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Abstract
Walking is the basis of human locomotion. With an increasing aging population, the need for
devices that assist human walking are in demand. While several simple devices exist such as canes,
braces, and walkers, to assist the elderly or individuals suffering from gait impairment, these devices
often limit the user’s performance and increase their energy expenditure during walking. Recently
autonomous exoskeletons that reduce the user's energy expenditure without limiting their performance
have been developed. Unfortunately, these exoskeletons are heavy and have limited operating time due
to their actuation mechanisms and power demands.
This thesis focuses on the development and testing of passive lower limb exoskeletons that
assist level walking. Passive or un-actuated exoskeletons, are naturally lighter and fully autonomous
since they do not rely on electro-mechanical actuators to assist the user. This reduces the environmental
impact and provides accessibility to populations without access to a power source. Like the mechanical
wristwatch, passive exoskeletons utilize the potential energy of the user’s natural motion to “power”
the assistance. This potential energy is otherwise dissipated in the body in deformation of soft tissues
or as heat. By harnessing the potential energy and releasing it at properly timed intervals, it is possible
to reduce the metabolic energy expenditure of the user and reduce the onset of fatigue.
Three passive exoskeleton devices to assist the user during level walking were developed using
two approaches. The first approach attempts to minimize the step-to-step transition cost of walking,
where energy is lost due to collision of the leading leg with the ground. The approach focuses on a
method of reducing the energy lost during the collision and using the energy to assist the trailing leg.
The second approach examines assistance of the leg joints during walking. This approach follows an
inter-joint energy transfer paradigm where potential energy at one joint is used to assist a different joint.
The performance of each device and their effects on the biomechanics and energetics of the user are
presented. Contributions of this thesis further our understanding of the mechanics in human locomotion
and interactions with passive exoskeletons.
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Chapter 1
Introduction
1.1 Overview of exoskeleton application
People often imagine a humanoid robotic suit when they hear of exoskeletons in conversation. This
is a typical representation of an exoskeleton device where a human user dons a mechanical system
providing them with the means to perform tasks beyond their natural abilities. The term exoskeleton in
the context of this thesis is used to describe any mechanical system or device that augments or assists
the natural ability of the user when worn [1]. These exoskeleton devices can range from “simple”
systems such as an elastic ankle-foot orthotic (AFO) [2] to fully powered mechanical suits such as the
HAL robotic suit [3]. While many types exoskeletons exist, this thesis will focus on lower extremity
exoskeletons designed to assist human walking.
Lower extremity exoskeletons offer a form of assisted locomotion that is advantageous over other
forms of vehicular based assistance as they allow the user to traverse irregular terrain, are low in profile,
utilize the user’s remaining mobility, and demand less of the user’s attention during operation. Other
forms of vehicular assistance require a large operational space for navigation, paved terrain, and
increased attentional demands of the user. For example, a wheeled roller requires a smooth surface for
normal operation and has a large turning radius. The user’s arms are also required during normal
operation to support the user, transforming them from a bipedal walker into a type of hybrid rollingquadruped and can lead to increased user exertion [4], [5]. Potential health benefits may also be
associated with using an exoskeleton to assist locomotion since the user’s natural ability is augmented
and their remaining mobility is used rather than replaced such as using a wheelchair. In rehabilitation
applications, utilizing the remaining function of a user’s legs could prevent further health complication
such as muscular atrophy, reduction in ligament or tendon strength, and decrease in bone density [6]–
[10]. For the elderly, maintaining a level of physical activity could offset other health related
1

complications such as obesity, cardiovascular diseases, diabetes, and prolong the decline in health [11]–
[15]. Implementation of exoskeletons could assist the elderly in maintaining their level of physical
activity and increase their involvement in social or community based activities. With an increasing
aging population, the need for assistive devices are in demand [4], [15]–[19].

1.2 Overview of exoskeletons in the literature
One of the earliest records of an exoskeleton to assist human walking was found in a patent from
the 1890s which depicted a system using bow-springs that spanned the length of the leg (Figure 1.1a)
[20]. The device claimed to assist walking by supporting the body using the downward motion of the
body to load the springs [20]. Unfortunately, there were no records found that detailed the performance
or effects of the device on the user. Later in the 1960s, General Electric developed and tested a powered
robotic exoskeleton, “Hardiman” (Figure 1.1b) [21], [22]. This exoskeleton was designed to augment
the user in industrial material handling applications using electric and hydraulic actuators [22].
Ultimately the project was cancelled due to a lack of user interest and the available technology in
actuation, control, and material science limited the exoskeleton’s application [22]. Within the same
time period, significant research and development was performed in the field of rehabilitation and
robotics [23]. The first series of exoskeletons for rehabilitation and enablement of bipedal walking for
paraplegic patients came in the form of the “Kinematic Walker” [23], [24]. The complete version of
the exoskeleton (Figure 1.1c) [24] spanned both legs and the torso to support the body and emulate leg
motion using pneumatic actuators during locomotion [24]. Clinical trials of the complete active
exoskeleton were considered limited at the time as the patients required additional assistance from
nurses or canes for stability [23]. A similar exoskeleton was developed around the same time period
(1970s) at the Tokushima University in Japan using electric motors in-place of the electro-pneumatic
actuators (Figure 1.1d) [23]. The same developers of the “Kinematic Walker” (“Mihajlo Pupin”
institute) produced one of the first autonomous (un-tethered) exoskeleton on record, the “active suit”
(Figure 1.1e) [23]. The “active suit” was a modularized exoskeleton with onboard microcontrollers and
2

nickel–cadmium batteries (2kg) to control and power the electric DC servo motors [23]. The suit was
tested on a young patient with gait impairment during level walking and stair climbing [23]. With the
technology at the time (1970-1980s), the exoskeleton operated autonomously for 45 minutes in level
walking and had a recharge period of 4 hours using a specifically designed fast charger [23].

Figure 1.1: Historical exoskeletons. a) Illustration of the passive exoskeleton by [20], b) the
Hardiman [21], [22], c) “Kinematic Walker” [24], d) Tokushima University exoskeleton [23], and
e) the first autonomous “active suit” on an able-bodied user [23].
These early developments of exoskeletons provide examples of the applications for
exoskeletons in the areas of recreation, industry, and healthcare. They also serve as examples of the
two main classifications for exoskeletons: 1) passive, and 2) active. The former exoskeleton by [20]
(Figure 1.1a) is classified as a passive (un-actuated) exoskeleton where no external power source is
used to operate the device and the latter exoskeletons are classified as active (actuated) exoskeletons as
they require an external power source for operation.
The research and development of the historical exoskeletons identified several limitations
within the areas of robotic control, stability, actuation, and energy source. The application to
exoskeletons and other industries have motivated the research in these areas over the past few decades.
Recent advancements within these areas have led to the development of active exoskeletons with
improved performance and autonomy. At the turn of the 21st century, the development in exoskeleton
research significantly increased and led to the commercialization of several exoskeletons for
3

rehabilitation such as eLEGSTM [25], Indego [26], HAL[27], and ReWalkTM [28], to name a few. Many
of these devices are similar in function as the “Kinematic Walker” [23], [24], with updated electrical
actuators and modern controllers. Despite the improvements, the modern rehabilitation exoskeletons
still require the patients to rely on additional assistance for stability. Although the focus of these
exoskeletons is to improve the user’s gait or to enable bipedal walking, the power requirement of active
exoskeletons limits their operating time or restricts their application to the vicinity of an external power
source. The limited operating time may not be beneficial in reducing recovery time or in application as
patients may primarily use their wheelchair rather than the exoskeleton. Due to the power demands of
active exoskeletons limits the availability and access to these systems such as developing nations where
access to sustainable electricity is limited [29], [30]. Energy efficiency and portability of active
exoskeletons could be improved by developing mechanisms that capitalize on the passive dynamics in
walking. This is the approach taken by passive exoskeletons.
1.2.1 Passive Exoskeletons
In contrast to active exoskeletons, passive exoskeletons do not use powered electro-mechanical
actuators, controllers or an external power source. Without the use of the powered electro-mechanical
actuators, passive exoskeletons are low-tech, affordable, and fully autonomous. These properties allow
passive exoskeletons to be used in daily life outside of a clinical environment and readily accessible by
many communities [31]. Passive devices such as AFOs, are often prescribed to patients suffering from
gait impairment or requiring rehabilitation. Although low tech devices are widely used [31], devices
such as the traditional AFOs are limited in their assistive capacity for walking as their primary function
is to stabilize or reduce motion of the joint instead of promoting joint function [32]–[38].
Unlike active exoskeletons which use a robotic energy source to replace the metabolic energy
source for locomotion [39], the assistance of a passive exoskeleton comes from the user’s natural
walking motion in the form of gravitational, elastic, or kinetic energy (passive dynamics). This concept
was demonstrated for bipedal walking by passive dynamic walking robots [40]–[44]. These passive
4

dynamic robots emulated humanoid bipedal walking using gravity as their only source of energy [40]–
[44]. Energy lost upon collision of the leading leg with the ground is restored by gravitational potential
energy as the robot walks down a slight incline [40]–[44]. In human level walking, the energy lost at
collision is dissipated in soft-tissue deformation or heat [45] and metabolic energy is consumed to
restore the energy at push-off [46]. Walking with a passive exoskeleton, this energy could be conserved
by converting it to strain energy within a passive exoskeleton using passive elements such as springs
under elastic deformation. The strain energy is later returned to assist limb motion. This was
demonstrated for hopping gaits by an exoskeleton developed at MIT [47]. The exoskeleton may be
viewed as a modern realization of the passive exoskeleton from (Figure 1.1a). The springs in parallel
to the legs deflect to absorb the forces during landing. The elastic energy stored in the springs is later
returned to assist in push-off of the next hop. With assistance from the springs in parallel, metabolic
cost of the user reduced 6-24% depending on hopping frequency [47]. This was one of the first
demonstrations for the feasibility of an energetically beneficial passive exoskeleton towards human
locomotion. Although an energetically beneficial passive exoskeleton was shown to be feasible, many
passive exoskeletons developed recently for human locomotion have not been successful. Devices such
as the XPED2 [48], [49], the passive hip assisting exoskeleton [50], or the exoskeleton to assist human
running [51], [52], have led to increases in the user’s metabolic cost by 20-60%. Some of the initial
findings from the experiments using the hip exoskeleton [50] and the elastic exoskeleton for running
[51], [52] showed reductions in muscle activity but this did not translate to a reduction in metabolic
cost.
The first passive exoskeleton to provide an energetic benefit during normal level walking was
demonstrated by the passive AFO from [39]. The passive AFO demonstrated metabolic cost reductions
of 7.2±2.6% (0.21±0.17 W/kg) for able-bodied users in level walking at 1.25m/s relative to the user’s
natural walking condition [39]. Remarkably, the metabolic reduction was similar to the active AFO by
[53] (6±2% or 0.18±0.06W/kg reduction), however the passive AFO accomplished the task without the
5

