according to Wan and van
der Merwe [185].

The Extended Kalman Filter (EKF) locally linearizes the nonlinear parts of the system (the
gait model) for a simple approximation of the normal Kalman Filter. It makes the strongest ap-
proximations about the problem, but offers the best computational performance. State means and
covariances were updated using the linear Gaussian update equations using the Jacobian of h with
respect to the gait-state vector x [87].

Figure 4.3: The Bayesian filter and gait model regression processes. In this cross-validation study,
gait data from our dataset is segregated into training strides from non-excluded subjects that are
used to regress the gait model, and validation strides from the subject being evaluated. The gait
model is then used within each of the four candidate Bayesian filters. The validation strides contain
sensor measurements that are input to the Bayesian filter, which then uses the gait model to yield
gait state estimates that are compared to the true states from the validation strides.

4.3.7 Evaluation of Bayesian Filtering Problems

We evaluated each Kalman Filter with different measurement configurations: 1) full, in which the
filter had access to foot, shank, thigh, and pelvis angle data (along with their respective velocities),
2) four configurations in which a different measurement was left out, 3) six configurations in
which the different permutations of two measurements from the four kinematics were used (six
configurations, e.g., shank-foot, thigh-pelvis), and 4) four configurations in which each filter only
had a single respective measurement. For the purposes of abbreviation, the sensors present in each
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configuration are given by a string composed of the first letter of the angular measurement (foot,
shank, thigh, pelvis) aside from the full configuration, which contains all four sensors (e.g., the
configuration of shank-foot is ‘fs’). For the simulations where angle sensors were dropped from
the filtering, the corresponding observation functions were ignored during the filter calculations.

For each combination of filter type and measurement model, we evaluated the combination’s
gait-state estimation on a simulated walking task that used the data from the same dataset used
to regress the gait model. To simulate the filter’s performance on unseen subjects, we performed
a leave-one-out cross-validation on all ten of the dataset’s subjects. For each subject, this cross-
validation trained a new gait model and heteroscedastic noise model using the walking data from
the remaining nine subjects. The subject’s kinematic and walking data were then input to each
filter, which estimated the underlying gait-state (Fig. 4.3). Errors for each of the states at each
time point were calculated as the difference between the state estimate and its respective ground
truth state measurement from the dataset. This process was repeated for all ten subjects, and
the errors were aggregated to obtain overall distributions that described each filter combination’s
performance in estimating each element of the gait-state. For the EKF, in addition to the config-
urations above, we evaluated the estimation of limited subsets of the gait-state: 1) a subset where
incline was excluded (Cancel Incline), 2) a subset where stride length was excluded (Cancel Stride
Length), and 3) a subset where phase and phase rate only where estimated (Phase Only). This
simulation was motivated by the potential for limited sensor configurations to still estimate parts
of the gait-state vector. Ground truth measurements and state errors were computed as in the sim-
ulation with the full gait-state vector. To mitigate the effects of an increasing EKF bandwidth due
to the removal of states from the filter, the elements of ΣQ were scaled in the following way: for
Cancel Incline, σ33 was scaled by 0.5; for Cancel Stride Length, σ44 was scaled by 0.5; for Phase
Only, σ11 and σ22 were scaled by 0.5. To obtain an overall metric for estimation performance, we
computed the Mahalanobis distance between the gait-state estimate and the ground truth state at
each time point. This Mahalanobis distance was normalized using the average state covariance
matrix P̄k from the full-state, full-measurement EKF simulation; for the simulations where subsets
of the gait-state were estimated, we used the subset of P̄k that corresponded to those gait-states.
This error metric captured the overall estimation performance of each combination of gait-state
and measurement configuration. We then normalized these errors by the error from the full-state,
full-measurement EKF simulation to aid in comparisons.

4.4 Results

Overall, the Extended Kalman Filter (Fig. 4.4A) was able to consistently estimate the gait-state
despite its restrictive assumptions. With the full measurement configuration, the EKF featured an
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average phase error of 0.01±0.02 (SD), an average phase rate error of −0.01±0.03 1/s, an average
stride length error of 0.03 ± 0.10 m, and an average incline error of 0.08 ± 1.86 degrees. Gait-
estimation performance was similar with the UKF (phase: 0.01±0.01, phase rate: −0.01 ± 0.03,
stride length: 0.03 ± 0.10, incline: 0.06 ± 1.96), while the EnKF implementations with 1000
particles (phase: 0.03± 0.06, phase rate: −0.02± 0.05, stride length: 0.03± 0.10, incline: 0.16±
2.66) and 100 particles (phase: 0.16± 0.14, phase rate: −0.06± 0.41, stride length: −0.45± 0.33,
incline: 0.44± 7.31) were less reliable.

A representative trial of each filter’s performance exemplifies these errors (Fig. 4.4B). For this
representative trial, we computed the average root mean square error (RMSE) across all individual
strides for each state variable. The EKF (phase RMSE: 0.01±0.009, phase rate RMSE: 0.02±0.02,
stride length RMSE: 0.08±0.06, incline RMSE: 0.72±1.62 degrees) was again comparable to the
UKF (phase RMSE: 0.01±0.009, phase rate RMSE: 0.02±0.02, stride length RMSE: 0.08±0.06,
incline RMSE: 0.73± 1.64); the EnKF with 1000 particles (phase RMSE: 0.03± 0.06, phase rate
RMSE: 0.03± 0.04, stride length RMSE: 0.08± 0.07, incline RMSE: 1.2± 2.5) was also similar,
while the EnKF with 100 particles (phase RMSE: 0.15 ± 0.15, phase rate RMSE: 0.27 ± 0.25,
stride length RMSE: 0.38 ± 0.21, incline RMSE: 4.95 ± 4.42) was still the poorest estimator. As
an additional comparison, we also computed the absolute peak errors for the different filters. The
same relationships were borne out as with the RMSEs: the EKF (phase peak error: 0.04, phase rate
peak error: 0.3, stride length peak error: 0.21, incline peak error: 9.8) was comparable to the UKF
(phase peak error: 0.04, phase rate peak error: 0.29, stride length peak error: 0.4, incline peak
error: 9.9), while the EnKF with 1000 particles (phase peak error: 0.17, phase rate peak error:
0.45, stride length peak error: 0.41, incline peak error: 19.9) and the EnKF with 100 particles
(phase peak error: 0.42, phase rate peak error: 0.45, stride length peak error: 0.9, incline peak
error: 9.9± 1.62) again performed poorly.

For the EKF implementation, removing the pelvis or shank measurements did not excessively
deteriorate estimation of the full state vector in terms of the normalized Mahalanobis distance met-
ric. In some sparse sensing configurations (s, t, f, sp, st, stp, ftp), gait-state estimation performance
was improved by removing either stride length or incline from the state vector (Fig. 4.5). Canceling
the incline state seemed to be more effective than cancelling stride length, with the exception of
sp, f, fp, and the full configuration. The configurations of s, sp, and st were capable of estimating
phase accurately without the task variables.

4.5 Discussion

Despite being the filter with the weakest assumptions and theoretically best ability to capture the
gait-state probability distribution as it evolves through the nonlinear gait model, the EnKFs were
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overall the worst performing filter based on gait-state errors. In particular, the EnKF with 100
particles (EnKF100) was the worst filter overall, as it featured the highest standard deviations for
phase error and incline, and significant biases for stride length error. While increasing the number
of particles from 100 to 1000 mitigates these errors, the EnKF1000 is at best roughly equal to the
EKF or UKF. During the simulations, the added complexity in the EnKF1000 led to drastically
increased run-times when compared to the EKF and UKF. Taken together, this indicates that the
added complexity from an EnKF may be unnecessary for this gait-state estimation task, and instead
a simpler EKF or UKF may suffice for the control of an exoskeleton.

The EKF and UKF have close RMSE state errors and are thus comparable in performance (Fig.
4.4A), particularly for the measurement configurations with only a single sensor removed. This has
numerous implications for the potential applications of the Bayesian framework to the continuous
control of lower-limb wearable robots. For example, the gait model h at the heart of the filters
must be linearized in the case of the EKF, which can introduce significant error. However, the
EKF performed comparably to the UKF, which can approximate models of up to the third order
[185] with more points, and the EnKF, which can more closely approximate the output distributions
during the update steps. This indicates that the simple linear approximation of the EKF is sufficient
for gait estimation using the gait models developed in this work. The peak errors must also be
considered for implementation, as even though they occur infrequently, unlikely events can still
pose a risk to the control of an exoskeleton. The peak phase error, for instance, may be enough
to surpass the perceivable threshold for timing discrepancy [136], which could momentarily cause
the human to feel desynchronized from the device. Acceptability thresholds for the peak errors
for the remaining task variables could be established using this perceptual metrics in future work,
although such perception would be highly driven by the precise shape of the torque assistance
applied. Indeed, it’s possible that the torque assistance is itself designed to be robust to peak
errors.

The magnitudes of the phase error from the EKF (0.01±0.02) are comparable to recent methods
based on Gaussian Processes [173] (phase RMSE: 0.04 ± 0.005) and machine learning [88, 89]
(0.07± 0.03 from [88], 0.04± 0.006 from [89]), although direct comparison is impossible due to
the different testing methods. The EKF incline errors (0.08±1.86 degrees) are also similar to prior
work that estimated ground inclination in real-time using machine learning [98] (incline RMSE:
2.15◦ ± 0.29◦). As depicted in the representative trial (Fig. 4.4B) for the EKF, stride length was
generally the state with the greatest estimation discrepancy. We also observed this discrepancy in
our prior work [116], and it is likely due to the inter-subject variance in the gait model overpower-
ing the deterministic effects of stride length on the measurable kinematics. However, in our prior
work, this discrepancy did not seriously affect exoskeleton torque assistance, which depended on
all the gait state elements, primarily phase.
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In terms of the sensor configurations, predictably, the full sensor array produced the lowest er-
rors. However, some measurement configurations, such as the foot-shank-thigh and foot-shank,
have comparable errors to the full configuration, especially for the EKF. Taken together, these re-
sults point to the EKF as being the best choice for the gait-state estimation task, and motivated the
simulation experiment using the EKF to identify which subsets of the state vector can be estimated
using limited sensors. The simplicity of the EKF also lends itself to straightforward implementa-
tion on actual hardware (e.g., our recent work [116]), especially since the most informative kine-
matic measurements (e.g. foot, thigh) are usually readily available on numerous existing wearable
robots. While prior work in gait phase estimation yielded good estimates of phase with thigh angle
alone [184, 140, 108, 200, 76], these approaches employed normalization techniques that are not
reproduced in our EKF’s thigh-only estimation process.

When the measurement vector was limited in simulation, some states were still able to be effec-
tively estimated using the EKF. In terms of the normalized estimation error outlined above, limited
sensing configurations such as foot-shank-thigh and foot-thigh are comparable in error to the full-
sensing configuration for the full-gait-state case. In particular, the pelvis measurement appears to
be the least informative, as configurations with it have similar normalized errors as configurations
without. Furthermore, the pelvis sensor alone is easily the worst single measurement across all
four gait-state vectors. This suggests that this measurement can be dropped in a practical imple-
mentation of the EKF. Conversely, for the most limited case of phase-only state estimation using
the EKF, the shank measurement is the optimal choice if only a single measurement is allowed.
This indicates that the shank measurement is among the more informative measurements within
the EKF framework, and should thus be prioritized in allocating sensors. The overall flexibility of
the sensor configuration is a strength of the continuous gait model at the heart of the Kalman Filter.
Unlike past methods for estimating the gait-state which required explicit rules to handle new mea-
surements [141, 140], the EKF can incorporate new measurements by simply regressing a relation
between the gait-state and the kinematic measurement offline, and then extending the measurement
vector in the Kalman Filter. Similarly, in this study, we chose the task variables of stride length
and incline as they can parametrize a broad array of gaits; however, the gait state vector could be
easily extended to include other task variables depending on the application’s demands, such as
stride height for ascending stairs, or walking stability for slippery terrains.

4.6 Conclusion

We investigated the challenge of estimating gait behavior (phase and task variables) using Bayesian
filtering with the sensors available to lower-limb wearable robots. We found this estimation prob-
lem to be tractable in silico, even with restrictive EKF assumptions and sparse sensing configura-
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tions. Our results suggest that an EKF is a good choice for continuously estimating phase and task
to drive and adapt an exoskeleton controller. Furthermore, reduced gait-states can be estimated
with far fewer measurements using the proposed framework (for example, shank can be used alone
if the user wishes to only estimate phase). Future work will involve testing these Kalman Filters
on actual exoskeleton hardware, including modular joint configurations [126], to validate them in
the real world.
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Figure 4.4: (A) The errors for all four elements of the gait-state for the four types of Kalman
Filter, using each sensor configuration. The means are denoted by the solid circles, with stan-
dard deviations given by the vertical lines. Generally speaking, the EKF and UKF provide the
best estimation for the four states. For the purposes of abbreviation, the sensors present in each
configuration are given by a string composed of the first letter of the angular measurement (foot,
shank, thigh, pelvis) aside from the full configuration, which contains all four sensors (e.g., the
configuration of shank-foot is ‘fs’). (B) Representative results for the three Kalman Filters run in
this simulation, with the full sensor configuration. These results were randomly selected from a
single subject in the in silico cross-validation. The ground truth states are shown in solid red, with
the filter estimates shown in blue. Phase is not shown since it is not perceptible at this time scale,
but the estimation quality can be inferred from phase rate graphs.
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Figure 4.5: EKF estimation performance for the fifteen measurement configurations and four
different state vector configurations. Combined state errors were calculated using the Mahalanobis
distance weighted by the average state covariance matrix from the baseline case (full sensing, full
state, top-left). Errors were then normalized by the error of the baseline state, with higher errors
shown in darker colors.
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CHAPTER 5

Real-Time Gait Phase and Task Estimation for
Controlling a Powered Ankle Exoskeleton on

Extremely Uneven Terrain

5.1 Context

Chapter 5 of this dissertation builds on the work presented in Chapter 4 to develop an exoskeleton
controller based on the Extended Kalman Filter (EKF) as a solution to the lack of viable real-
world controllers. The EKF-based controller continuously estimates the phase variable and the
task variables of ground incline and stride length, which are then used to update the torque profile
of bilateral ankle exoskeletons across different controlled and outdoor environments. This is a
significant development, as it demonstrates the EKF’s ability to estimate both phase and task in
real-time and provides a practical exoskeleton controller that can adapt its augmentation to the
non-steady-state walking conditions of the real world. The chapter has been published in the
journal IEEE Transactions on Robotics [116].

5.2 Introduction

Robotic exoskeletons may someday allow us to overcome the limits of our natural bodies.
Emerging lower-limb exoskeletons are capable of providing assistive joint torques to help their
wearers walk and carry loads with promising outcomes, including reduced metabolic cost
[123, 202, 42, 132, 150, 122] and muscular effort [62, 101, 206]. Most research to date has focused
on steady-state locomotion in a controlled laboratory setting where the task and phase rate (rate
of continuous progression through the gait cycle) are nearly constant. This regulated environment
makes it easier to design control strategies that deliver appropriate torque assistance in synchrony
with the user’s gait. However, control strategies based on these assumptions perform poorly out-
side of the laboratory, where environments are uncertain and locomotion is highly non-steady and
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transitory. In order for the field to study biomechanical outcomes outside of the laboratory, new
control strategies are needed that explicitly account for continuously varying task and phase.

During steady-state locomotion in controlled laboratory settings, phase progression can be rea-
sonably predicted using time normalized by the stride period. The stride period is usually estimated
as the time between subsequent ipsilateral heel strike (HS) events, which can reasonably predict
the next HS event during steady locomotion. This ‘timing-based’ approach is quite effective and
widely used for controlling exoskeletons on treadmills [180]. Typically this phase estimate param-
eterizes a pre-defined torque profile to deliver real-time assistance through the exoskeleton’s actu-
ator(s). Recent work has demonstrated impressive reductions in the metabolic rate of level-ground
treadmill walking by optimizing this torque profile in real-time [202, 42]. While this paradigm of
timing-based estimation (TBE) for torque control works well in steady-state locomotion, it is not
designed for more practical conditions outside the laboratory where both the periodicity of gait and
the task can change sporadically.

Recent work has addressed the problem of non-constant phase progression in powered prosthe-
ses and orthoses by introducing phase-based1 controllers [75, 140, 141, 88, 89, 157, 76, 200, 158],
which continuously adjust the rate of phase progression to accommodate dynamic speed changes
mid-stride. In contrast to the timing-based approach, these controllers estimate the gait phase on-
line using the robot’s sensors. This phase can be estimated from shank [75] or thigh motion [140].
Alternatively, Thatte et al. recently introduced an Extended Kalman Filter (EKF) to estimate phase
and its derivative (phase rate) without relying on any particular sinusoidal pattern in the sensors
[173]. This EKF was also shown to yield more accurate phase estimates in non-steady locomotion
when compared to conventional timing- and EMG-based controllers. Building on this result, we
pursue further improvements in estimation using the Kalman Filter framework by incorporating
other variations in task beyond speed.

To handle transitions between tasks, several groups have proposed solutions rooted in machine
learning classifiers. Such classifiers can detect the human’s intended task from patterns in the ex-
oskeleton’s sensor signals to apply the correct task-specific controller (e.g., stair ascent vs. level-
ground walking) [180, 80, 197, 86, 196, 106, 78, 89, 158]. While this approach can identify
discrete changes in task, it is less ideal for detecting continuous variations within a family of tasks
or handling tasks outside the training data. Recently developed gait models have introduced task
variables such as ground slope or stair height that continuously parameterize the instantaneous task
[47, 46]. These variables capture more of the task’s features, and can thus provide more tailored
assistance to the user. Controllers based on these models have been limited to measuring the task

1We define ‘phase-based’ approaches as those where the rate of phase progression can change continuously within
a stride, whereas ‘timing-based’ approaches have a fixed rate over the stride. Note that both would fall under the
category of ‘phase-based’ approaches according to [180].
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parameter only once per stride [46]—similar to the rate of phase progression before phase-based
controllers were introduced. A notable exception to this paradigm is the work of Holgate et al.

[75], which exploited the relation in the phase plane between tibia angle and angular velocity to
continuously estimate gait phase and stride length. However, this relation does not hold for non-
steady-state walking, nor does it extend to other joints or task variables (e.g., ground inclination).
Recent work has also combined ambulation mode classification with continuous task variable esti-
mates for ramp incline, step height, and walking speed [24], but this approach uses multiple EMG
electrodes, IMUs, and goniometers that may not all be available onboard an exoskeleton.

This paper introduces an EKF-based exoskeleton controller that continuously learns both the
phase state (phase and phase rate) and task state (ramp and stride length) to modulate the torque
profile of an assistive ankle exoskeleton in a biomimetic fashion. The EKF can indirectly estimate
the gait and task parameters in real time using onboard sensors, letting the controller adapt its
output quickly and in response to a continuously-varying environment. The contributions of our
work include 1) introducing a new EKF phase estimator that also estimates task parameters in
continuous time, 2) validating the quality of the state vector estimates using leave-one-out cross-
validation based on previously-collected motion capture data of 10 able-bodied subjects walking on
various inclines at various speeds, 3) validating the EKF estimates on an ankle exoskeleton used by
another 10 able-bodied subjects on an instrumented treadmill which can vary speed and inclination,
and 4) validating the EKF-based controller on an ankle exoskeleton during outdoor free-walking
on continuously varying surfaces (the Michigan Mars Yard and the Michigan Wavefield). These
contributions to exoskeleton control enable practical, real-world usage of exoskeletons that adapt
their assistance during walking at non-steady-state conditions within a continuously evolving task.

5.3 Modelling and Estimating Gait

5.3.1 Gait Model

Our ankle exoskeleton controller is based on a biomechanical model of gait kinematics. This model
predicts global shank angle θs, global foot angle θf (see Fig. 5.1), forward heel position pf , and
upward heel position pu. As input, the model takes in a gait-state vector x, comprising a phase (or
normalized time) signal p, its time derivative ṗ, a stride length signal l, and a ramp angle signal r.
The phase variable ranges from 0 to 1 and increases monotonically throughout strides, resetting at
ipsilateral heel-strikes. We denote this kinematic model,(

θs(t) θf (t) pf (t) pu(t)
)T

= hgait(x(t)). (5.1)
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This gait model is used to infer the gait-state vector from the measurable quantities in real-time
using the framework of the Extended Kalman Filter. Using the gait-state estimate, the controller
then applies the corresponding bio-mechanical torque using a second model, and this allows torque
profiles to vary continuously with incline angle and stride length. We use global angles and foot
positions, as opposed to joint angles, because of the convenient relationship between global foot
angle and ramp inclination during stance, and because they can be either measured directly or
estimated with IMUs.

5.3.1.1 Constrained Least-squares Regression

The model hgait(x) is based on labeled training data from a 10-subject able-bodied dataset [47].
This dataset contains individual stride walking data at 27 combinations of three speeds (0.8, 1,
and 1.2 m/s) over nine slopes (-10 to 10 deg in increments of 2.5 deg), which were collected on a
Bertec instrumented treadmill in a laboratory environment using Vicon motion capture. Each stride
features 150 samples of kinematic and kinetic data, from which we calculated phase progression
over the stride. Thus the dataset provides labeled tuples of (θs(t), θf (t), pf (t), pu(t), x(t)) for all
(>25,000) individual strides.

We structure hgait(x) as
hgait(x) = ϕTRT (x), (5.2)

where ϕ ∈ R160×4 is a matrix of real-valued model parameters and R : R4 7→ R1×160 is a gait-
state-dependent regressor row-vector. The parameters ϕ are chosen to minimize the sum squared
error for the equation (

θs(t) θf (t) pf (t) pu(t)
)
= R(x(t))ϕ, (5.3)

over all the sets of (θs(t), θf (t), pf (t), pu(t), x(t)) in the dataset.
The regressor R(x) heavily uses the Kronecker product, ⊗, in its construction. The Kronecker

product of row-vectors A ∈ R1×N and B ∈ R1×M , denoted A ⊗ B ∈ R1×NM , is the block
row-vector (a1B a2B · · · aNB). For matrices A ∈ Rn×N , B ∈ Rm×M , this generalizes to

A⊗B =


a11B a12B · · · a1NB

a21B a22B · · · a2NB
...

... . . . ...
an1B an2B · · · anNB

 ∈ Rnm×NM . (5.4)

To give a relevant example, letting Λ1(x1) = [1, x1] and Λ2(x2) = [1, x2], the combined model,
Λ1(x1)⊗ Λ(x2) = [1, x2, x1, x1x2], represents a basis for functions which depend linearly on both
x1 and x2.
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Figure 5.1: (A) A sagittal-plane view of the human leg. The foot angle θf is defined from the
global horizontal, and the shank angle θs is defined from the global vertical. The Vicon markers
used in the experiment were placed on the heel, the front of the foot (on the second metatarsal),
and the ankle joint. The dedicated foot IMU was also placed on the back of the heel, while the
exoskeleton system contained the IMU used for shank angle estimation. (B) Average θf and θs
profiles over the gait cycle at 1 m/s, zero incline.