use of any actuators. In comparison to the previous passive exoskeletons, the passive AFO [39] was
light weight (0.82-1.0kg), custom built for each user, and used an understanding of the physiological
effects of the ankle in relation to the applied assistance [54]–[57]. From a mechanical perspective, the
passive AFO, used gravitational potential energy during stance phase as the body falls forward, moving
over the stance leg. This energy was converted to elastic energy in a spring that was parallel with the
calf muscles. The elastic energy was later returned to assist the ankle during push-off of the same leg.
A passive mechanical clutch engaged the spring during stance while releasing the spring during the
swing phase to allow natural ankle motion [39]. From the physiological perspective, the function of the
clutch and spring in series simulates the function of plantar-flexor muscles. Similar to the hopping
exoskeleton [47], muscle stress is off-loaded by the mechanical clutch and spring. In contrast, a
different approach was taken by the prior passive exoskeletons. The XPED2 was a realization of an
exotendon based design proposed by van den Bogert ([58]) which minimized the joint moments of the
biological leg [48], [49]. The hip exoskeleton by Petrus ([50]) used the principle of capturing and
returning negative joint work at the hip during a stride. The negative work from the stance phase was
captured by a leaf spring in parallel with the hip flexors and returned during the swing phase to assist
hip flexion. The elastic exoskeleton to assist human running, [51], [52] used a similar principle as
hopping exoskeletons using the stiffness of the joint or leg [2], [47]. Although the lack of performance
from these passive exoskeletons was attributed to the device mass, each passive exoskeleton was
designed from a different approach on how it would affect the user. The differences in the approaches
taken could be a contributing factor to the differences in performance between the passive exoskeletons.
Although the concept of passive exoskeletons was proposed over a century ago [20], research and
development of passive exoskeletons has been less prevalent compared to active exoskeletons. Due to
the limited number of passive exoskeletons developed, there is little knowledge about the physiological
effects of using passive exoskeletons for the assistance of human walking. Additionally, the limits of
energetic benefits of passive exoskeletons to assist level walking are unknown. Comparing the optimal
6

experimental results of a pneumatically powered (active) AFO (reduction in metabolic cost: 0.18W/kg
[53]) and a state-of-the-art passive AFO (reduction in metabolic cost: 0.21W/kg [39]), it appears that a
similar improvement in walking economy can be achieved with passive assistance. Based on the review
of recently available passive exoskeletons, it appears that the approach to assist human walking in
relation to an energetic benefit is to mimic the function of the underlying physiology [39]. However,
the comparison between the aforementioned passive exoskeletons is confounded by other factors such
as device mass and differences in sample populations.

1.3 Objective and contributions
The overall objective of the thesis was to develop a passive exoskeleton to assist human walking
and evaluate the performance of each device regarding the energetic response of the user. Three passive
exoskeletons were developed using two approaches to achieve the objective. The first approach
examined the biomechanics of level walking from a COM dynamic perspective and motivated the
development of a passive inter-limb device presented in Chapter 3. The second approach examined the
biomechanics of level walking from a joint perspective which motivated the development of the passive
lower limb devices presented in Chapters 4 and 5.
1.3.1 Chapter 3: A passive inter-limb gait assisting exoskeleton backpack
A passive inter-limb gait assisting exoskeleton backpack consisting of an elastic-cable was
developed to reduce the step-to-step transition cost of level walking. The step-to-step transition cost is
a major determinant of level walking that is attributed to the high energetic cost of walking. This device
was based on the inverted pendulum model of walking [46], [59], [60] whereby the leading leg performs
negative work and the trailing limb performs positive work [61]. This work is performed to redirect the
COM trajectory during the step-to-step transition [61]. This chapter presents the approach taken during
development of the device and device performance in reducing the energetic cost of walking.
1.3.2 Chapter 4: A passive ankle-knee gait assisting exoskeleton
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A second device, a passive exoskeleton backpack was developed to assist the ankle and knee joints.
This configuration emulates the behavior of the gastrocnemius muscle during level walking.
Development of the bi-articular gait assisting exoskeleton device approaches the challenge of gait
assistance from the joint level perspective. Subjects were recruited to evaluate the performance of the
prototype developed and their physiological responses to using the prototype were reported. The results
from experimental testing motivated the work presented in Chapter 5.
1.3.3 Chapter 5: A passive lower limb gait assisting exoskeleton suit
Limitations of the passive bi-articular exoskeleton backpack were identified in the previous chapter
and addressed during the development of a new passive lower limb gait assisting exoskeleton suit.
Performance of the previous device was improved and a passive hip assisting mechanism was added
such that the new suit could assist all three joints of the leg. Hip assistance was added to improve the
energetic savings from the device. The modular design of the device allowed for three device
configurations: 1) ankle-knee (bi-articular) assistance, 2) hip only assistance, and 3) ankle-knee, and
hip (full) configuration. Performance of each configuration was tested with a set of new subjects.
Physiological response of the subject are also presented.
1.3.4 Thesis contributions
Contributions of this thesis are as follows:
•

Findings of the experiments present benchmarks values for the user’s physiological response
and device performance for future exoskeleton development.

•

We present empirical data and discussion for the underlying mechanism of the exoskeletons in
relation to the physiological effects.

•

We present a discussion for the “best approach” in the development of passive exoskeleton to
assist human walking based on the findings and literature review.

•

We present a new framework for energy transfer that extends the existing literature for interjoint energy transfer.
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•

We developed three exoskeleton platforms for future research and development

1.4 Thesis Overview
The presentation of this thesis is divided into 6 chapters.
•

Chapter 1 here presents the application of exoskeletons, a brief review of exoskeletons
developed, and the limits of current knowledge on passive exoskeletons regarding the user’s
physiological effects during assisted walking.

•

Chapter 2 provides an overview of human level walking, energetics of level walking, and a
new framework of mechanical energy transfer for passive exoskeleton development.

•

Chapter 3 presents an exoskeleton based on the simple walking model with experimental
testing and results

•

Chapter 4 presents the prototype and experimental testing of the passive ankle-knee
exoskeleton for human walking assistance

•

Chapter 5 presents the prototype and experimental testing of the passive lower-limb
exoskeleton suit for human walking assistance.

•

Chapter 6 provides a summary of the thesis and a comparison with the existing passive
exoskeletons in literature. A general discussion of the different approaches for exoskeleton
development to reduce the energy expenditure of human walking along with topics for future
research are also included.

9

Chapter 2
Background and Literature Review
2.1 Human Gait
In biomechanics the study of human walking is known as gait analysis, where gait is defined
as the cyclical pattern of movement of the limbs during locomotion [62], hence it is referred to as the
gait cycle (GC). While the action of walking is three-dimensional, this thesis focuses on the twodimensional results of human walking in the sagittal plane, Figure 2.1. The standard divisions of the
gait cycle are depicted in Figure 2.2 (adopted from [63]). The gait cycle is typically divided into two
main phases 0∼60% for the stance phase and the remaining 40% for the swing phase. These two phases
can be further divided into four phases for stance and three phases for swing. The time duration or
period of each phase varies with walking speed [64] and between individuals [65]. Note that the terms
period and phase may be used interchangeable but depends on the whether the context refers to a
duration of time (period) or within the context of the gait cycle (phase). To extract kinetic information
of limb segment motion during the gait cycle a rigid link segment model of the body is traditionally
used [66]. The human leg is simplified to three link segments: 1) thigh, 2) shank, and 3) foot connected
by three joints: 1) hip, 2) knee, and 3) ankle. Each joint consists of three degrees of freedom (DOF)
which permits, flexion-extension, adduction-abduction, and internal-external rotation [67]. The link
segment model described here assumes there is no relative translation between the segments. The joint
coordinate systems for the leg follow the standards defined by the International Society of
Biomechanics (ISB) [67].
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Figure 2.1: Anatomical planes of motion with the body in a standing position [68].The subject’s
anterior aspect is in view while the subject’s posterior aspect is out of view towards the right and
into the page. In this context, the antioer and posterior aspect of subject are divided by the Frontal
Plane. The medio/medial direction is towards the sagittal plane while the lateral direction refers
to the direction away from the sagittal plane within the Fontal plane. This concept is represnted
by the Mediolateral Axis. The superior direction is towards the subject’s head while the inferior
direction is towards the subject’s feet. Note that these terms are relative as they describe the
position of one limb relative to another.
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Figure 2.2: Division of the gait cycle for the right leg (shaded) [63]. There exists two occurrences
of step-to-step transition where both limbs are in contact with the ground, from 0-10% and from
50-60% of the gait cycle (GC). At 60% of the GC, the right leg enters its swing phase which is
divided into three periods, initial swing, midswing, and terminal swing.
Traditionally the gait cycle begins with the leading leg making initial contact with the ground,
also referred to as heel-strike. This indicates the start of the weight acceptance phase or loading response
(Figure 2.2) as the body weight is transferred from the trailing leg onto the leading leg. This phase,
prior to the trailing (contralateral) leg toe-off, is also known as the double support or step-to-step
transition period [61]. As the trailing leg pushes off and leaves the ground, the step-to-step transition
period terminates and is followed by single-limb stance. During single-limb stance, the body’s center
of mass (COM) is propelled forward and upwards over the stance leg before falling forward. As the
stance phase terminates, the falling COM is supported at heel-strike of the contralateral (opposite) leg.
This begins the gait cycle of the contralateral leg as body weight is transferred onto the contralateral
leg and the ipsilateral leg begins push-off (pre-swing) and enters the swing phase. At this point the
leading leg has become the trailing leg and vice versa. This is also the second step-to-step transition
period within the gait cycle. The purpose of the swing phase is to bring the trailing leg forward in
12

preparation for the next step. The gait cycle is then repeated upon the subsequent heel-strike of the
ipsilateral leg. The gait cycle is symmetric for both left and right legs except that the cycle is phase
shifted by ~50% of the gait cycle. Referring to Figure 2.2, the ipsilateral leg refers to the right leg and
the contralateral leg refers to the left leg. These terms are reversed when examining the gait cycle of
the left leg.

2.2 Gait analysis
Three-dimensional inverse dynamics techniques were used to determine joint kinetics and
kinematics. Although three-dimensional measurements and analysis techniques were conducted, the
presentation and focus of this thesis is on the motion that occurs in the sagittal plane, also referred to
as the plane of progression for human walking. Joint angles were determined by extracting the Cardan
angles from the joint rotation matrix, 𝑅𝑅𝑗𝑗 [69]. The process by which the joint angles are extracted is
summarized by the following series of equations:

𝑇𝑇
𝑅𝑅𝑗𝑗 = 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠_𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠_𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(2.2.1)

Where, 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠_𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠_𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 are the rotation matrices for the proximal and distal segments

adjacent to joint j, relative to the global coordinate frame. It is important to note that the segment
rotation matrices are orthonormal and formulated using the conventional right-hand or cork-screw
definition. The rotation matrices are of the form:
cos(𝛽𝛽) cos(𝛾𝛾) −cos(𝛽𝛽) sin(𝛾𝛾)
sin(𝛽𝛽)
…
…
− cos(𝛽𝛽) sin(𝛼𝛼)�
𝑅𝑅𝑗𝑗 = �
…
…
cos(𝛼𝛼) cos(𝛽𝛽)

(2.2.2)

Where 𝛼𝛼, 𝛽𝛽, 𝛾𝛾 are the order of angular rotations corresponding to the flexion-extension,

adduction-abduction, and internal-external as defined by the ISB [67]. The additional terms of the
matrix are excluded in Eq. 2.2.2 as they are not required for extracting the joint angles. It is critical to
define the order of rotation as the form of matrix 𝑅𝑅𝑗𝑗 , is dependent on this definition and subsequently
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the empirical values. The joint angles for each axis of rotation can be extracted using Eq. 2.2.2 as
follows:
−𝑅𝑅 (2,3)
𝛼𝛼 = tan−1 � 𝑗𝑗
�𝑅𝑅 (3,3)�
𝛽𝛽 = sin−1�𝑅𝑅𝑗𝑗 (1,3)�

𝑗𝑗

(2.2.3)

−𝑅𝑅 (1,2)
𝛾𝛾 = tan−1 � 𝑗𝑗
�𝑅𝑅 (1,1)�
𝑗𝑗

Where 𝑅𝑅𝑗𝑗 (2,3) is the term in 2nd row and third column of matrix 𝑅𝑅𝑗𝑗 from Eq. 2.2.2. The atan2

function in Matlab (Mathworks Inc., MA, USA) is used for the tan−1 function to account for sign

changes. Joint moment, power, and work are determined using inverse dynamic methods described in
[66], [70], [71] where joint power is the dot product of the joint moment and joint angular velocity and
joint work is the time-integral of the joint power waveform. Additional details for the data collection
and analysis is provided in the respective Chapters 3-5.

2.3 Energetics of Walking
At the COM dynamics level, analysis of the COM under normal level walking conditions
reveals evidence of energy conservation where kinetic and gravitational potential energy are exchanged
[40], [46], [72], [73]. At the whole-body dynamics level, energy is conserved between kinetic and
gravitational potential energy while at the joint and muscle-tendon level, elastic potential energy also
plays a role in the conservation of energy [74]–[77]. The first device (Chapter 3) approaches human
gait assistance from the COM dynamics level while the subsequent two devices (Chapters 4 and 5) take
the joint level perspective approach.
2.3.1 Simplest walking model - inverted pendulum
The center of mass (COM) motion can be modeled by the motion of an inverted pendulum
where the COM reaches a minimum height during the step-to-step transition period and reaches its
maximum height during mid-stance. Concurrently, the gravitational potential energy is at maximum
during mid-stance and a minimum during the step-to-step transition. Conversely, the kinetic energy is
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at a maximum during the step-to-step transition where the COM experiences its maximum velocity.
During mid-stance, the COM velocity is nearly zero and kinetic energy reaches a minimum. The phase
of each energetic profile is 180 degrees out of phase with similar fluctuation magnitudes [73]. In the
first half of the stance phase (0-30%GC, Figure 2.2) kinetic energy is converted to gravitational
potential energy. The horizontal GRF in the anteroposterior direction acts to slow the forward
progression of the COM while the vertical GRF acts to raise the COM. In the second half of stance, the
COM begins to fall forward as gravitational potential energy is converted into kinetic energy. This
conservation of kinetic and gravitational potential energy accounts for 60-70% of the mechanical
energy required to redirect the COM trajectory during late stance [59]. At the maximum rate of energy
conservation, the fluctuations of kinetic and potential energy are nearly equivalent and energy
expenditure is at a minimum [59], [78], [79]. This occurs at the natural walking speed while energy
conservation (recovery) decreases as the walking speed increases or decreases from the natural speed
[59], [78]–[80]. The simple inverted pendulum walking model and the associated energy profile as
adopted from [61] and [73] are visualized in Figure 2.3.

Figure 2.3: Inverted pendulum walking model. Figure a) depicts the trajectory of the COM
trajectory and the COM velocity vector during the step-to-step transition [61]. Figure b)
illustrates the profiles of the potential and kinetic energy during walking [73]. The step-to-step
transition periods are indicated by the thick black lines on the time-axis. The excursions of the
kinetic and potential energy profiles (~40J Kinetic and ~60J Gravitational Potential) indicates
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energy conservation while the difference (~20J) is the required energy input to maintain a steady
gait.
Based on the energy conservation, it is not surprising that the average speed of human gait
occurs in the range where maximum energy recovery occurs and energy expenditure is minimized [79],
[81], [82]. The support for passive mechanisms playing a major role in walking behavior is further
reinforced by the development of passive dynamic walking robots [40], [44]. Using only the assistance
of gravity, these passive (un-actuated) machines exhibit human like walking characteristics while
walking down a slight slope; demonstrating the key role of passive dynamics in human gait. While
passive dynamics play a significant role in walking, some energy input is still required during steadystate walking otherwise the maximum energy conservation would be 100% instead of 60-70% [59].
The energy input can come from gravity as in the case of the passive walking robots, or from mechanical
actuators and muscles in the case of robots and humans in level walking. Based on the inverted
pendulum model, energy input is required to account for the energy lost at heel-strike in redirecting the
COM from falling during late stance [46], [61], [83]. The energy lost comes from the leading leg
performing negative work on the COM to stop its downward trajectory at heel-strike. While this
prevents the COM from falling, it also resists the forward progression of the COM. To maintain forward
progression, the trailing leg must perform positive work to drive the COM upward and forward over
the leading (stance) leg [46], [83], [84]. The energy input required to redirect the COM trajectory is the
combination of work done by both leading and trailing legs and is termed the “step-to-step transition
cost” [46], [85]–[87]. The mechanical work performed by both leading and trailing leg is calculated as
the time-integral of mechanical power generated on the body’s COM [84]. A summary of the equations
is provided as follows:
𝑊𝑊𝑙𝑙 = � 𝑃𝑃𝑙𝑙 𝑑𝑑𝑑𝑑

(2.3.1.4)

The subscript l, represents either the trailing or leading leg and the time interval is the period
of the step-to-step transition which is defined by the heel-strike event of the leading leg and the toe-off
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event of the trailing leg (0-10%GC or 50-60GC%, Figure 2.2). Individual leg power is defined as the
dot product of the ground reaction force (GRF) of leg 𝐹𝐹⃗𝑙𝑙 , , with the COM velocity, 𝑣𝑣⃗𝐶𝐶𝐶𝐶𝐶𝐶 :

𝑃𝑃𝑙𝑙 = 𝐹𝐹⃗𝑙𝑙 ⋅ 𝑣𝑣⃗𝐶𝐶𝐶𝐶𝐶𝐶

(2.3.1.5)

The COM velocity 𝑣𝑣⃗𝐶𝐶𝐶𝐶𝐶𝐶 , is computed as the time-integral of the net COM acceleration:

𝑣𝑣⃗𝐶𝐶𝐶𝐶𝐶𝐶 = �

𝐹𝐹⃗𝐶𝐶𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑
𝑚𝑚

(2.3.1.6)

where m is the subject’s mass, 𝐹𝐹⃗𝐶𝐶𝐶𝐶𝐶𝐶 is the sum of the GRF from each leg and the gravitational force

acting on the COM. Note, that the subscript variable l represents the corresponding leading or trailing
leg.