Using a series of Kronecker products, we define the regressor

R(x) = Λr(r)⊗ Λl(l)⊗ Λp(p), (5.5)

which combines the effects of the four simpler behaviors such that the final model depends on p, l,
and r. The components are:

• The ramp angle basis Λr : R 7→ R1×2 is a first-order polynomial Bernstein basis [192] in
ramp angle,

Λr(r) =
(
r (1− r)

)
, (5.6)

which allows for continuous adjustment to ground slope.

• The stride length basis Λl : R 7→ R1×2 is another first-order Bernstein polynomial basis in
stride length,

Λl(l) =
(
l (1− l)

)
, (5.7)

which similarly allows for kinematic changes associated with step length.

• Finally, the phase-polynomial basis Λp : R 7→ R1×2N is a Fourier series basis of order N ,
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defined as

Λp(p) =

(
1, cos(1 · 2πp), sin(1 · 2πp), . . .
cos(N · 2πp), sin(N · 2πp)

)
, (5.8)

where N = 20.

Figure 5.2: The regressed continuous gait models for θf , θs, pf , and pu (foot angle, shank angle,
forward heel position, and upward heel position respectively). As the models themselves depend
on three variables (p, l, and r) and each produce an output, they fully reside in 4D-space and are
thus difficult to express in 3D-space. In this figure, the model relation between phase and ramp is
shown (with stride length constant at 1 meter). Stride length merely changes the amplitudes of the
gait model.

5.3.1.2 Least-squares Constraints

The elements of the parameter matrix ϕ are subject to constraints which ensure the resulting gait
model hgait(x) is well-behaved in two ways. The constraints guarantee that the hgait(x) function 1)
predicts constant kinematics if stride length is zero (e.g., if the person is stationary, the measure-
ments do not change with respect to phase), and 2) predicts the global foot angle is equal to the
ramp angle when stride length is zero or when phase takes the value 0.2.

We first define a set of two constraints to ensure constant-with-phase behavior when stride
length is zero, i.e., when the person is standing still. The first constraint concerns the sinusoidal
phase terms in the case case where stride length l is zero. In this case, we expect global foot
angle θf , global shank angle θs, forward heel position pf , and upward heel position pu to have zero
coefficients for the sinusoidal terms, which we express as a matrix equality,

∀r, if l=0,︷ ︸︸ ︷
I2 ⊗ Λl(0)⊗

sinusoid terms︷ ︸︸ ︷(
0 I2N

)
ϕ =

are zero︷ ︸︸ ︷
0 ∈ R4N×4 . (5.9)

To finish our pair of constraints for the case where the human is standing still (l=0), we consider
the constant terms. In this case, the shank is vertical and the foot is aligned with the ramp, while the
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heel positions are assumed to be at zero position. We choose—without loss of generality—r = 0

and r = 10 to express this constraint

if r=0,10︷ ︸︸ ︷(
Λr(0)

Λr(10)

)
⊗

and l=0,︷ ︸︸ ︷
Λl(0) ⊗

constant terms︷ ︸︸ ︷(
1 01×2N

)
ϕ =

match priors︷ ︸︸ ︷(
0 0 0 0

10 0 0 0

)
. (5.10)

Next, we constrain the model to predict that, regardless of stride length, the foot angle will be
equal to r at p = 0.2 to represent flat-foot contact. This modeling choice enforces equivalency
between the foot angle and the ground incline, which allows for better estimation of incline [118].
We express this constraint on the foot using the following equality:

 ∀ r︷︸︸︷
Λ∀r ⊗

∀ l︷︸︸︷
Λ∀l ⊗

at p=0.2︷ ︸︸ ︷
Λp(0.2)

ϕ

selecting θf︷ ︸︸ ︷
1

0

0

0

 =

θf=r︷ ︸︸ ︷
0

0

10

10

, (5.11)

where

Λ∀r =

(
Λr(0)

Λr(10)

)
, and Λ∀l =

(
Λl(0)

Λl(1)

)
, (5.12)

are matrices in R2×2 that expand the constraint to affect all values of ramp and stride length. The
values r = 0, r = 10, l = 0, and l = 1 are again chosen without loss of generality to constrain the
entirety of these linear functions.

5.3.1.3 Complete Gait Model

We performed the regressions for the foot and shank angle models using the constrained least-
squares optimization function lsqlin in MATLAB. The resulting models (Fig. 5.2) not only
described how the measured kinematics varied with phase, but also with ramp and stride length.
Least squares regression was used to fit a Fourier series modeling gait’s cyclic relationship with
phase, while also allowing simpler linear fits to the other task variables that capture the salient
features of gait [118].

5.3.2 Biomimetic Exoskeleton Torque Profile

During the live trials, the exoskeleton provided torque assistance according to a profile parameter-
ized by phase, stride length, and incline angle. We regressed this biomimetic torque model (Fig.
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Figure 5.3: The regressed continuous biomimetic torque profile. Like the continuous gait model,
the full torque profile depends on p, l, and r, and thus fully resides in 4D-space. The model
relation between phase and ramp is shown (with stride length constant at 1 meter) in this figure for
the purposes of visualization.

5.3) using scaled-down biological ankle torques (by a factor of 5) from the dataset [47]. The re-
gression was performed using a near-identical regressor structure as in (4) without the constraints
on stride length and incline and with the biological ankle torque in lieu of the measured kinemat-
ics. This yielded a torque profile encoded with the same structure as the gait model in (3). As the
exoskeletons used in this experiment only applied plantarflexion torque, dorsiflexion torques were
floored at zero for the biomimetic torque profile.
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5.3.3 Dynamic Model and State Estimator

5.3.3.1 Primary Phase EKF Model

We use the standard EKF equations given in Appendix B. We define the state vector as the gait
state in (2). The system process is encoded using the state transition matrix F :

F =


1 ∆t 0 0

0 1 0 0

0 0 1 0

0 0 0 1

 (5.13)

such that phase is updated by simple numerical integration of phase rate using the time stride ∆t.
The state covariance matrix is initialized as P = 1 × 10−3 · I4×4. We define our process noise

matrix ΣQ as a diagonal matrix diag[0, σ2
22, σ

2
33, σ

2
44] ·∆t, where σ22, σ33, and σ44 are the standard

deviations for ṗ, l, and r, respectively. Phase p has no process noise since it is defined using
a noiseless integration of ṗ. The diagonal variances act as tunable parameters that modulate EKF
performance; we empirically tuned the performance and found that σ22 = 6×10−4, σ33 = 9×10−4,
and σ44 = 6 × 10−3 yielded good performance with respect to phase tracking and response time.
These values were held constant for all subjects.

5.3.3.2 Measurement Model

Within the update stride of the EKF, our observation function h(x) extends the directly measurable
variables θf , θs, pf and pu. To encode time-dependent measurement information, we also model
the velocity of the foot θ̇f and shank θ̇s. These velocities are defined using the differentiation chain
rule: [

θ̇f

θ̇s

]
=

[
∂θf
∂t
∂θs
∂t

]
=

[
∂θf
∂p
∂θs
∂p

]
ṗ (5.14)

where ṗ is the estimate of the phase rate from the prediction stride and the partial derivatives of θf

and θs are available analytically. The observation function is then h(x) =
[
θf , θ̇f , θs, θ̇s, pf , pu

]T
,

where θf , θs, pf , and pu, are available from the gait model hgait(x).

5.3.3.3 Nonlinear Stride Length Transformation

We choose to apply a nonlinear transformation to the stride length state. This transformation en-
codes the upper limit on a person’s stride length. Furthermore, we model the smallest possible
stride length as 0, which encodes backwards walking as having positive stride lengths and negative
phase rates. In this transformation, the stride length is the output of an arctangent transformation
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[184], in which the ‘pseudo-stride length’ lp is input. Additionally, in our gait model regression,
the stride lengths were normalized by participant leg length L. As part of the non-linear transfor-
mation, we denormalize by participant leg length to obtain stride length l in meters. The nonlinear
transformation is defined as:

l(lp) = L

(
4

π
atan

(π
4
lp

)
+ 2

)
. (5.15)

This allows a maximum normalized stride length of 4 leg lengths and floors it at 0. lp is then the
state estimated by the EKF and contained in state vector x. Similarly, the gait model hgait(x) takes
as input l/L instead of l. However, for ease of communication, we refer to x as containing stride
length l rather than its ‘pseudo’, denormalized counterpart, and the gait model as taking the stride
length input directly. To account for this change in the Jacobian H in the update step of the EKF,
we pre-multiply all partial derivatives with respect to l by ∂l

∂lp
.

5.3.3.4 Heteroscedastic Noise Model

EKFs generally encode measurement noise in a constant ΣR matrix, which typically denotes how
trustworthy the sensors used are. However, this constant model is unable to selectively change
the trust in the measurements during regions of the state space where those measurements are
known to be informative. For example, we expect that for phase values corresponding to flat-foot
contact during locomotion, the measurements of foot angle will be highly informative for the ramp
angle, given the position constraint of foot contact. To improve the performance of our phase EKF
controller, we implemented a heteroscedastic measurement noise matrix, that can continuously
change the measurement noise matrix ΣR defined as follows:

ΣR(p) = ΣR,sensor + ΣR,xsub(p). (5.16)

In our measurement noise model, ΣR,sensor is the conventional noise matrix that denotes how
uncertain the sensors are, and ΣR,xsub(p) represents the uncertainty present due to inter-subject
gait kinematic variability (subscript xsub for cross-subject). ΣR,xsub(p) captures the regions within
the gait cycle where measurements are more informative due to lower inter-subject variability
(Fig. 5.4). To determine ΣR,xsub(p), we first calculated the covariance matrices of the residuals y
between the measurements in the prior dataset and the regressed gait model at each of the dataset’s
150 phase values. These covariances incorporated the full stride data from all ten subjects in the
dataset across all the dataset’s conditions. In real-time, these 150 matrices were used to map the
real-time phase estimate to a corresponding covariance ΣR,xsub(p) via linear interpolation.

The matrix ΣR,sensor was defined as diag[σ2
11,r, σ

2
22,r, σ

2
33,r, σ

2
44,r, σ

2
55,r, σ

2
66,r], with each σxx,r
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representing the standard deviation for θf , θ̇f , θs, θ̇s, pf , pu, respectively. In our implementation,
these values were set to 1, 10, 7, 20, 0.01, and 0.08, respectively. These different values reflected
the different measurement units (e.g., deg vs. deg/s) and the different levels of sensor noise present
in the measurements. For example, the shank angle was estimated with a secondary attitude EKF
that updated at 100 Hz, whereas the foot angle was measured directly using a dedicated IMU that
updated at 1 kHz, so we placed greater trust in the foot angle measurements.

Figure 5.4: The heteroscedastic measurement noise model that modulates the measurement noise
matrix as a function of phase. Foot angle variance σ11 (i.e., the covariance with itself), foot angular
velocity variance σ22, shank angle variance σ33, shank angular velocity variance σ44, forward heel
position variance σ55, and upward heel position variance σ66, are shown. For ease of viewing, the
covariances between these measurements are not shown.

5.3.4 Heelstrike-based Estimation Backup

Depending on the process and measurement covariance matrices, it is possible that the EKF may
‘get lost’ in its state estimation and fail to track the actual states, for example, if the filter’s effective
bandwidth is too slow to respond to the measurements, or if it is too fast and thus sensitive to noise.
To protect the EKF controller against getting lost in its estimation, we introduced a backup pro-
cess that was permitted to reset the estimator state in the event of sub-par phase estimation. This
backup system fuses a similar approach to the conventional “Timing Based Estimation” (TBE,
[110]), which detects heel strikes and records the timestamps for each heel strike event, with the
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EKF framework. Our backup plan is essentially a ‘smaller’ EKF that updates its phase rate es-
timates once per heel-strike, but estimates stride length and incline in real-time using the same
measurements as the primary EKF.