Chapter 3 provides additional detail on the inverted pendulum model of human walking and
discusses the possibility of improving the energy conservation of the inverted pendulum through the
development of a passive gait assisting backpack device to decrease the step-to-step transition cost and
subsequently reducing the energy expenditure of steady-state walking.
2.3.2 Joint Level Perspective
The following discussion of the joint kinematics and kinetics presents the framework for
assistance of the lower limb joints using passive elastic elements, such as springs. Positive joint work
occurs when the muscles perform a concentric contraction while negative joint work occurs when the
muscles elongate or stretch during an eccentric contraction [66]. In general, concentric contractions are
the primary contributors that generate the work performed by the joint to increase the limb segment
mechanical energy while eccentric contractions result in mechanical energy absorption as work is
performed on the adjacent limb segments by an external force such as gravity [45]. The periods of
negative joint work followed by a period of positive work present an ideal location for a passive elastic
element. The energy otherwise absorbed by the muscle-tendon units during these periods of negative
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work are offloaded to the elastic element. The elastic potential energy is later returned to assist the joint
in performing the positive joint work.
Unlike the inverted pendulum approach, the metabolic expenditure during walking is
associated with the muscle work to generate limb motion. This work is approximated by the work at
the joints (joint work). A previous study found that the peak efficiency of performing positive joint
work in relation to metabolic energy expenditure was 25% (0.25) while performing negative joint work
was -120% (-1.2) [88]. These values suggest that 4J of metabolic energy is required to generate 1J of
mechanical work while only 0.8J of metabolic energy is consumed when 1J of negative mechanical
work is performed. Recent investigations showed that the energy efficiency of muscles in performing
mechanical work increased from concentric, isometric, to eccentric [89]. A similar trend was shown for
human exercise tasks using a cycle ergometer, where the ratio of muscle activity for positive work to
negative work was ~2 and the oxygen uptake was ~6.3 [90]. These studies show that a metabolic cost
is associated with performing negative joint work or eccentric muscle contractions, and the cost is lower
than that of positive joint work or concentric muscle contraction. With the current framework for
passive assistance at the lower limb joints, the metabolic cost associated with eccentric and concentric
muscle work can be reduced.
An additional consideration for the development of a passive assistance at the joints is the
natural stiffness of the joint. In the application of a passive device, the stiffness of the elastic element
is a one of the main design factors. For the application of the passive exoskeletons developed to assist
the lower limb joints, the effective stiffness of the device should not exceed the natural joint stiffness.
Exceeding the natural joint stiffness would decrease the ROM of the joint and alter the natural gait
kinematics and kinetics of the joint. In addition to the joint kinetic and kinematics, joint stiffness values
are also presented in the following sections. The joint stiffness values are determined from the
relationship between joint moment and joint angle during the gait cycle.
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The terms power, work, and energy may be interchanged throughout the following discussion
without verbose explanation, however the following relationship holds in the discussion: work
represents the change in energy and power is the rate at which the work is performed. Raising a 1kg
mass by 1m requires ~10J of work which increases the gravitational potential energy of the mass by
~10J (work done to the block) and if the time taken to raise the mass was one second then the rate of
work performed (power) is 10W.
2.3.2.1 Hip joint kinematics and kinetics
The hip joint exhibits pendulum like motion during normal walking where it is in flexion at
heel-strike, extends through to push-off, and flexes again during swing. The range of motion of the hip
joint is ~20 degrees in extension to ~40 degrees in flexion. At heel-strike, a relatively small amount of
positive joint work is performed by the hip to assist in raising the body’s COM. This period is identified
as H1 in the hip joint power waveform, Figure 2.4.
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Figure 2.4: Hip joint muscle activity, kinetics and kinematics [65]. The vertical lines identify the
toe-off event and 0% and 100% GC correspond to heel-strike of the right leg.
The largest bout of positive joint work for the hip occurs within H3 (Figure 2.4), which
coincides with push-off. As the trailing leg is pushing-off, positive work is performed to flex the hip
joint and swing the leg forward into the next step. Between the two periods of positive work H1 and
H3, the hip experiences a period of negative work H2, which corresponds with the inverted pendulum
motion of the COM falling forward due to the gravity force. The periods H2 and H3 are ideally situated
for passive gait assistance as the negative work performed at the hip joint by gravity can be stored in a
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spring and released during H3 to assist the hip in performing positive mechanical work. This is one of
the principles implemented in the design of the exoskeleton suit presented in Chapter 5.
The resulting stiffness of the hip joint is ~1.59Nm/deg (91.15Nm/rad) for a 78kg subject. The
joint stiffness for other persons with differing mass can be estimated using the mass normalized values
shown in Figure 2.5.

Figure 2.5: Joint angle and stiffness of the hip during the gait cycle (GC). A linear regression is
used to fit the extension and flexion of the hip joint during stance. This presentation of the data
was generated using a published dataset [65]. Note that the mass normalized joint stiffness is
presented as a rotational stiffness of the joint.
There is no significant mechanical work at the hip joint during the swing phase following H3
(Figure 2.4), suggesting that forward leg swing in human gait is predominantly passive [91].
2.3.2.2 Knee joint kinematics and kinetics
The knee joint predominantly experiences negative mechanical work during normal gait
making it an excellent target for harnessing mechanical energy. According to the literature and
referencing Figure 2.6, the knee joint experiences a single period of positive power during stance, K2,
and three periods of negative joint power, 1) the loading phase of stance K1, 2) the period of push-off
K3, and 3) the terminal swing K4 [62], [92]–[96].
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Figure 2.6: Knee joint muscle activity, kinetics and kinematics. Data from [65]. The
vertical line corresponds to the toe-off event and 0% and 100% GC correspond to heelstrike of the right leg.
During early stance phase (K1-K2), the knee appears to be acting as a mechanical spring. The
function may appear like the pole used in pole-vaulting which converts the kinetic energy of the polevaulter into potential energy. Following the K1 loading phase, the knee performs its only bout of
positive work K2 to extend and raise the COM over the stance limb. The following period of negative
work (K3), is associated with energy absorption as the knee extensors perform an eccentric contraction
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for knee flexion during push-off. The final bout of negative work K4 occurs during terminal swing
where the knee flexors absorb gravitational energy while controlling the swing of the shank and foot
during knee extension to prepare of the next step [62], [92]–[96]. Similar to the hip joint during late
stance (H2 to H3), the early stance phase presents an ideal location for passive elastic assistance at the
knee as a period of negative joint work (K1) is followed by a period of positive joint work (K2). During
terminal swing K4, the knee acts like a variable damper as energy is absorbed [95]. The joint stiffness
profile of the knee during the early stance phase (~0-30% GC) is presented in Figure 2.7. For a subject
mass of 78kg, the knee joint stiffness during early stance is approximately 3.12Nm/deg
(178.78Nm/rad).

Figure 2.7: Knee joint angle during gait a) and normalized knee joint stiffness b). A linear
regression is used to fit the joint stiffness points during the flexion and extension period
corresponding to K1 and K2 in early stance (~0-30% GC). This presentation of the data was
generated using a published dataset [65]. Note that the joint stiffness is presented as the rotational
stiffness normalized by mass.
2.3.2.3 Ankle joint kinematics and kinetics
The ankle joint performs the largest bout of positive work of all the three leg joints which
occurs during push-off, A2 (Figure 2.8).
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Figure 2.8: Ankle joint muscle activity, kinetics and kinematics. Data from [65]. The vertical line
corresponds to the toe-off event while 0% and 100% GC correspond to heel-strike of the right
leg.
Prior to push-off the ankle joint experiences a period of negative work A1, during the stance
phase. Since the ankle joint only experiences two periods of work, A1 a period of negative work
followed by A2 a period of positive work, it suggests that the ankle would be an ideal location for a
spring. The ankle is seen to behave as a natural spring which is not surprising upon examination of the
tissue composition surrounding the ankle joint [56], [97]. The longest tendons within the leg, which
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exhibit spring like characteristics, are found surrounding the ankle joint [58], [77], [97]. Previous work
with ultrasound imaging showed that the muscle-tendon units responsible for plantar-flexion were seen
to exhibit a catapult like mechanism, where the plantar flexor tendons are stretched (loaded) during
stance while the muscles held the proximal end of the tendons in isometric contraction [74], [98]. The
stored elastic energy within the tendons is returned during push-off to propel the limb and body, upward
and forward. The ankle joint stiffness profile is presented in Figure 2.9 with a dorsi-flexion stiffness of
7.19Nm/deg (411.96Nm/rad) and plantar-flexion stiffness of 2.96Nm/deg (169.39Nm/rad) for an
average 78kg subject.

Figure 2.9: Ankle joint angle during the gait cycle (GC) a), and the ankle joint stiffness b). Two
independent linear regressions are fitted to the periods corresponding to dorsi-flexion (red) and
plantar-flexion (blue). It appears that a stiff spring is emulated during dorsi-flexion (A1) as ankle
joint stiffness is 0.092Nm/kg/deg while plantar-flexion (A2) emulates a soft spring
(0.038Nm/kg/deg). This presentation of the data was generated using a published dataset [65].
Note that the joint stiffness is presented as the rotational stiffness normalized by mass.
2.3.3 Inter-joint energy exchange potential
In the previous section, energy transfer between different periods of the gait cycle at the
individual joints was identified and discussed. Additionally, lower limb locations for applying spring
elements to support the behaviour or function of each joint were also identified. This section identifies
periods of inter-joint energy transfer. A similar concept was presented for running gait where power
generated at one joint (positive power) is absorbed by another joint (negative power) [64]. For passive
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energy transfer using an elastic element, a period of negative work should coincide or precede a period
of positive work at another joint. These conditions exist for two pairs of joints: ankle-knee and hipknee.
Examining the function and the overlapped joint power profiles of the ankle and knee joints,
Figure 2.10, the two periods of positive and negative joint work that coincide are the A2 and K3.

Figure 2.10: Overlay of ankle and knee joint profiles. Dataset from [65]. The ±SD lines are
excluded for clarity.
These periods represent the positive work for ankle push-off (A2) and the negative work of
knee flexion during swing initiation. The K3 period is associated with energy absorption by the
quadriceps as they eccentrically contract [96]. Since the joint work is negative, work must be performed
on the knee joint by an external source, not by the muscles surrounding the knee joint. This concept
reinforced by examining muscle activation of key quadriceps and hamstring muscles during this period.
EMG patterns of the hamstring muscles show little to no activation while the quadriceps are slightly
activated in eccentric contraction resisting excessive knee flexion [65], [99], [100]. The only external
source of mechanical power available to flex the knee joint during this period comes from the
propulsive force generated at the ankle joint in push-off (A2). For natural walking speeds, the average
positive mechanical work performed in the A2 period is ~0.36J/kg while the negative mechanical work
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or energy absorbed at the knee in the K3 period is ~0.13J/kg [96]; approximately 37% of the work
performed at the ankle is absorbed by the knee joint. The remaining positive ankle mechanical work
could be used to initialize leg swing and propel the body forward. In contrast to the previous section
which identified ideal locations for passive spring assistance to support a single joint (negative period
of joint work followed by a period of positive work), the current ankle-knee discussion presents a
location for an external mechanism to assist the transfer of energy from the ankle to the knee joint.
Assisting the transfer of energy from the ankle to the knee during this period may alter the distribution
of mechanical work such that higher percentage of the positive ankle work is used for propulsion instead
of knee flexion. This behavior may be performed in the body by the gastrocnemius muscles as they are
bi-articular muscles that span across the posterior aspect of the ankle and knee joints [64], [101]–[103].
The second pair of joints that could potentially be used for inter-joint energy transfer are the
hip and knee joints during the K3 and H3 periods, Figure 2.11.