If the backup describes a better fit to the subject’s kinematics than the EKF, the backup resets
the EKF state vector x with its own backup state vector. The backup system computes the sum
of squares of the residuals (SSR) using the residual vector ȳ each stride at heel-strike. It then
compares its SSR to the SSR from the phase EKF (calculated using y from the EKF) over that
stride. If the SSR from the backup is sufficiently smaller than the SSR from the EKF, i.e., the
EKF is performing poorly, then the backup overrides the EKF and places it back on course. We
tuned the backup EKF to only activate once every 100 steps when the SSRs are of comparable
magnitude.

5.4 Study Methods

We perform data-driven simulations and hardware experiments to address the following hypothe-
ses: H1) Our EKF-based controller has a significantly lower phase RMS error compared to phase
estimates from a HS-to-HS timing based controller (state-of-the-art) in a leave-one-out cross vali-
dation; H2) The inclusion of task variables significantly improves the phase RMS error in a leave-
one-out cross validation; and H3) Our real-time EKF estimate of phase has an RMS error less than
that of state-of-the-art timing based estimators in the presence of actuator torques. We also present
the result of the EKF working in a practical outdoors setting with exoskeleton actuation. All hu-
man participants gave written, informed consent with approval from the University of Michigan
Institutional Review Board (Study ID: HUM00158854).

5.4.1 EKF Simulation

We cross-validated our EKF in silico using the same walking dataset mentioned in Sec. 5.3.1.1
(N=10 subjects [47]), which includes trials at three speeds (0.8, 1, and 1.2 m/s) over nine slopes
between −10 and 10 deg. The dataset contains walking data indexed by walking stride, which was
used for training the gait model hgait(x). This stride data was concatenated to form a continuous
walking sequence, which was then input into our EKF to analyze performance with realistic loco-
motion. The complete source code for our simulation is available in a ready-to-run computation
capsule format through CodeOcean [119].
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5.4.2 Cross-Validation of Simulated Phase Estimate Quality (H1)

To identify the ability of our EKF to adapt to new subjects while accurately estimating phase, we
performed leave-one-out cross-validation on our EKF-based controller using the dataset, where
ground truth phase was calculated using the normalized time between heel-strikes. For each sub-
ject, this cross-validation trained a new gait model using the individual stride data from the remain-
ing nine subjects. Similarly, we also trained a new heteroscedastic model for each subject with the
residual covariance data from the remaining nine subjects. We then used the concatenated stride
walking data from the subject not included in the training set as the input to our EKF simulator,
and computed the phase root-mean-squared-error (RMSE) of our EKF relative to the ground truth
phase measurements for each stride in the dataset for that subject. To determine the improvement
produced by our EKF controller, we compared the stride-wise phase errors from the EKF against
the phase errors from a simulated TBE, which predicts the current phase in real-time using the
normalized timings of previous heel strikes. This common method is causal whereas ground truth
phase is non-causal. The TBE estimator was assumed to perfectly detect all heel-strikes from the
ground truth dataset (an assumption that may not hold during practical implementations). Using a
two-tailed, paired t-test, we compared differences in the stride-wise phase RMSE between the EKF
and TBE approaches. We also computed the stride-wise stride length and incline RMSE relative to
the ground truth values from the dataset. To assess how the resulting control torques were affected
by the gait state estimates from the EKF, we computed the stride-wise RMSE between the torque
profile resulting from the EKF state estimates and the torque profile resulting from the ground truth
states.

5.4.3 Cross-Validation without Task Variable Estimation (H2)

In a separate leave-one-out cross-validation simulation, we assess the improvement to phase esti-
mation quality that comes from the inclusion of the stride length and incline task variables in the
state vector. This allows for a more direct comparison to the EKF featured by Thatte et al. [173],
which only used phase variables in their filter. To effectively eliminate the stride length and ramp
state variables, elements of the process noise matrix ΣQ and covariance matrix P corresponding
to these variables were initialized to extremely low values on the order of 1e−12, which prevented
the estimates from changing in real time. These values were not simply set to zero in order to
avoid numerical issues in the real-time computation of the state estimate. We then computed the
phase RMSEs for each stride using the phase estimates of this limited EKF and determined the
significance of including the task variables by comparing these errors to those from the proposed
EKF using a two-tailed, paired t-test.
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5.4.4 Hardware Setup

We implemented our phase EKF on an ankle exoskeleton system (ExoBoot, Dephy, Inc., Maynard,
MA) for our human participant experiments. We used separate sensors to measure each of the
global angles due to the compliance of the exoskeleton’s structure. We estimated the global shank
angle using a custom attitude EKF [87] that ran concurrently with our phase EKF. The attitude EKF
used readings from the onboard IMU (TDK Invensense MPU-9250, San Jose) mounted above the
ankle joint of the exoskeleton. To measure global foot angle, we used an external IMU (3DM-GX5-
25, LORD Microstrain, Williston) placed on the boot of the exoskeleton. This IMU estimated
global orientation from which we obtained the global foot angle (i.e., pitch angle). To account
for inter-subject differences in exoskeleton position and resting shank angle, we calibrated both
of these sensors prior to each trial by having the subjects stand still and recording the average
angular measurements from these sensors, which were then subtracted from the live measurements.
For the angular velocity measurements, we measured the shank angular velocity directly using
the exoskeleton’s gyroscope readings, and measured foot angular velocity using the foot IMU’s
gyroscope readings. To obtain the heel position signals, we applied a second-order linear filter to
the foot IMU’s accelerometer signals, which combined a double-integrator with a high-pass filter
to convert forward and vertical acceleration signals into forward and vertical heel positions while
also high-pass filtering away the effects of integration drift and gravity.

For the indoor hardware experiment, ten able-bodied, human subjects walked on an instru-
mented Bertec treadmill (Bertec, Columbus OH) with variable belt speed and inclination. The
outdoor experiments were conducted with a single able-bodied human subject on both the Univer-
sity of Michigan Mars Yard (GPS: 42.29464, -83.70898), which demonstrates an unstructured out-
door environment, and the University of Michigan Wavefield (GPS: 42.29323, -83.71168), which
provides a practical stress test on extremely unsteady terrain.

5.4.5 Treadmill Experiment (H3)

We characterized our controller’s performance during a controlled treadmill experiment. In this
experiment, ten able-bodied participants (5 male, 5 female, age: 24.2± 2.15 years, height: 1.75±
0.08 m, weight: 74.4 ± 14.1 kg) walked with the EKF-controlled exoskeleton for three segments.
In the first segment, participants continuously walked on level ground for twenty seconds at 1.2
m/s, followed by twenty seconds at 0.8 m/s, followed by a return to 1.2 m/s for twenty seconds,
then finally for 0.8 m/s for a final twenty seconds. In the second segment, the participants walked
on the treadmill for 10 seconds at 1 m/s, then the treadmill inclined over a period of one minute and
ten seconds to a maximum of 10 deg while the participant continued walking. The third segment
was identical to the second, except that instead of the treadmill inclining to 10 deg, it declined
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to -10 deg. The exoskeleton applied the adaptive biomimetic torque throughout the trials via PID
current control to apply the desired torque at the ankle.

Participants were instrumented with Vicon markers to capture their kinematics, which were
then used to establish ground truth estimates for phase, phase rate, stride length, and inclination, as
well as for heel-strike events. Ground truth phase rate for each stride was estimated by taking the
inverse of that stride’s duration; ground truth phase was then calculated by integrating this rate over
the duration of the stride beginning at heel-strike. Ground truth stride length was then calculated
by dividing the known speed by the phase rate, while ground truth inclination was measured as
the inclination of the treadmill. The Vicon experimental system featured 27 cameras and collected
kinematic data at 100 Hz. We computed the errors and RMSEs for both EKF phase, phase rate,
stride length and incline. We then compared the stride-wise phase RMSEs to those from a state-
of-the-art TBE approach which thresholded the signals from the onboard device sensors to detect
heel-strikes (similar to the approach from [122]); the thresholds were tuned to correctly detect
heel-strikes across the walking tasks in this treadmill trial. We compared the two controllers using
the same t-test as with the previous hypotheses.

5.4.6 Real-world Experiments

Finally, we characterized the ability of the EKF-based controller to adapt its gait state estimates
and torque assistance in a highly irregular outdoor environment. One participant from H3 walked
with the EKF-controlled exoskeleton on both the Michigan Mars Yard, which features a steep
hill (approximately 20 deg) covered in small rocks, and the Michigan Wavefield, which features
a sinusoidal hill pattern of inclines and declines (from approximately 30 to −30 deg) and has
been previously used to test the stability of bipedal robots [37]. These locations were chosen to
‘stress-test’ the EKF with non-steady-state conditions outside its training dataset. During these
tests, the process noise matrix ΣQ was tuned to have σ22 = 1e−3, σ33 = 2e−3, and σ44 = 5e−2

for a faster filter response. At the Mars Yard, the participant walked in an alternating ‘slow-fast-
slow’ speed pattern on level ground both prior to and after ascending/descending the hill. At the
Wavefield, the participant performed the same alternating speed pattern before and after walking
on the rapidly changing, sinusoidal hills. The separation of the speed and slope changes during
these outdoor trials was done to isolate the EKF’s ability to track each task variable independently.
We recorded HD videos of these trial and compared the recorded events to the EKF’s estimates
of the gait state to assess the adaptations to the terrain features of the Mars Yard and Wavefield.
To obtain ground truth phase values, we analyzed the video to determine the timings of heel-strike
events, and interpolated phase values between them (assuming a constant phase rate). For this
experiment, we compared our EKF against a TBE identical to the one in Sec. 5.4.2 (recall TBE is
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Figure 5.5: State estimates from the treadmill trials from two representative participants. Phase
rate is shown in the first row, stride length in the second, and incline in the third. For clarity,
the periods where the speed changed in the first trial are delineated by the black dashed lines.
Overall, the EKF had excellent tracking of phase rate (and thus, phase), as evidenced in these
representative trials. The EKF was responsive enough to correctly estimate Subject AB03’s stride
length but tended to underestimate this state for some participants (such as Subject AB04), in part
due to individual differences from the trained gait model. Finally, the EKF adequately tracked
ground incline, although it occasionally exhibited a negative bias due to changes in gait caused by
the exoskeleton assistance (more obvious in Subject AB03).

causal whereas ground truth is not). We performed pairwise t-tests comparing the phase RMSEs
calculated over each stride between the EKF and this TBE.