Figure 2.11: Overlay of hip and knee joint power profiles. Data from [65]. The ±SD lines are
excluded for clarity.

In addition to the spring like behavior of the hip during stance to swing between the H2 and
H3 period, additional energy could be transferred from the K3 period of the knee joint. In contrast with
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the ankle-knee mechanism previously discussed, the K3 and H3 periods of the knee and hip do not
temporally coincide. In the hip-knee condition, the negative K3 period occurs prior to the positive H3
period suggesting that a spring element could transfer energy from the knee to the hip between the K3
and H3 periods. This would follow the general paradigm of passive assistance where elastic energy is
stored in a spring element during a period of negative joint work and return to assist a period of positive
joint work. The rectus femoris has been proposed as the biological component responsible for this
mechanism as the muscle-tendon spans across the anterior aspect of both hip and knee joints [102],
[103]. An additional period not yet considered is the K4 period, which appears to be unutilized by the
knee joint. This period of negative work is absorbed by the hamstrings to resist knee extension during
terminal swing [96]. Since there is no significant mechanical work produced by the other joints during
this period, the negative mechanical work during the K4 period is due to gravity. It is important to recall
the cyclic nature of the gait cycle such that the periods following K4 are the K1 and H1 periods, Figure
2.11. Since the energy is absorbed by the hamstrings which cross both the hip and knee, the energy
from the K4 period could be used to assist hip extension in the following H1 period. The average energy
transferred in each joint period is tabulated in Table 2.1. Using these values, it is possible to estimate
the maximum potential mechanical energy savings (peak energy transfer) of the biological system
assuming perfect passive energy transfer at the joint level between each of the periods discussed.
Table 2.1: The average positive and negative mechanical joint work periods during a gait cycle.
The average values were estimated using the dataset by [65] and the average cadence for natural
walking speeds in [96], assuming that stride period (one GC) was approximately 2x the step
period (the reciprocal of step frequency).
A1

A2

K1

K2

K3

K4

H1

H2

H3

(J/kg)

(J/kg)

(J/kg)

(J/kg)

(J/kg)

(J/kg)

(J/kg)

(J/kg)

(J/kg)

-0.122

0.387

-0.035

0.042

-0.120

-0.103

0.053

-0.143

0.129

A full summary of potential passive energy transfer that naturally occurs in the leg during
normal level walking is tabulated in Table 2.2 including the peak energy transfer percentage. The peak
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energy transfer value is determined by assuming all the work performed in the source period is
transferred to the target period. An exception to this is the negative peak energy transfer between A2 to
K3 which is calculated as the negative work performed during K3 divided by the work performed in
A2.
Table 2.2: Summary of potential joint work periods during the gait cycle for passive assistance.
The source to target periods are listed along with the peak energy transfer and a brief description
of the assistive function and gait event.
Joints

Periods

Peak energy transfer

Ankle

A1 to A2

32%

Ankle plantar-flexors; push-off

Knee

K1 to K2

83%

Knee extensors, early stance

Hip

H2 to H3

111%

Hip flexors; late stance to initial swing

Ankle - Knee

A2 to K3

-31%

Gastrocnemius; pre-swing knee flexion

K3 to H3

93%

Rectus femoris; early swing hip flexion

K4 to H1

194%

Hamstrings; early stance hip extension

Hip – Knee

Assistive function

The negative sign represents the kinetic energy being transferring to elastic or gravitational
potential energy while the positive percent values represent transfer of gravitational potential energy to
kinetic or elastic potential energy. Peak energy transfer percentages greater than 100% simply indicate
that more negative work was performed during the source period than the target period. The peak energy
transfer provides an indication of the maximum available energy that could be transferred between the
periods of interest, e.g. the energy transferred at the ankle between from A1 (source) to A2 (target),
assuming the 0.122J/kg negative mechanical work done in A1 is used in A2 results in a maximum
contribution of 32%. This is the maximum percent contribution from transferring energy from A1 to
A2 at a walking speed of 1.25m/s as some of the energy is not stored elastically but used to generate
limb motion or dissipated such that the potential contribution of energy from A1 to A2 is less than 32%.
Additionally, the energy transfer mechanisms discussed did not quantify the potential contributions to
the contralateral leg or the upper body. Push-off from the ipsilateral leg could also assist knee and hip
extension of the contralateral leg in early stance during step-to-step transition as the COM rises. An
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interesting observation is made by focusing on the energy transfer at the ankle (A1 to A2) and the ankleknee (A2 to K3) which are approximately equivalent, Table 2.1. It is possible that the work performed
at the ankle in the A1 period is used in the later K3 period with A2 acting as an intermediary period,
which may be attributed to the mechanical function of the gastrocnemius. The developed devices
described in Chapters 4 and 5 explore the effects from assisting the energy transfer at the ankle, hip,
ankle-knee, and a combination of the assistances, Table 2.2.
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Chapter 3
A passive inter-limb gait assisting backpack
3.1 Summary of center of mass dynamics - Energy
As discussed in the previous chapter, the step-to-step transition is the period of the gait cycle
in which significant mechanical work is performed from the COM perspective [46], [61]. In summary
of the discussion, an exchange of kinetic and potential energy occurs during level ground walking at
the preferred (self-selected) walking speed to conserve energy expenditure. The conservation of energy
between kinetic and gravitational potential energy contributes to ~60-70% of the total energy required
for steady-state walking [73]. The remaining energetic input comes from the step-to-step transition
period in redirecting the COM between steps as suggested by the simple inverted pendulum walking
model [46], [61], [83], [85], [104]. Both legs support the COM to prevent the downward progression
during step-to-step transition, however the negative work performed by the leading leg resists forward
progression of the COM. The trailing leg performs an equal amount of positive work such that forward
progression is maintained [46]. Based on the simple walking model, a necessary condition for reducing
the energetic cost of level walking is to reduce the mechanical work performed by both leading and
trailing leg during the step-to-step transition period [46], [61], [83], [105], [106]. Since mechanical
work represents the change in mechanical energy, a corollary to reducing the work performed during
the step-to-step transition is to reduce the fluctuations in kinetic and potential energy.

*Preliminary results of this study were presented at Dynamic Walking 2013, Pittsburgh, PA, USA and
IEEE-ICORR 2013,Seattle, WA, USA .
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3.2 Mechanical energy fluctuations (work) – An overview, the simple walking model
In the simple pendulum walking model [59], [107], gravitational potential energy is the product
of body weight (mg) and the COM vertical position. To reduce gravitational potential energy, the only
parameter that can be influenced or controlled during walking is the vertical position of the COM.
Therefore, the gravitational potential energy fluctuations can be reduced by decreasing the COM
vertical displacement [107], [108]. Since a change in mechanical energy is equal to the work performed,
the work required to raise the COM is also reduced. A basic relationship of step-length to vertical COM
displacement (Δh) can be derived through the trigonometric relationship shown in Eq.(3.2.7) by
inspection of the simple inverted pendulum model (Figure 3.1).

Figure 3.1: Simple pendulum walking model showing the basic relationship between step-length
and vertical displacement of the COM (black circle).

𝑆𝑆𝑆𝑆 2
𝛥𝛥ℎ = 𝐿𝐿 − �𝐿𝐿2 − � �
2

(3.2.7)

Where, L and SL are the leg length and step length, respectively. From the simple model, the vertical
excursion and maximum potential energetic fluctuations of the COM are proportional to step-length to
32

the 2nd order. An illustration of this relationship is provided in Figure 3.2 where the step-length is
expressed as a fraction of leg length and a constant base value of one is used for the leg length. The
vertical excursion of the COM is determined based on Eq.(3.2.7). This second order relationship of the
energetic cost and step-length was confirmed experimentally in the previous study by [109].

COM vertical displacement

Δh/L

y = Ax2 - Bx + C
R² = 1.000

0

0.2

0.4

0.6

0.8

1

1.2

1.4

SL/L

Figure 3.2: Vertical displacement of the COM as a function of step-length, where the step-length
is normalized to leg length. The quadratic line of fit is expressed with general constants A, B, and
C along with the R2 value to support the quadratic relationship. In the current example the
constants have values of A = 0.159, B = 0.028, and C = 0.004. Although the numerical values will
change with varying leg lengths, the modelled relationship remains consistent. Note that the 2nd
order relationship follows from a constant walking speed, where the product of step-length and
frequency is constant across all step-lengths.
As shown by the simple inverted pendulum model, a reduction of COM vertical displacement
requires a decrease in step-length (Figure 3.2). Consequently, the decrease in step-length causes a
reduction in the horizontal component of force for the leading and trailing legs [105]. This relationship
between the horizontal component of the force from the legs and the step-length is shown in Figure 3.3
which is modified from the wheel-model for human walking [105].
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Figure 3.3: Reduction in horizontal force component with step-length. [105]. Only the force for
the leading leg is shown here but the trailing leg is identical as it performs work to restore the
energy lost at collision of the leading leg [61].
With the reduction in step-length, there is a simultaneous reduction in vertical displacement of
the COM (𝛥𝛥ℎ) and horizontal component of the GRF for the leading (𝐹𝐹ℎ_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ) and trailing

(𝐹𝐹ℎ_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ) leg. With these reductions, the step-to-step transition cost is also expected to decrease.
These mechanical work relationships are summarized by the Eq. (3.2.8) and (3.2.9).
𝑊𝑊𝑣𝑣 = 𝑚𝑚𝑚𝑚𝑚𝑚ℎ

𝑊𝑊ℎ = 𝑑𝑑(𝐹𝐹ℎ_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐹𝐹ℎ_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 )

(3.2.8)
(3.2.9)

Where, 𝑊𝑊ℎ is the work from the leading and trailing leg, d is horizontal displacement of the COM, and

𝑊𝑊𝑣𝑣 is the work for the vertical displacement of the COM. The presentation of Eq. (3.2.8) and (3.2.9).are
a simplification of the previous presentation for the mechanical work performed during the step-to-step

transition in Chapter 2 by reducing the time integral from Eq. (2.3.1.4) - (2.3.1.6) and separating the
horizontal and vertical components of the work during the step-to-step transition.
For a constant walking speed, a decrease in step-length requires a proportional increase in stepfrequency. The overall effect is analogous to the concept of a rimless (spoked) wheel rolling across the
ground [105]. At each instant of ground contact, the contacting spoke would represent the leading leg
and the previous spoke would represent the trailing leg. Intuitively it follows that the rimless wheel will
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slow down after each ground contact of a spoke due to impact forces. The impact force is proportional
to the angle between spokes, such that a wheel with twice as many spokes would roll further, [105]. As
the number of spokes increases to infinity, or with the addition of a rim, the energetic losses approach
zero and the wheel will continue to roll in the absence of external forces. Consequently, the vertical
displacement of wheel’s COM (hub) approaches zero as the number of spokes increase to infinity.
Increasing the number of spokes is analogous to increasing step-frequency or decreasing step-length
[40].

3.3 Motivation
Based on the simple inverted pendulum model, the primary strategy for reducing walking
energetics at a constant walking speed is to decrease one’s step-length. The most direct solution is to
physically restrict leg swing. While this approach achieves a reduction in step-length, the desired
energetic effects may not be achieved since constraining the natural motion introduces an additional
energetic cost. The desired approach is to reduce step-length by altering the passive dynamics of gait
such that the reduction in step-length occurs “naturally”. The term passive dynamics represents the
gravitational and inertial contributions to the kinematics of walking [40] and the term passive here
implies the absence of a power source, biological or otherwise. In the present application, the inertial
and gravitational parameters are based on subject anthropometrics measurements and held relatively
constant. These parameters can be manipulated by external components to increase or reduce the effects
of gravity or naturally as is the case with children during growth [110]–[112]. Previous studies
examining the energetic costs of additional mass during level ground walking have shown that
increasing mass and inertia of the leg increases the metabolic cost [113], [114]. The increase in cost is
primarily associated with the increase force and work to swing the leg with the additional mass and
increase in inertia. Therefore, a better solution is to reduce step-length without significantly increasing
the mass carried by the subject during walking. A viable approach to reducing step-length for a desired
walking speed is to increase step-frequency. As previously mentioned, the step-frequency is inversely
35

proportional to step-length for any given walking speed. Step-frequency can be regulated using a couple
of different methods: the first is to provide the subject with feedback to reinforce the desired stepfrequency and the second is to mechanically induce the desired step-frequency.
In natural level ground walking, there exists a natural or preferred combination of step-length
and frequency at a given walking speed, which coincides with a minimal rate of energy expenditure
[81], [115]–[117]. Deviations from the preferred combination often lead to an increase in the rate of
energy expenditure [116], [117]. In these studies, the subject’s step-frequency was modulated using a
metronome which provided the subjects with feedback of the desired step-frequency while walking
speed was held constant. Despite the mechanical advantages of reducing step-length as previously
discussed, the subject’s rate of energy expenditure increased when step-frequency deviated from the
preferred step-frequency [108]. The resulting profile is a bowl shape with the preferred step-frequency
located near the minimal rate of energy expenditure [117]. While the simple pendulum model does not
capture the energetic cost of leg swing during walking, previous studies have shown that approximately
half (~50%) of the net energetic costs are due to generating horizontal propulsive forces (step-to-step
transition) while only ~10% of the subject’s energetic expenditure is attributed to leg swing [118],
[119]. Thus, there exists a trade-off in which energetic reduction from decreasing step-length is
countered by the increasing energetic cost of swinging the legs at higher frequencies. The increase in
energetic cost of swinging the legs at higher frequencies is caused by an increase in the muscle-tendon
activity to swing the legs [119]–[121].
To summarize the discussion, the approach to decreasing the energy expenditure of constant
speed level walking is to reduce the step-length by increasing step-frequency. This will decrease the
step-to-step transition cost, however the cost of swinging the legs must be considered [72]. Therefore,
reducing step-length by increasing step-frequency using a feedback approach would not reduce the cost
of walking as the cost of legs swing would increase. A previous study tested this hypothesis and
confirmed that the metabolic cost increased when the stride length deviated from the preferred stride
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length [108]. The study used a metronome to provide auditory feedback of the stride-frequencies (=
half step-frequency) corresponding to various step-lengths at a constant walking speed of 1.2m/s [108].
The alternative approach of mechanically inducing a higher step-frequency is the solution explored
here. The term “mechanically induced frequency” is used to define a mechanical system that promotes
a higher step-frequency without increasing energetic costs. We hypothesize that using a passive
mechanical device to increase the frequency of the swinging leg will decrease the step-length at a
constant walking speed. Decreasing step-length will reduce the step-to-step transition cost, vertical
excursion of the COM, and consequently reduce the energetic cost of walking.

3.4 Design approach
To increase the natural frequency of a spring-mass mechanical system, the mass and inertia of
the system should be decreased or the effective spring constant of the system should be increased. This
relationship is expressed by the equation for the natural frequency of a general spring-mass system, Eq.
(3.4.10):
𝑘𝑘
𝜔𝜔𝑛𝑛 = �
𝑚𝑚

(3.4.10)

Where k is the stiffness coefficient of the system and m represents the mass and inertial terms of the
system.
Since it is impractical to reduce the mass and inertia of the leg of a normal healthy subject, the
remaining solution is to increase the leg’s effective stiffness. To increase the effective stiffness, a
mechanical spring can be interfaced in parallel with the leg such that the effective stiffness of the
system, leg plus spring, (k) becomes:
𝑘𝑘 = 𝑘𝑘𝐵𝐵𝐵𝐵𝐵𝐵 + 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒

(3.4.11)

Where, 𝑘𝑘𝐵𝐵𝐵𝐵𝐵𝐵 denotes the stiffness of the leg and 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 denotes the external spring stiffness in parallel

with the leg. The configuration of a device as suggested by Eq. (3.4.10) is to increase the effective leg
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stiffness without additional inertial effects. Figure 3.4 presents a simplified model depiction of the
proposed approach using a mechanical spring to assist leg swing.

Figure 3.4: A simplified model of the leg as a compound pendulum with the center of mass located
at point (C). The mass of the compound pendulum (point C) is located a distance Le away from
the pivot point (e.g. hip joint). The spring with stiffness (k), is connected to the foot and at a
location at a distance (r) from the pivot. The total length of the leg is denoted by the variable (L).
The forces acting on the pendulum that a perpendicular to the lengths L and Le are shown in the
enlarged detail view where (Fs) denotes the spring force and (mg) represent the product of leg
mass and the gravitational acceleration. Note that this model is not an ideal pendulum and that
the biological stiffness (kbio, Eq. 3.4.11) is not illustrated.
Assuming the spring mass is negligible and ignoring the damping in the model, the equations
of motion for the compound pendulum system with addition of the spring is derived in the following
equations:
𝑑𝑑𝑑𝑑 = 𝑟𝑟𝑟𝑟

𝐹𝐹𝐹𝐹 = 𝑘𝑘 ⋅ 𝑑𝑑𝑑𝑑 = 𝑘𝑘(𝑟𝑟𝑟𝑟)
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(3.4.12)
(3.4.13)

Where the deflection within the spring during leg swing is represented by ds which is a product of the
radius (r) and the angle of rotation (θ), Figure 3.4. The equation of motion, or moment balance about
the pivot can be described using the following equation:
𝐼𝐼𝜃𝜃̈ ≅ 𝐿𝐿𝐿𝐿 ⋅ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝜃𝜃) + 𝑘𝑘𝐵𝐵𝐵𝐵𝐵𝐵 𝜃𝜃 + 𝐿𝐿 ⋅

𝑘𝑘𝑟𝑟 2
𝜃𝜃
𝐿𝐿

(3.4.14)

𝐼𝐼𝜃𝜃̈ ≅ 𝐿𝐿𝐿𝐿 ⋅ 𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑘𝑘𝐵𝐵𝐵𝐵𝐵𝐵 𝜃𝜃 + 𝑘𝑘𝑟𝑟 2 𝜃𝜃

Where inertia of the compound pendulum is represented by I and the biological contribution (kBio) to
the moment is assumed to be purely rotational. Following the general equation of motion, the natural
frequency (𝜔𝜔𝑛𝑛 ) of the leg can be formulated as:
𝜔𝜔𝑛𝑛 =

1 𝐿𝐿𝐿𝐿 ∗ 𝑚𝑚𝑚𝑚 + 𝑘𝑘𝐵𝐵𝐵𝐵𝐵𝐵 + 𝑘𝑘𝑟𝑟 2
�
2𝜋𝜋
𝐼𝐼

(3.4.15)

As suggested by Eq. (3.4.15), the natural frequency increases with the addition of the spring in parallel
with the leg by the term 𝑘𝑘𝑟𝑟 2 .

It is unknown if the application of the spring in parallel would effectively increase the natural

frequency and if it translates to a decrease in the energy expenditure during walking. Due to these
uncertainties the desired value of (𝑘𝑘𝑟𝑟 2 ) is unknown. The first step is to confirm whether this approach
can indeed increase the natural step-frequency and if this translates to a decrease in the energetic cost
of walking. As a first step, an arbitrary value of (𝑘𝑘𝑟𝑟 2 ) would suffice to provide a benchmark value.
Rather than taking a simulation based approach, the concepts proposed are experimentally tested.
Therefore, the design begins heuristically by applying a spring about the hip joint. The approach taken
here can be viewed as a human application of the a hip spring added to the inverted pendulum walking
model [83].

3.5 Function of the passive inter-limb (PIL) backpack
The realization of the backpack consists of two sets of elastic bands connected in series by a
cable. The elastic bands were mounted in parallel with the leg to increase the effective leg stiffness
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required to increase the step-frequency. The cable segment passes through a series of idlers mounted
on a backpack frame, joining the legs, Figure 3.5.