5.5 Results

5.5.1 Cross-Validations of EKF Performance (H1 and H2)

Our results support Hypothesis 1—that the EKF significantly outperforms TBE during an in silico

leave-one-out cross validation. In terms of % of stride cycle progression, the inter-subject phase
RMSE for the EKF (1.6±0.31%) was significantly lower (P < 0.001) than the inter-subject RMSE
for the TBE estimator (2.1 ± 0.1%). Additionally, our EKF predicted stride length with an inter-
subject RMSE of 0.10±0.02 m, ramp inclination with an inter-subject RMSE of 1.5±0.23 deg, and
desired torque from our biomimetic torque profile with an inter-subject RMSE of 1.2 ± 0.18 Nm.
These RMSEs are likely due to inter-person variability in locomotion, which have been established
to cause errors in kinematic predictions [46].
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Table 5.1: Gait State RMSEs for All Subjects in Treadmill Experiment

Participant
EKF Phase
RMSE (%)

EKF Phase Rate
RMSE (%)

Stride Length
RMSE (m)

Incline
RMSE (◦)

Desired Torque
RMSE (N-m)

TBE Phase
RMSE (%)

AB01 4.9 1.5 0.22 1.0 2.9 5.7
AB02 4.1 1.8 0.15 2.7 3.3 5.1
AB03 4.7 2.4 0.07 2.8 2.6 5.5
AB04 3.3 2.7 0.21 1.2 2.4 4.9
AB05 5.6 1.9 0.25 1.8 3.5 5.6
AB06 2.7 2.0 0.28 3.1 2.5 3.4
AB07 11.0 3.0 0.08 2.4 4.9 12.5
AB08 5.4 1.5 0.10 1.7 2.9 5.2
AB09 2.8 1.9 0.12 2.0 2.2 3.5
AB10 3.2 1.8 0.06 5.6 2.8 3.8

Mean (Standard Deviation) 4.8 (2.4) 2.1 (0.5) 0.15 (0.08) 2.4 (1.3) 3.0 (0.76) 5.5 (2.6)

The second cross-validation supported Hypothesis 2—that including task variable estimation in
the EKF significantly improves phase estimation when compared to an EKF that does not feature
task variable estimation (e.g., [173]). The phase RMSE for the No-Task condition (2.0 ± 0.36%)
was significantly higher than the phase RMSE for the proposed EKF condition (1.6 ± 0.31%,
P < 0.001).

5.5.2 Treadmill Experiment (H3)

The treadmill test supported Hypothesis 3—that the EKF significantly outperforms TBE while ap-
plying torques. The EKF (phase RMSE: 4.8 ± 2.4%, Table 5.1) resulted in significantly lower
(P < 0.002) phase errors than the conventional TBE approach (phase RMSE: 5.5 ± 2.6%). The
EKF captured the pulse-like change in phase rate during the fast 1.2 m/s and slow 0.8 m/s sections
of the trials, as shown in representative trials (Fig. 5.5). The EKF simultaneously provided live es-
timates of both stride length and inclination (cross-subject average stride length RMSE 0.15±0.08

m, incline RMSE 2.4± 1.3 deg). The EKF clearly responded to the changes in ground inclination,
although it often exhibited negative biases, as exemplified by the results from Subject AB04 in
Fig. 5.5. The EKF underestimated changes in stride length, although with notable differences in
tracking quality across subjects (Fig. 5.5). Additionally, the desired torque profile RMSE, which
encodes the gait-state RMSEs, was only 3.0± 0.76 Nm compared to the ∼20 Nm peak magnitude
of the torque profiles. From our torque profile, the average (across phase) change in torque from
a stride length change of 0.15 m (the average stride length RMSE across subjects) was only 0.12

Nm. For additional context, we also computed the cross-subject stride-wise peak errors for each
of the gait states throughout the treadmill trials. The peak phase error was 29.3 ± 8.2%, the peak
phase rate error was 41.2 ± 25.9%, the peak stride length error was 0.70 ± 0.19 m, and the peak
incline error was 5.0 ± 1.2 deg. These peak errors resulted in a peak torque error of 8.0 ± 1.65

Nm, These errors were predictably higher than the average error, although they occurred for short
periods of time and were thus likely quickly recovered from using our approach.
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Figure 5.6: Stills from the analyzed videos taken during the Mars Yard and Wavefield trials, with
a focus on the EKF’s incline estimation performance. The incline estimation is primarily driven by
the participant’s foot angle on the outdoor slopes (red dashed circles). (A) The subject walking on
level ground on the Mars Yard during a period of varying speeds, with the EKF correctly updating
its estimate. (B) The subject walking up the Mars Yard, in which the EKF correctly increases its
incline estimate. (C) The subject walking uphill on the Wavefield (D) The subject going down a
decline on the Wavefield.

5.5.3 Real-world Experiments

In the Mars Yard trial, where the subject alternated speed and incline with exoskeleton assistance,
the EKF was comparable to the conventional TBE (3.8± 2.0% for the former, 4.4± 3.1% for the
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latter, P = 0.2). However, unlike the TBE, the EKF state estimates tracked both the changing
speeds prior to ascending the Hill and the changing ground slope from the Hill itself. Two stills
that correspond to notable events from the trial are shown in Fig. 5.6A and B; in particular, the
position of the subject’s right foot is useful to demonstrate that the EKF is updating its incline
estimate correctly. On the Wavefield, the EKF significantly outperformed the conventional TBE
(4.8 ± 2.7% for the former, 7.3 ± 8.3% for the latter, P = 0.02). The extreme conditions on the
Wavefield (Fig. 5.6C and D) rendered the steady-state assumptions of the TBE a poor fit for the
gait estimation task; in contrast, the EKF was able to track both phase and the rapidly changing
ground incline of the Wavefield. The EKF’s adaptation of its state estimates is also reflected in the
assistance from the exoskeleton. The biomimetic torque profile broadly increased the magnitude
of its torque assistance when ground inclination was positive, and decreased when it was negative.
This trend is reflected in the torques shown in Fig. 5.6. A supplemental video of the real-world
experiment is available for download.

5.6 Discussion

As expected, our EKF phase estimator outperformed the TBE estimator, with significantly lower
phase RMSEs in the in silico steady-state treadmill trials. Fundamentally, the EKF observes the
behavior between heel-strikes, allowing it to better predict the phase variability that accompanies
natural human walking, even in this steady-state test with a constant belt speed, within each tested
condition.

The presence of real-time task variable estimation within the EKF also significantly improved
phase estimation. This is likely due to these task variables accounting for part of the variation
from the kinematic sensor measurements, and therefore reducing the prediction errors. Without
estimation of stride length or inclination, modeling error increased, resulting in greater variance in
the phase estimation signal. Hence, the task variable states could improve phase estimation during
variable-speed and variable-incline walking compared to the phase EKF presented in [173].

In the treadmill experiment, the EKF estimator outperformed the conventional TBE in addition
to providing estimates of task variables in real-time. The EKF consistently detected heel-strikes
with more accuracy than the conventional approach. Our EKF’s phase RMSE (cross-subject av-
erage 4.8 ± 2.4%) is comparable to recent online phase estimation performance achieved in hip
exoskeletons [89], which used machine learning to estimate phase for subjects walking through
circuits that featured different ramps (phase RMSE 5.04%2). Additionally, our phase RMSE is

2Note that comparing RMSE across distinct experiments is not a direct comparison of methods. We also fea-
ture a similar RMSE to that of another machine learning-based estimator that was implemented on the same ankle
exoskeleton hardware [158] (3.9% stance phase RMSE).
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near the perceptual threshold in timing error, suggesting that subjects may be unlikely to detect
any errors in torque profile assistance due to the EKF’s phase error [136]. However, it is worth
mentioning that the peak error in phase (29.3± 8.2%) far exceeded this threshold, and thus could
create the perception that the exoskeleton was out-of-synch with the user, which may diminish
trust in the device. The EKF’s mean incline RMSE (cross-subject average 2.4 ± 1.3 deg) was
also comparable to recent results from an offline ML-based sensor fusion approach [24] (absolute
incline error 2.3± 0.86 deg).

In the real-world tests, and in particular during the Wavefield stress test, the EKF estimator
had a significant advantage over the conventional TBE as in the treadmill trial. The conventional
TBE featured its poorest performance during the Wavefield trial (up to 7.3% from 2.1% RMSE
in the steady-state cross-validation trials), due to the highly variable nature of the terrain and the
non-steady-state steps taken by the participant. The EKF, in contrast, only increased to 4.8% phase
RMSE from the steady-state cross validation phase RMSE of 1.6%. These results are comparable
to a recent study [139] (phase RMSE: 4.12%) which estimated phase using a combination of IMUs
and cameras to control a hip exoskeleton during stair and ramp ascent and descent.

Using an EKF confers several advantages for our adaptive torque controller. Because our simple
gait model predicts angles and velocities in a fundamentally structured way, we are able to encode
a large, continuous class of locomotion tasks. The EKF equations are intuitive to understand, sim-
ple to implement on hardware, and computationally lightweight, while still yielding comparable
phase estimation performance to more complex machine learning approaches. Furthermore, the
data-driven model component at the core of our controller may be easier to debug than so-called
‘black-box’ models that directly estimate gait parameters or control commands from sensor data.
Similarly, it would be straightforward to substitute another gait model (for example, a Gaussian
Process as in [173] or a neural network as in [24]) within our EKF depending on the preference of
the experimenter, as the only requirement is that it take in the state vector as inputs and produce
the kinematics as outputs.

Our EKF-based controller provides a solution to the challenge of estimating the state of an
exoskeleton during practical trials. This challenge has been avoided in prior exoskeleton control
work [123, 202, 42, 132] by testing in controlled steady-state conditions that allow TBE approaches
to suffice. However, these conditions are unrepresentative of the real world. The performance of
our controller throughout the extreme conditions of the Wavefield test demonstrates that it can
provide phase estimates throughout non-steady-state conditions, which could potentially allow
exoskeleton research to be translated out of the laboratory. Additionally, our explicit gait model is
agnostic to the choice of exoskeleton hardware, so our estimator could serve as a ‘plug-and-play’
solution for researchers seeking to take their devices into the real world.

Our EKF can also scale well to additional sensors. In our current implementation, we use four
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sensors (foot and shank angles, along with their derivatives, and forward and upward heel position),
but it would be straight-forward to implement other sensors, such as instrumented insoles, to further
improve phase estimation. We can use the current dataset to regress relationships between these
sensors’ measurements and our gait-state and simply extend the measurement vector in our EKF.
We expect that this will further improve phase estimation due to the new information available from
these sensors, motivating further study into the impact of different sensors (e.g., [118]) as well as
different model-fitting techniques to prevent overfitting (which we avoided by implementing a
relatively simple linear model structure relative to the complexity of the dataset).

To further improve our estimates in future work, we would first target the inter-person kinematic
variability that increases the variance of not only the estimated phase, but also the remaining state
vector elements. Prior work has demonstrated that inter-person variability can cause large predic-
tion errors in subject-independent kinematic models [46]. We suspect this is responsible for the
large stride length RMSEs experienced by some subjects, such as Subject AB06 (0.26 m RMSE,
Tab. 5.1), and for the smaller RMSE in stride length (0.10 ± 0.02 m) in the simulated walking
cross-validation. The EKF’s estimates of stride length are primarily informed by the amplitude
of the forward and upward heel position measurements. When analyzing Subject AB06’s forward
and upward heel positions (Fig. 5.7A), there is a large discrepancy between the predicted posi-
tion from the EKF’s live gait model (blue), and the predicted position from the gait model when
using the ground truth states from Vicon as inputs (green). For Subject AB06, the stride length
that produced the best-matching predictions was smaller than the ground truth stride length. This
is likely because the actual stride length is known with more certainty later in swing as the stride
nears completion; during this region of phase in swing, the position measurements obtained by
integrating the accelerometer readings from our IMU sensor (red) are smaller in amplitude than
the actual positions measured by the Vicon signals (orange). The EKF sees these smaller ampli-
tudes and estimates a smaller stride length, as it fits the measurements better. The discrepancy
between the sensor measurements and ground truth measurements is far less pronounced earlier in
stride, indicating the the integration was more accurate during this region. Our filter was designed
to produce accurate integration of the forward and upward heel positions based on the general-
ized gait model. Subject AB06 simply walks differently later in the gait cycle than what our filter
was designed to estimate and our model was designed to predict, in a way that the general gait
model cannot capture with accurate state estimates. Notably, this only resulted in a desired torque
RMSE of 2.6 Nm for Subject AB06, as the other gait state variables, in particular phase, were
still estimated well. In contrast, Subject AB03 (Fig. 5.7B) walks nearly identically to the general
gait model prediction, and thus their state estimates (in particular stride length) are more accurate.
Simple gait personalization techniques have been shown to significantly reduce the error in gait
models over a continuous range of tasks [142], so we suspect that the variance of estimated phase
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Figure 5.7: (A) Subject AB06’s forward and upward heel position kinematics during the treadmill
trials, as an example of how inter-person gait variability can lead to errors in state estimation.
Based on the subject’s kinematics as measured by the sensors (red), the EKF gait model predicts
heel positions (solid blue) that imply a stride length state estimate below the ground truth measured
by Vicon (orange). The gait model predictions using the ground truth state from Vicon (green)
would more closely track the actual measurements from the sensors for Subject AB06. (B) Subject
AB03’s forward and upward heel kinematics during the treadmill trials better match the general
gait model’s predictions of heel position, leading to more accurate stride length estimates. (C)
Subject AB04’s foot and shank angle measurements exhibit a clear flat-foot contact period in early
stance during regions of high model trust (gray shade) and thus result in accurate incline estimates;
trust is indicated by the width of the confidence region (blue shade) about the model estimates. (D)
Subject AB02’s foot and shank angle measurements exhibit a less-defined flat-foot contact period
where the noise model expects high confidence in the measurement, resulting in persistent negative
biases in the incline estimate.
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could be reduced with such a personalized gait model.
Unmodeled dynamics can also negatively impact our EKF performance. In particular, the ex-

oskeleton’s actuation imposes a disturbance on the system through the physical deflection of the
device’s IMU, which can lead to incorrect measurements of the shank angle. Our gait and het-
eroscedastic noise models assume that the measured shank angles will take on a specific, average
profile, but actuation causes the measured shank profiles to be fundamentally different than what
our models expect. In our implementation, we accounted for this by increasing the shank mea-
surement covariance so that the EKF placed less trust in this signal. While this made the controller
more robust to the disturbance caused by the exoskeleton torque, it also reduced the bandwidth of
the controller, which otherwise could have been tuned to more quickly detect changes in gait.

Furthermore, the presence of exoskeleton assistance may have caused some participants to walk
differently than how our gait model predicted, which would also lead to incorrect EKF behavior.
For example, our gait model predicts that foot angle during early stance is relatively stationary and
equal to the ground incline angle. Consequently, our noise model trusts the foot measurements
during these regions of stance (Fig. 5.7, gray shade) as highly informative for estimating incline
(Fig. 5.7, narrower blue bands around the predicted foot measurement during early stance). Some
participants (Fig. 5.7C), walked similarly to this prediction while experiencing powered assistance,
which led to more accurate incline estimates. However, other participants (Fig. 5.7D) notably had
foot angle measurements that sloped downward more steeply during early stance and had a less-
defined foot-contact region of stance, which was also reflected in a steeper shank angle. We suspect
this is due to these participants allowing the exoskeleton torque to begin lifting their heel off earlier
in stance. During the region of stance where the EKF expected 1) the foot measurement to be most
informative about incline, and 2) the foot angle to be equal to the ground incline, the presence of
exoskeleton assistance caused the foot measurement to have a negative value relative to the ground
inclination. For Subject AB02 in Fig. 5.7D, this negative bias was as high as 7.3 deg. This was
reflected in the ramp estimates of the EKF, which undershot the true ground incline by roughly
this negative bias. Here again, individualized gait models may be a potential solution, as they can
capture not only how every person walks differently, but also how each person uniquely adapts
their gait to exoskeleton assistance.

Because the dataset used to regress our gait model only contained steady walking data, other
tasks such as running or start/stopping are not explicitly modeled. While in theory the presented
EKF can account for sudden stops by estimating ṗ as zero, we believe the estimator will benefit
from training with data including such gait transitions (e.g., [143]). As datasets grow to include
more behaviors, our intention is to extend our continuous gait model with new task variables rep-
resenting these other dimensions of human locomotion.
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5.7 Conclusion

We developed an exoskeleton torque controller based on an EKF which estimates phase, phase rate,
stride length, and ramp in real time. This controller yields significantly reduced phase estimation
errors compared to the state of the art. Furthermore, this controller improves upon the state of the
art by allowing the assistive torque profile to adapt in real time in response to the state estimates.
To the authors’ knowledge, we are the first to estimate the gait phase variable along with stride
length and ground inclination in real time and throughout an outdoor non-steady-state locomotion
task on difficult terrains. This result represents a meaningful milestone for practical exoskeleton
control and usage outside the laboratory.
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CHAPTER 6

Conclusions and Future Directions

As a whole, this dissertation presents fundamental strategies for the translation of exoskeletons
out of the laboratory and into the daily life of the public. This work contributes results about hu-
man’s perception of exoskeleton benefits, a new user-focused economic design metric for wearable
robots, and a theoretical analysis and practical evaluation of an adaptive multi-modal controller for
ankle exoskeletons that all bring the field closer to the translation of exoskeletons. Greater volun-
tary adoption of these wearable technologies is likelier to occur with the refined understanding of
how humans relate to state-of-the-art exoskeletons provided by this work. In particular, given the
near-prerequisite for adoption that individuals perceive these technologies as valuable, this work
has developed methods for ensuring that this perceptual value is quantifiable for exoskeletons.
Furthermore, another prerequisite for mass adoption is that exoskeleton controllers be capable of
adapting their powered assistance to the terrains and gaits of the real world, which requires the
controller to first identify and learn these locomotion patterns. This dissertation has also not only
presented methods to learn these patterns in real-time using the sensors onboard an exoskeleton,
it has also demonstrated that it is possible to use the learned gait patterns to adapt the assistance
from the exoskeleton, thus allowing this device to be used in real-world scenarios needed for large
scale adoption.

This dissertation was motivated by the need to translate exoskeletons out of the controlled lab-
oratory settings in which researchers are comfortable into the real world where they can actually
benefit society. This work identified two key obstacles to this translation: 1) the lack of accessible,
intuitive metrics by which to design and control exoskeletons that will actually matter to the gen-
eral public, 2) the absence of exoskeleton controllers capable of augmenting human performance
beyond the controlled conditions of the laboratory. This dissertation presented the results of four
full experiments designed to address these gaps; the first two of these studies contributed scien-
tific characterizations of the human relation to modern, metabolically advantageous exoskeletons,
while the second two discussed the development of adaptive controllers capable of augmenting
humans throughout a variety of locomotion modalities. In providing these solutions, this work
advances the goal of exoskeleton translation to the public.
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With the overarching mission of translation in mind, each chapter of this dissertation contributed
to solving a different facet of this challenge. In Chapter 2, I characterized the conscious perception
of metabolic rate changes, which was meant to answer the question of if humans can perceive the
energetic benefits for modern exoskeletons. The results of this work then inspired the investigation
in Chapter 3, which presented a multidisciplinary study that characterized the economic value (in
dollars) of modern bilateral ankle exoskeletons designed to achieve metabolic reductions. Chap-
ter 4 presented a study investigating the applicability of Bayesian analysis framework to learn a
continuously evolving gait state vector that parametrizes different locomotion types throughout
varying environments. Finally, Chapter 5 applies the conclusions of Chapter 4 to develop an Ex-
tended Kalman Filter (EKF)-based controller capable of applying torque over a variety of practical
real-world environments. Taken together, this dissertation provides a solid foundation on which
future research advances in exoskeleton translation can be developed.

6.1 Discussion of Contributions

The following subsections provide summaries of the major contributions from each of the previous
chapters in this dissertation.

Chapter 2: Significance and Contributions

In Chapter 2, I described the quantification of the Just Noticeable Difference (JND) of changes
in metabolic rate, which denotes the perceptual threshold below which changes in energetics are
not perceived. This work was published in the Journal of NeuroEngineering and Rehabilitation

(JNER) [117]. Metabolic rate reductions have emerged as the physiological “gold standard” by
which modern exoskeletons have been designed and judged [150], and the capacity for an ex-
oskeleton to reduce a user’s energetic burden has become near-synonymous for the device’s suc-
cess. Researchers have adopted this metric as the standard largely because it is both intuitive, as
it is a natural conclusion that the augmented human will walk for further or faster if they have
more energy to spare, and objective, as metabolic rate is easily quantifiable within the laboratory.
Despite these successes, it was unknown if users, when given a modern exoskeleton, would actu-
ally sense that they were being assisted, and indeed, this underscores a lack of consideration for
the human system and thought process in the pursuit of strictly energetically efficient exoskele-
tons. This study revealed that, despite the well-established metabolic benefits from exoskeletons
[123, 122, 132, 149, 110, 85, 202, 128], the average person would not actually sense that they
were being assisted. Thus, this study filled a gap in the literature by providing crucial information
on how users would consciously relate to modern exoskeletons. The JND itself acts as a natural
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benchmark for exoskeletons designed to reduce metabolic cost, as the device can only be actively
percieved as useful above the high magnitude of the JND. Beyond this primary result, this study
also yielded a novel protocol that adapts classical psychophysical techniques for estimating JNDs
to work with stimuli that are noisy, such as metabolic cost [114].

This study gave critical context to the long-standing metabolic rate reduction metric by which
the majority of augmentative exoskeletons are designed and judged. The result that the average
person is insensitive to changes in their metabolism casts doubt on the universality of the metabolic
metric as the gold standard within the field, as if humans are unlikely to perceive these devices
as immediately beneficial, it is also unlikely that they would voluntarily choose to adopt them
into daily life [40]. Instead, the metrics by which we design exoskeletons should incorporate
the user’s perception in the evaluation in order to maximize the likelihood of mass adoption, and
motivates further investigation into alternate biomechanical and physiological standards, such as
muscle fatigue [3, 36], operational metrics (e.g. time until task completion) [169, 60, 11], or
quantities such as user preference [84] that are more closely integrated with the conscious human
system.

Chapter 3: Significance and Contributions

In Chapter 3, I described a multidisciplinary study which applied techniques from the field of
economics to quantify the economic value of bilateral ankle exoskeletons and is currently in sub-
mission to Nature Communications Engineering. This work was heavily motivated by the results
described in Chapter 2 which underscored the need for exoskeleton metrics of success that are
conducive to mass adoption. By definition, users will only choose to adopt and use devices if they
are perceived as actively valuable [40, 93, 129, 79, 29]. For such questions of value, it is only nat-
ural to turn to the field of economics for answers. By quantifying the economic value of modern
exoskeletons, we can directly measure a variable that is tightly linked to the human’s experience
of wearing the exoskeleton; the user must holistically evaluate this experience and balance the per-
ceived benefits and costs of the device, which is reflected in that user’s value for the exoskeleton.
Thus, quantifying the economic value of exoskeleton use presents a powerful, user-centric metric
for the design and control of exoskeletons that directly reflects the likelihood of adoption.

To our knowledge, this is the first time researchers in our field have ventured into such a
disparate discipline to answer a scientific question on exoskeletons. This foray into economics
presents an exciting new frontier of research: investigations into how valuable users actually find
exoskeletons. Perhaps no other quantity is as indicative of the potential for the mass adoption
(which on some level must invariably involve a purchase) of these technologies than the simple
value, in dollars, of the device itself. This study discovered that, to the average person, the value
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of state-of-the-art bilateral ankle exoskeletons is negligible, which is particularly surprising given
the refined nature of the robot and its ability to reduce the wearer’s metabolic cost. It is noteworthy
that, despite the average person receiving no benefit, there were numerous users in the study who
received large economic value from the device (on the level of $16/hr). Additionally, this study
acts as a proof-of-concept for the economic value metric, and motivates further investigations into
the value of other devices or control strategies.