Figure 3.5: The passive inter-limb backpack a) and a 3D rendering of the backpack design b).
The two idlers in the frontal plane are used to route the cable between the contralateral legs and
a pair of idler blocks oriented along the sagittal plane are used to provide a bearing surface for
the cable during hip flexion-extension. Each elastic band was clipped to a shoe-harness via a Dring. Tape was used to cover the reflective components of the pulley assembly for the purpose of
motion capture. The set of idlers are mounted with an off-set from the backpack frame such that
it sits lower than the frame. This offset provides clearance between the cable and the subject’s leg
during hip flexion while maintaining a slim profile.
The device pulley assembly was mounted to a commercially available backpack frame, Figure
3.5. The pulley assembly was custom fabricated using commercially available aluminum idlers,
stainless-steel bolts and 6mm polycarbonate plastic for the mounting and cover plates. The initial cable
length and elastic elements were chosen such that no slack developed in the elastic-cable during level
treadmill walking for a subject height of 1.67m. A hook clip was attached at the ends of the spring
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elements provided easy donning and doffing. A commercially available 5-point foot harness (Nautilus
Inc) was used for the foot attachments. These foot harnesses could be easily worn over the subject’s
shoes. While the device mass was considered during the design process, the device was not optimized
to minimize the mass. The total mass of the device is itemized in Table 3.1
Table 3.1: Exoskeleton component mass
Component

Mass (kg)

Backpack assembly

1.651

Elastic bands (x2)

0.084 (x2)

Cable

0.008

Shoe Harness (x2)

0.132 (x2)

TOTAL

~2.1

The elastic bands were connected in-series to account for loading or compression of the leg
during stance and to decrease the collision force at heel-strike. A previously study proposed that ~28%
of the energy cost for walking is spent in supporting the body [119]. Increasing the load on the stance
leg during walking could increase this cost and the configuration presented attempts to reduce the cost
associated with loading of the stance leg. Additionally, as the step-to-step transition cost is a product
of the ground contact force and COM displacement (Eq. (3.2.8) and (3.2.9)), reducing this force should
also assist in decreasing the step-to-step transition cost. The elastic bands are relaxed during single limb
stance as the contralateral leg is in mid-swing. The bands are stretched as the contralateral leg enters
terminal swing prior to heel-strike. As the band is stretched the force in the band increases to slowdown
the leading leg to reduce the collision force. Simultaneously, the increase in elastic band force acts to
assist the trailing leg during swing initiation. This action can generate the desired increase in natural
step-frequency while maintaining a low compressive force on the leg during single limb stance and
decrease the step-to-step transition cost. The loading profile of the spring during a gait cycle is presented
in Figure 3.6.
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Figure 3.6: Device function represented as percent gait cycle. The step-to-step transition period
is identified by the vertical bar (grey) and the period of energy absorption (white) and return
(black) of the elastic-spring is identified in the spring force waveform. During level walking, the
elastic-cable is at its maximum length (force) at the start of the step-to-step transition period
while it reaches a minimum length (force) during the swing phase.
The effective spring constant of the elastic-cable 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 , is determined by:
1

𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒

=

1
1
+
𝑘𝑘𝑙𝑙 𝑘𝑘𝑟𝑟

(3.5.16)

where, 𝑘𝑘𝑙𝑙 and 𝑘𝑘𝑟𝑟 are the measured spring constants of the elastic bands in parallel with the left and right

leg, respectively. Since the elastic bands are identical, 𝑘𝑘𝑙𝑙 ≅ 𝑘𝑘𝑟𝑟 = 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 , and the equation simplifies
to:

𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 = 0.5 ∗ 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
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(3.5.17)

The average spring constant measured during bench testing was 84.13±1.90 N/m. Sample data of the
bench test is shown in Appendix A. The r value (Eq. (3.4.15)) was taken as the distance from the greater
trochanter to the pulley block was 0.2m which provides an 𝑘𝑘𝑟𝑟 2 value of 1.7Nm.

3.6 Experimental Methodology
A total of ten healthy male subjects were recruited for the experiment (age: 23.7 ± 2.4yrs, mass:
70.9 ± 8.1kg, height: 1.74 ± 0.05m, average ± S.D). Informed consent was obtained from each subject
prior to experimentation and ethics approval was obtained from the Queen’s University Ethics Board
for the study. Each subject experienced an acclimation session prior to data collection. During the
acclimation session the subjects walked on the treadmill at 1.25m/s with the backpack in the spring
condition for 10 minutes [108], [122]. The resting rate of energy expenditure for each subject was
measured following the acclimation period. During the acclimation period, each subject was instructed
to maintain their fore-aft position while looking forward (not looking at their feet). This ensured that
heel-strike occurred on the front force plate when the trailing leg was located on the back force-plate
of the treadmill. An example of this heel-strike condition is illustrated in Figure 3.5a). Acclimating the
subjects on the treadmill reduced the occurrence of double contact, when both feet are in contact with
a single force plate during data collection.
To independently examine the effects of the elastic-spring on the lower limb kinetics and steplength/frequency the subjects were randomly separated into two groups 1) a Free group (Free) or 2) a
controlled group (Control). The subjects of the Free group could adopt a natural step frequency in each
walking condition. The subjects of the Control group were required to maintain their step-lengths
between trial conditions. Step-length was controlled indirectly via step-frequency which was enforced
between walking conditions using a metronome. Following acclimation, the subjects were asked to
walk on the force instrumented treadmill (Tandem Treadmill, Advanced Mechanical Technology, Inc.)
at 1.25m/s under two conditions: 1) with the elastic bands attached (spring condition) and 2) without
elastic-bands (no-spring condition). Each trial lasted 10 minutes with a minimum of 5 minutes rest
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between conditions to prevent fatigue and the onset of anaerobic respiration. In the no-spring condition,
the elastic bands were disconnected from the shoe harness and secured to the backpack frame such that
total weight was the same between conditions. The order of trials was randomized to minimize any
potential effects of selection bias.
Subjects were provided feedback during the walking trials in the form of hand gestures and
vocal instructions to correct their position on the treadmill when they veered too far in any direction.
This was done as a safety measure to prevent subjects from tripping, falling, or walking off the treadmill
during data collection. Additional safety measures included a handrail and two Emergency Stop
buttons, one located on the handrail of the treadmill for the subject and the other located by the treadmill
workstation. Subjects were notified prior to any change in treadmill speed. At the start of each trial,
subjects were asked to hold the handrail during treadmill startup and reposition themselves once the
treadmill reached the desired 1.25m/s. Treadmill acceleration values were set to 0.1m/s2 and 0.2m/s2
for starting and stopping, respectively. Subjects acknowledged the feedback during treadmill starting
and stopping by giving a thumbs-up or head nod.
The subject’s rate of energy expenditure (metabolic cost) was estimated from VO2 and VCO2
measurements taken by the K4b2 unit (COSMED, Co.). The system was calibrated per manufacturer’s
specifications prior to data collection of each subject. The metabolic masks were sanitized by the
Disinfection and Sanitation unit of the Hotel Dieu Hospital after each use. Ground reaction force (GRF)
data were collected at 600Hz by the force instrumented treadmill. Elastic band deflections were
measured using passive retro-reflective markers secured at the distal and proximal clips on the elastic
bands. The location of each marker was tracked using a 6-camera motion capture system (Qualisys
Track Manager, Qualisys AB.) at 200Hz. The elastic band force was estimated from the displacement
of the elastic and the spring constant.

3.7 Data Analysis
3.7.1 Metabolic cost
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The metabolic cost for each subject was calculated using the modified Brockway equation
[123], Eq. (3.7.18).

𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =

𝑘𝑘𝑘𝑘
̇ 2 + 4.51 �𝑘𝑘𝑘𝑘� ∗ 𝑉𝑉𝑉𝑉𝑉𝑉
̇ 2
16.58 � 𝐿𝐿 � ∗ 𝑉𝑉𝑉𝑉
𝐿𝐿

(3.7.18)

60 ∗ 𝑀𝑀

The respiratory quotient provided by K4b2 unit (COSMED, Co.) was less than 1.0 for all subjects
indicating aerobic respiration was performed throughout each trial. The metabolic rate was averaged
over a three-minute period at steady-state. The net metabolic rate was determined by subtracting the
resting rate and normalized to the subject’s mass (M).
3.7.2 Step-frequency, Step-period and Step-length
Step-frequency was estimated using the step-period (T). The step-period was the time between
subsequent heel-strike events from GRF data, calculated using Eq. (3.7.19). Ground contact or heelstrike, was identified as the period when the vertical component of the GRF data exceeded 10N.
𝑇𝑇(𝑖𝑖) =

𝑓𝑓(𝑖𝑖 + 1) − 𝑓𝑓(𝑖𝑖)
𝐺𝐺

(3.7.19)

Where 𝑓𝑓(𝑖𝑖) is the frame index value of heel-strike event (i), 𝑓𝑓(𝑖𝑖 + 1) is the frame index value of the

subsequent heel-strike and G denotes the sampling rate of the force plate data (600Hz). The step-length
was estimated by taking the product of the treadmill speed and step-period, Eq. (3.7.20).
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ = 1.25 ∗ 𝑇𝑇

(3.7.20)

The average step-length was normalized to the subject’s height to account for variability in stature.
3.7.3 Step-to-Step transition work
The step-to-step transition period of gait was identified by heel-strike of the contralateral limb
and toe-off of the ipsilateral limb. Mechanical work performed during step-to-step transition was
determined using the individual limb approach [61], summarized in Chapter 2. The following details
supplement the approach for the current study.
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Two corrections were applied to the integration for COM velocity. The first correction was
made to account for the integration drift and the second correction was applied to determine the
integration constants. The integration drift was removed by applying a 4th order high-pass Butterworth
filter with a cut-off frequency of 0.5Hz. This drift was observed during the analysis prior to data
reduction in determining the step-to-step transition work where the vertical height of the COM reached
above physically realistic limits (>2m). This process is similar to data detrending. The integration
constants were determined by the following conditions: 1) average medio-lateral (𝑣𝑣̅𝑥𝑥 ) and 2) vertical

velocity (𝑣𝑣̅𝑧𝑧 ) components are zero over a stride and 2) the average fore-aft velocity (𝑣𝑣̅𝑦𝑦 ) is equal to the

treadmill speed [84]. These three conditions are mathematically expressed in Eq. (3.7.21).
𝑣𝑣̅𝑥𝑥 = 0,