Chapters 4 and 5: Significance and Contributions

In Chapter 4, I described an analysis of the fundamental problem of gait state estimation with the
Bayesian filtering framework, which has been published in the IEEE Robotics and Automation

Letters [118]. In Chapter 5, I describe a novel Kalman-filter based controller that implements
the results of Chapter 4 to continuously update the assistance from bilateral ankle exoskeletons
on a variety of locomotion tasks; this chapter has been published in the IEEE Transactions on

Robotics (T-RO) [116]. Turning to the challenge of controlling exoskeletons in the real world, we
are first confronted with the wide variety of different locomotion modes possible beyond that of the
steady-state walking that features in most scientific studies of exoskeletons. For these technologies
to actually enter the real world, they must be capable of learning and adapting their assistance to
the continuously evolving, transitory gaits and tasks that feature in practical settings, such as re-
peated starting and stopping on non-flat terrains. A person’s gait state—the vector representation
of their current locomotion mode—is typically difficult to measure directly using the sensors on-
board wearable robots. However, prior research has been able to estimate subsets of the gait state
using Bayesian filtering methods [173, 90, 30], although these past methods did not parametrize
the gait cycle in its entirety and did not continuously learn all of the task parameters. Therefore,
the combined works in Chapters 4 and 5 yielded a solution to the gait state estimation challenge
in the form of an exoskeleton controller capable of learning the gait state throughout a wide range
of locomotion modes. The study in Chapter 4 extended our understanding of the Bayesian filter’s
applicability to the gait state estimation challenge by characterizing the performance of different
Bayesian Kalman filters (Extended, Unscented, and Ensemble) on continuously predicting the gait
state during a variety of simulated walking tasks. We found that the Extended Kalman Filter (EKF),
the simplest filter, provided the best estimates of the full gait state, which we then implemented on
hardware in the study described in Chapter 5.

The key contribution of these works is an exoskeleton controller capable of functioning in real-
istic terrains outside of the laboratory, and therefore provides a solution to the challenge of learning
a person’s gait in the real world to adapt assistance. Our controller was tested in a variety of differ-
ent scenarios, in particular the extreme conditions of the Michigan Wavefield, which features a set
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of rapidly changing hills and thus represented a “stress-test” for our controller. In comparison to
other standard approaches which only function on the controlled conditions of a laboratory tread-
mill [202, 42], our controller learned the user’s gait during these trials and seamlessly updated its
assistance. This contribution thus represents a meaningful milestone for practical exoskeleton con-
troller design and implementation for the real world. Our EKF-based approach is also bolstered
by the relative ease and intuition of the Kalman Filter equations at the controller’s heart, which
rendered the controller simple to implement and debug on hardware. Another key contribution of
these works is the highlighting of personalization to improve estimation performance [46]. The
controller leveraged a general gait model that mapped the gait state to the kinematics measurable
by the exoskeletons, which was calculated using a pool of ten subject’s data. We noted in Chapter
5 that some subjects’ gaits deviated enough from the general gait model’s expectations that perfor-
mance deteriorated relative to those who hewed more closely to the average. Thus, implementing
personalization techniques [142, 88] into controller to account for individuals’ different strides is
a key next step towards refining robust controllers for the real world.

6.2 Recommendations for Future Work

This dissertation, in pursuit of translating exoskeletons into ubiquity, also presents exciting future
avenues of research. In keeping with the structure of solving the two primary obstacles to the
goal (those of a lack of suitable metrics and practical controllers), I will discuss my thoughts and
recommendations for future work in two sections. The first section will concern the challenge of
obtaining useful metrics, and, more broadly, the relationship between humans and augmentative
exoskeleton technology. The second section, devoted to addressing the challenge of controllers for
the real world, will theorize about potential strategies for a controller capable of functioning in the
near-infinite possibilities of the world outside the laboratory.

Suitable Metrics for Exoskeleton Design

The works in Chapters 2 and 3 were motivated by the open question of how to design exoskeletons
people will want to use. In my mind, it is significant that, after a decade of nearly solely focusing
on objective, physiological metrics like metabolism, we are only now as a field beginning to con-
sider the question of how these benefits will actually relate to the human at the other side of the
exoskeleton. Inspired by this revelation (and my own misgivings about academics being locked in
ivory towers), I will rebrand this section as follows:
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Why Should People Care about Augmentative Exoskeletons?

which I think better captures the key question at the heart of our recent efforts to create human-
focused metrics to get exoskeletons out of the laboratory. I believe that if we are serious as a field
about the potential of exoskeletons to transform human mobility, we must keep the average person
front and center when it comes to the design of these devices, and this involves providing them
with a sufficient and satisfactory reason to want to use our robots.

The work in Chapter 2 that describes the insensitivity of humans to modern, metabolically
efficient exoskeletons in my opinion severely undercuts the case for metabolic rate reductions war-
ranting as much attention as they have received by us scientists thus far. Given this insensitivity,
exoskeletons designed with this metric that fail to meet the benchmark of the JND (which is es-
sentially all untethered devices to date [150]) are unlikely to break into the public sphere; why
would people want to use a device that renders no immediately observable benefit? Instead, the
results of Chapter 2 encourage a reconsideration of which metrics will be most useful to the user.
These metrics can be informed by similar investigations into the perceptual thresholds of other
biomechanical or physiological quantities. For instance, the JND of mass manipulation has been
shown to be about 8 grams (or 3% of the reference mass) [58]. Given this far keener sensitivity,
exoskeletons designed with a task such as strength amplification [174, 72] or compliance shaping
[174, 175], which aim to attenuate the physical properties (including inertia) of the environment
felt by the wearer, may be likelier to be perceived as immediately beneficial by wearer’s. Alterna-
tively, we as a field could choose to shift our focus to the outcomes experienced by the user. This
motivates a possible a shift to operational metrics [11, 169, 60] where the outcome of the task (e.g.

how quickly the task is done, how many repetitions can be performed) is what matters. Perhaps the
average user is insensitive to changes in metabolism, but he or she would notice if they completed
a task more quickly.

There is another critical question implied by this shift in paradigm away from engineering
metrics and towards the wearer’s thought process: Where and when will humans find exoskeletons
valuable? This consideration is informed by the economic value metric framework pioneered in
Chapter 3, which directly centers the value of the device. In this respect, I’ve found that a comment
from one of the reviewers for the Vickrey study on quantifying the value of exoskeletons during
locomotion in Chapter 3, who as indicated by the editor, was not a scientist native to our field,
encapsulates a longstanding thought of mine. The feedback is (verbatim) as follows:

Vickrey second-price auctions are useful as valuation measuring rods only if it is in-
teresting to learn the value of the item auctioned off. That might clearly be the case
in my above example with a car, say if one is a company like Toyota and interested in
figuring out demand for one’s vehicles. It is furthermore compelling, as I said above,
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that someone may want to know the value that users of exoskeletons attach to such
devices, in certain situations. However, I very much doubt that the situations studied
in [the authors]’s experiment belongs to that class. Subjects buy (or sell) the right
(or obligation) to take a “walk” on a treadmill wearing an exoskeleton. That
seems to be a rather uninteresting or irrelevant item to buy or sell. For example,
in the movie Edge of Tomorrow, Tom Cruise’s character uses exoskeletons to fight off
alien “Mimics,” and it is clear that this is quite valuable to him. However, I doubt
that he would have wanted to walk on treadmills instead. Accordingly, I feel that this
study does not really produce any insights as regards the actual value of the use of
exoskeletons in meaningful situations.

I think this feedback is notable for a few reasons. First, this represents the instinctive reaction
of an outsider to our field to work with state-of-the-art exoskeletons, and the reviewer finds it a bit
lacklustre that we are concerned with augmenting regular human walking. As scientists, I believe
we have a responsibility (perhaps a pragmatic one) to consider what a regular member of the pub-
lic (that is, someone who is not a wearable robotics researcher) thinks of our exoskeletons. If this
reviewer’s comment is anything to go by, state-of-the-art exoskeletons to reduce metabolic cost
may be a harder sell than we would hope. Second, the reviewer identifies a use-case for exoskele-
tons in which they demonstrate obvious value (fighting aliens). In my opinion, future work in our
field should clearly identify when and how exoskeletons are useful, instead of blindly assuming
usefulness in all scenarios or assuming usefulness based on engineering principles. For instance,
able-bodied individuals can already walk normally by definition; who is to say that the 10% re-
duction from a modern device will at all be useful when the baseline performance is already ac-
ceptable? If nothing else, considering use cases where the exoskeleton’s benefit is incontrovertible
dramatically raises the odds of use. The way I like to think about it is to consider the fundamental
limitations of the human body when performing tasks. For example, no amount of caloric reduc-
tion will ever allow me to lift a car, as that task is impossible due to the physical makeup of the
human physique. In my opinion, an exoskeleton that allows the wearer to supersede a limitation,
rather than augmenting an already functional ability, is far likelier to be perceived as valuable, and
this has direct implications for the design of exoskeletons. Perhaps, with the intermediate decade
of scientific work as a foundation, exoskeleton designs akin to the original Hardiman [109] or the
BLEEX system [91], which were designed to bear loads impossible for humans to sustain, can
have a resurgence. This mode of thought lends itself to the operational metrics outlined previously,
as human performance on tasks is now paramount. Increased performance based on operational
metrics should have an obvious relationship to value, and future work should study the strength of
this correlation, for example, by using the Vickrey auction protocol to evaluate whether individuals
leverage the value from the device to consciously choose to walk further or faster. Similarly, the

109



Vickrey auction could be leveraged in future studies to identify whether exoskeleton assistance is
valued differently during different tasks, which can also inform where we as a field should target
our work for device adoption.

Finally, the works in Chapters 2 and 3 add to a growing body of work that reveals significant
variation in individual responses to exoskeletons. Chapter 2 demonstrated that there were a select
few individuals who in fact could perceive the metabolic benefits from state-of-the-art energetically
efficient exoskeletons. Similarly, while the work in Chapter 3 demonstrated a negligible average
benefit from exoskeleton assistance, this was due to roughly half the participants receiving a large
net benefit being counteracted by the remaining half experiencing a significant penalty, rather than
due to most participants receiving zero value. This corroborates past work that demonstrates varied
biomechanical [4], physiological [121], and cognitive [117, 67] responses to exoskeleton augmen-
tation. To quote Bequette et al.: “Because an exoskeleton should work for an individual, and will
not be worn by an overall mean, it is important to consider the individual responses that comprise
the population estimates” [11]. Future research should investigate why some individuals (com-
monly dubbed “responders”) appear to be more amenable to the overall exoskeleton experience;
perhaps initial efforts to disseminate exoskeleton technology into society will begin by targeting
these responders due to this pre-existing aptitude [144]. As a suggestion for a potential next study,
the Vickrey auction protocol outlined in Chapter 3 could be repeated, but with the additional mea-
surement of the metabolic responses of each wearer, along with other quantities such as walking
kinematics. Perhaps economic value correlates with increased metabolic benefit, and thus eco-
nomic value can act as a faster proxy measurement for energetic reductions; similarly, perhaps
responders discovered an adaptation to their kinematics that let them leverage the device for more
energetic benefit or economic value, which would thus provide an explanation for their individual
outsized benefits.

Taken as a whole, these recommendations present a notable shift in how we as a field approach
the evaluation of exoskeletons towards a more human-focused paradigm in which physiological
metrics are but one aspect of the human-exoskeleton experience holistically.

What Will a General Practical Controller Look Like?

Of course, when an exoskeleton is out in the real world, regardless of the metric by which it was
designed, it must be capable of functioning robustly in all scenarios within its use case. Restricting
ourselves to the case of augmenting locomotion (itself a strong assumption), the past work in this
dissertation has advocated for a model-driven Kalman filter approach to solve the gait state estima-
tion challenge. In my opinion, the Kalman filter gait state approach is promising as a foundation
for future work, specific due to the presence of the continuous gait model at the heart of the filter.
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Speaking from direct experience formulating, implementing, and (perhaps especially) debugging
the EKF controller, the explicit, transparent nature of the gait model was a boon to the controller’s
development. Given the cyclic nature of locomotion, even on non-steady-state tasks, formulat-
ing the basis for the model as a series of Fourier functions was natural; similarly, we were able
to exploit obvious relationships in the expected relationships between stride length (an amplitude
scaling) and ground slope (a DC bias during stance) to express gait as a function of simple linear
relations which in practice worked effectively.

I will provide further recommendations on improvements to this controller approach. An obvi-
ous extension to the gait model-based approach is to provide personalization to the wearer. Every
person walks differently [46], and tailoring the gait model to reflect this fact will likely provide
a straightforward next step to improve practical performance. For example, Principal Component
Analysis techniques have already been applied to discriminate between individual walking gaits
[81, 10, 207]; by including these principal components as gait state elements, an individualized
gait model could be learned in real-time.

Where the really interesting challenges for practical controllers lie is in augmenting the user
during tasks that are not as easily modellable as those previously discussed. For example, how
are the non-steady transitions between repetitive steady-state tasks encoded? For challenges like
these, where obvious relationships between the gait state and the measurable quantities from the
exoskeleton as not as clear, a natural solution is to employ machine learning methods [88, 89,
158, 24]; no obvious relationship need exist, instead, simply label the data accordingly and turn
the gait state estimation approach into a supervised regression task. Admittedly, having gained
considerable practical experience with deep learning methods recently, this is an attractive solution
for tasks such as stairs locomotion, where a continuous transition between this task and a task akin
to level ground walking is not easy to intuit. Indeed, there is an increasing amount of open-source
kinematics data [46, 143, 25] available with which to train such neural networks. In my opinion,
this is perhaps the principal strength of the “black-box” approach that deep learning represents, as
(theoretically) estimation can be improved by simply adding more data that covers a wider variety
of subjects or tasks.

However, this black-box approach must reckon to what I believe is a fundamental weakness:
the lack of guarantees that the data collected covers all possible use cases. Simply because we
think we have seen enough data today guarantees nothing about the data we will see tomorrow
[170]; the world is a complex, ever-changing place, and it is foolish to assume that datasets will
contain every conceivable edge case for locomotion that exists now, to say nothing about future
uncertainties. In contrast, a method like the Bayesian filter would behave in a predictable manner
when confronted with such uncertainties due to its basis in explicit rules.

Having worked with both approaches, it is my belief that a practical controller for real-world
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use must also explicitly consider confidence in its estimates and robustness to uncertainty when
providing continuous augmentation. For example, a neural network to control the augmentation
provided by an exoskeleton could also be trained to provide a level of confidence in its estimations,
and shift its assistance accordingly; a high confidence level would result in full assistance, while
a low confidence level could default to a “backup plan” driven by simpler rules, similar to the
smaller EKF present in the work in Chapter 5. This would be advantageous, for instance, in
gracefully handling transitions between tasks by defaulting to a safe mode of operation during these
periods of higher uncertainty. This focus on robustness is especially critical when considering the
human pilot’s experience. The user should trust the device to provide seamless assistance when
shifting from task-to-task [169], in order to maximize the likelihood that they perceive the device
as beneficial. Similarly, the exoskeleton controller should not require any significant extra effort
from the human to use, which promotes a controller that continuously adapts to the user. The
Bayesian approach already embeds this confidence in its estimates in its assumptions, and thus
a controller that merges both the black-box deep learning and Bayesian filter methodologies to
leverage both approaches’ advantages and maximize the odds of success (or at least, minimize the
odds of failure) provides potential for a robust, practical controller. For example, a controller could
leverage the comprehensive locomotion modes encoded in a neural network to provide a baseline
gait state estimate, which could then act as an input to a Kalman filter. Such a controller’s neural
network and Kalman filter could even be trained end-to-end [68] to learn both the gait state and the
appropriate level of confidence [8, 187].

6.3 Concluding Remarks

In lieu of a dry recapitulation of the past fifty-odd pages of dissertative work, I’d like to provide a
brief anecdote that I think provides a better motivation of why this document came to be.

Within every mission, there come the occasional flashes of insight where, all at once, the true
importance of your journey suddenly comes into sharp focus. For my own journey working with
wearable robots, that moment came early in my academic career when I had the privilege of meet-
ing disability rights advocate Shane Burcaw after a Robotics Colloquium here at the University
of Michigan. Mr. Burcaw suffers from spinal muscular atrophy and has been wheelchair-bound
since a young age. As I showed him some of my laboratory’s powered ankle exoskeletons and
prosthetic legs, it was hard to miss his sheer enthusiasm at the potential for such technologies to
directly benefit people living with disabilities. While I had long been drawn to the abstract idea
of wearable robotics to benefit the common good, here was concrete, human proof that I could, I
would, meaningfully benefit the world with my work on wearable robots like exoskeletons.

We in robotics confront a vast array of technical challenges on a daily basis, so much so that
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it’s easy to lose sight of one basic truth: if we’re not helping others with our work, why even do
it? I choose to believe that all of us in this field, regardless of how we arrived here, whether that
be from personally knowing someone with a disability, wanting to push the limits of the human
body, or even having watched Iron Man as a nine-year-old kid and thinking it was the coolest thing
ever, now choose to get up in the morning and put our heads to the grindstone willingly because
we believe that our work can actually help real people in need like Shane.

It is this truth that has inspired the dissertation contained herein and my journey throughout the
last five years and will continue to drive my work with powered exoskeletons.
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APPENDIX A

Chapter 3 Supplementary Materials

A.1 Supplementary Text

A.1.1 Level-ground study

We conducted a separate, smaller study in which two participants (Subjects 2 and 7) underwent the
main study’s protocol, but on level-ground instead of at a 10◦ incline. This was done to investigate
how their MVs changed when the walking was made easier and more representative of exoskele-
ton use in the community. Both participants’ MVs diminished when the task was level-ground
walking—Subject 2’s MEV dropped from 36.35% to -28.10%, while Subject 7’s MEV dropped
from 26.68% to 12.62% (Fig. A.6). These results suggest that for everyday mobility tasks, which
are likely to be more similar in difficulty to level-ground walking than uphill walking, energetic
exoskeleton assistance may have less value to potential adopters. Furthermore, augmentative ex-
oskeletons may thus provide maximal value during highly strenuous tasks. Future work should
investigate if these results are consistent across more subjects and different walking conditions.

A.2 Supplementary Tables
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Table A.1: Participant characteristics.

Participant Gender Weight (kg) Age Height (cm)
1 F 83.64 24 160.02
2 M 99.2 27 176
3 M 84 22 186
4 M 90.7 25 182.9
5 M 80.7 26 177.8
6 F 72.58 29 170.18
7 M 80 34 180.3
8 M 74.8 34 74.8
9 M 68.03 25 170.18

10 M 70.3 22 185.4
11 M 67.13 25 167.6
12 M 104.3 36 193
13 F 74.84 23 177.8
14 M 70.3 21 172.7
15 M 61.2 23 163
16 F 52.4 25 162.6

A.3 Supplementary Figures
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Table A.2: Powered condition cumulative prices and marginal values.

Subject MV (%) Exo Powered ($) Walking No Exo ($)
Day 1 Day 2 Day 3

1 1.07 13.34 13.48
2 36.35 42.36 66.55
3 26.14 15.46 20.93
4 -13.85 17.66 15.09 15.94
5 -8.00 25.03 23.16
6 2.45 26.88 27.55
7 49.27 36.53 72.02
8 55.83 62.77 142.09
9 11.70 11.40 12.91
10 11.47 11.18 12.63
11 14.86 17.36 20.64 19.81 20.71
12 -59.43 30.99 19.44
13 -32.35 35.16 26.57
14 18.04 11.51 14.04
15 -46.56 33.42 21.97 23.30 23.14
16 26.08 14.86 19.24 20.23 20.85

Table A.3: Powered-off condition cumulative prices and marginal values.

Subject MV (%) Exo Powered Off ($) Walking No Exo ($)
1 -0.53 13.56 13.48
2 -26.44 84.15 66.55
3 -3.53 21.31 20.59
4 -0.10 15.10 15.09
5 -7.40 24.88 23.16
6 17.44 22.75 27.55
7 -40.51 199.66 142.09
9 -26.64 16.34 12.91

12 -119.94 42.76 19.44
13 -111.95 56.31 26.57
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Table A.4: Cumulative prices for participants who repeated the walking-no-exo condition

Subject
Average

Cumulative Price ($)
St. Dev.

Cumulative Price ($)
St. Dev. Cumulative Price

(% of Average)
Prices ($)

Day 1 Day 2 Day 3
4 15.5 0.4 2.8 15.1 15.9

11 20.4 0.4 2.0 20.6 19.8 20.7
15 22.8 0.6 2.6 22.0 23.3 23.1
16 20.1 0.7 3.3 19.2 20.2 20.9
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Figure A.1: The price to walk curves for the exo-powered (orange) and walking-no-exo (teal)
from all sixteen subjects. Circles denote winning bids, while squares denote losing bids.
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Figure A.2: A histogram of all the subject bids for the two-minute intervals across all tested
conditions. The average bid was $0.75, with a standard deviation of $0.39.

Figure A.3: Histograms of the cumulative costs for (a) the walking-no-exo condition, (b) the exo-
powered condition, and (c) the exo-powered off condition.
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Figure A.4: The price to walk curves for the exo-powered-off (gray) and walking-no-exo (teal) for
the ten subjects who completed the former condition. Circles denote winning bids, while squares
denote losing bids.

Figure A.5: The price to walk curves for the walking-no-exo conditions across different days for
the four subjects who repeated the walking-no-exo condition. Circles denote winning bids, while
squares denote losing bids. Subject 4 only repeated the walking-no-exo condition once, while the
rest of the participants repeated it twice.
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Figure A.6: The price to walk curves for two subjects (2 and 7) that repeated the walking-no-exo
and exo-powered conditions on a level ground condition. The solid lines denote the standard 10◦

incline task featured in this work; the dashed lines are the level ground condition. Both partici-
pants’ MEVs decreased during the level ground condition.
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APPENDIX B

Extended Kalman Filter Implementation

Starting from the state estimate at the previous time x̂k−1|k−1 and the previous state covariance
estimate Pk−1|k−1, our EKF implementation computes the current state estimate update using mea-
surement zk, dynamic model f(·), and measurement model h′(·). The process involves two steps.
First, we propagate the (conveniently linear) dynamics from (4.3) across the time step,

x̂k|k−1 = Fx̂k−1|k−1,

Pk|k−1 = FPk−1|k−1F
T + ΣQ.

We then correct the estimate based on the measurement zk as

x̂k|k = x̂k|k−1 +Kk(zk − h(x̂k|k−1)),

Pk|k = Pk|k−1 −KkHkPk|k−1,

where Kk = Pk|k−1H
T
k

[
HkPk|k−1H

T
k + ΣRk

(p̂k|k−1)
]−1

,

and Hk =
∂h′

∂x
|x̂k|k−1


1 0 0 0

0 1 0 0

0 0 dl
dlp

0

0 0 0 1

 .
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