𝑣𝑣̅𝑦𝑦 = 1.25𝑚𝑚/𝑠𝑠,

(3.7.21)

𝑣𝑣̅𝑧𝑧 = 0
3.7.4 Mechanical work over the gait cycle

A post-hoc analysis was performed to calculated maximum mechanical work performed by the
subject over the gait cycle was determined using the change in mechanical energy. Using the position
and velocity of the COM (𝑣𝑣⃗𝐶𝐶𝐶𝐶𝐶𝐶 ), the kinetic (𝐸𝐸𝐾𝐾 ) and gravitational potential energy (𝐸𝐸𝐺𝐺 ) waveforms
were estimated using the following equations:

1
2
𝐸𝐸𝐾𝐾 = 𝑚𝑚𝑣𝑣⃗𝐶𝐶𝐶𝐶𝐶𝐶
,
2

𝐸𝐸𝐺𝐺 = 𝑚𝑚𝑚𝑚𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶,𝑧𝑧

(3.7.22)
(3.7.23)

Where, 𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶,𝑧𝑧 is the vertical position of the COM, m is the mass of the subject, and g is the

gravitational acceleration. The elastic potential energy (𝐸𝐸𝑆𝑆 ) was estimated with Eq.(3.7.24) using the

measured deflection of each spring (𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆−𝑙𝑙 and 𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆−𝑟𝑟 , left leg and right leg respectively) and the spring
constant (𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) which was determined prior during bench testing (Appendix A).
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1
1
2
2
2
2
𝐸𝐸𝑆𝑆 = 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆−𝑙𝑙
+ 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆−𝑟𝑟2
= 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆−𝑙𝑙
+ 𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆−𝑟𝑟
)
2
2

(3.7.24)

The maximum mechanical work was determined as the difference between the minimum and
maximum values of each energy term. This was normalized to body mass and height (J/kg*m) to
minimize variability due to anthropometrics, i.e. taller subjects would naturally have a higher potential
energy than shorter subjects.
The spring mechanical work rate was analyzed post-hoc to elucidate a relationship between the
observed metabolic cost and mechanical parameters at the individual subject level. The spring
mechanical work rate was determined by dividing the peak spring work by the period between the
minimum and maximum spring energy.
𝐸𝐸𝑆𝑆̇ =

𝐸𝐸𝑆𝑆_𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐸𝐸𝑆𝑆_𝑚𝑚𝑚𝑚𝑚𝑚
𝑇𝑇𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 −𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚

(3.7.25)

The mechanical work rate of the spring (𝐸𝐸𝑆𝑆̇ ) was normalized by the subjects’ mass (W/kg).
3.7.5 Statistical analysis
The paired two-sample t-test with significance set at p<0.05 was performed to determine
significant differences between walking conditions for each group. The two-sample t-test of unequal
variance was performed for comparing the spring mechanical work rate and the change in metabolic
rate between the groups. All data were averaged over 10 gait cycles except for the step-to-step transition
work which was averaged over 20 steps since there are two steps per gait cycle.

3.8 Results
3.8.1 Step-length
The average step-length for the Free group showed a significantly reduction (p<0.028) between
the spring condition (0.40±0.02) and the no-spring condition (0.42±0.02). The average step-length for
the Control group was not significantly different (p>0.053) between the spring condition (0.41±0.03)
and the no-spring condition (0.42±0.03). The step-length for each group is presented in Figure 3.7.
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Figure 3.7: Normalized step-length for the Free and Control groups in the spring (gray) and no
spring (white) walking conditions. The * symbol indicates the statistical significance between the
two conditions for the Free group (p<0.028).
3.8.2 Step-to-step transition work
The mechanical work performed by the leading and trailing leg decreased for the Free group
by 0.023J/kg (p>0.180) and 0.029J/kg (p>0.086), respectively. For the Control group, the average
mechanical work for the leading leg increased by 0.014J/kg (p>0.430) while the trailing leg work
decreased by 0.0005J/kg (p>0.961). Figure 3.8 presents the average normalized mechanical work
performed by the leading and trailing leg during the step-to-step transition period for both groups.
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Figure 3.8: Average step-to-step transition mechanical work performed by the leading and
trailing leg between walking conditions. The difference between conditions for the trailing leg of
group B is too small to note in the figure.
3.8.3 Mechanical work over the gait cycle
For the Control group, the mechanical work for changes in COM velocity (kinetic) increased
by 0.017J/kg∙m (p>0.6) in the spring condition. The mechanical work for vertical COM displacement
(potential) decreased by 0.057J/kg∙m (p>0.06) in the spring condition. For the Free group, both the
mechanical work for changes in COM velocity (kinetic) and for vertical COM displacement (potential)
significantly decreased in the spring condition by 0.068J/kg∙m (p<0.002) and 0.078J/kg∙m (p<0.007),
respectively. The difference in the mechanical work of the elastic band between the groups in the spring
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condition was 0.050J/kg∙m (p>0.11), 0.17±0.030J/kg∙m for the Free group and 0.12±0.030J/kg∙m for
the Control group. These results indicate that the naturally adopted step-frequency in the Free group
reduced the mechanical work over the gait cycle and that this difference was not caused by additional
work from the spring. Figure 3.9 depicts the work for each of the three categories, Kinetic, Potential,
and Spring in both walking condition for each group. Figure 3.10 and Figure 3.11 depicting the energy
waveforms from which the work was calculated for a representative subject.
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Figure 3.9: Maximum mechanical work over the gait cycle. The maximum work performed in
each walking condition correponding to changes in COM velocity (kinetic), COM vertical
displacement (potential), and spring deflection (spring).
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Figure 3.10: Energy waveforms of a representative subject. The average waveform is the thick
blue line. Due to the preload in the elastic band, the spring energy does not reach zero.

Figure 3.11: The change in energy waveforms for each trial condition of the same representative
subject as presented in Figure 3.10. The minimum value of each respective waveform was
removed and overlaid in this figure to illustrate the relative magnitude.
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The spring work rate was not significantly different (p>0.14) between the Free and Control
groups (0.51±0.04W/kg and 0.41±0.06W/kg, respectively). The spring work rate of each subject is
presented in Figure 3.12.

Figure 3.12: Spring work rate normalized to body mass for each subject . Note that the error bars
were omitted for clarity.
3.8.4 Metabolic cost
The metabolic cost increased by 0.73W/kg for the Free group from the no-spring condition to
the spring condition but the difference was out of the significant range (p>0.054). In contrast, the
metabolic cost significantly increased for the Control group by 0.68W/kg (p< 0.010) in the spring
condition. The metabolic cost for each group is presented in Figure 3.13.
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Figure 3.13: Metabolic cost for the Free and Control groups between conditions. Statistical
significance between conditions is identified by * (paired t-test, p<0.01). The lack of statistical
significance for group A could have been caused by the reduction in the metabolic rate for subject
A1, Appendix A. While the results for subject A1 opposed the general trend of the sample groups,
it was within the 1.5*inter-quartile range of the sample and not an outlier. The observed
difference in metabolic cost between the two groups can attributed to differences between the
subjects in each group and their basal metabolic rate.
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3.9 Discussion
In support of our hypothesis, the backpack naturally reduced the step-length of the user,
decreased the step-to-step transition work, and reduced the work in changing COM velocity and raising
the COM over the gait cycle for the Free group. Unfortunately, this did not translate to a reduction in
the metabolic cost of walking rather, an increase in metabolic cost was observed. Based on the
hypothesis, we expected the metabolic cost of the Free group to be lower than that of the Control group
as subjects of the Free group could naturally adopt a new step-frequency with the backpack. However,
contrary to expectations, the increase in the metabolic cost was similar between the Free and Control
groups (p=0.866). This could be explained by the observed similarity in the spring work for each group.
Additionally, the Free group which showed a larger increase in metabolic cost also performed more
spring work over the gait cycle (0.050J/kg∙m).
An interesting observation made during the post-hoc analysis was the observed decrease in
metabolic cost for one of the subjects in the Free group. Individual subject data was examined to
investigate this observation. One of the measures examined in the post-hoc analysis revealed that the
mechanical work rate of the spring had a strong correlation (R2>0.8) with the difference in metabolic
cost for the subjects in the Free group, (Figure 3.14). In contrast, there was no apparent correlation
present between the metabolic cost and the spring work rate for the Control group (Figure 3.14). The
increase in metabolic rate was proportional with the mechanical work rate (power) of the spring when
subjects are free to adopt their step-length and step-frequency.
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Figure 3.14: Change in metabolic cost between conditions in relation to the mechanical work rate
of the spring.
The results of the post-hoc analysis for the subject specific data suggest that customization of
the device for each subject may have influenced the metabolic cost. Examining the trend in Figure 3.14,
shows a trend towards a decrease in metabolic cost at decreasing elastic-cable work rate. Examination
the subject data for the individual that demonstrated a metabolic reduction revealed two parameters that
distinguishes them from the other subjects, the elastic-cable mechanical work rate and their height. The
remaining parameters examined such as, step-length or frequency, kinetic and potential energetics, and
step-to-step transition work did not differentiate the subject from remaining subjects of the Free group.
The height of subject A1 (1.67m) was the lowest among all the subjects in the group and appears to be
the determining factor as it would affect the force in the elastic bands and their work rate.
Coincidentally, subject B5 in the Control group was of similar stature which corresponded with the
smallest increase in metabolic cost in the Control group. These observations suggest the potential for
improved gait energetics at naturally adopted gait strategies by regulating the spring power during the
gait cycle. Regulating spring power during the gait cycle would require additional hardware or the
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application of a powered actuator. This could be examined in future studies using a form of serieselastic actuation with the alternative concept design for the backpack in Appendix A.
Alternatively, the average increase in metabolic cost for both groups could be explained by an
increase in joint work. This would redistribute the metabolic cost associated with propulsion (48%),
BW support (28%) and leg swing (10%) [119]. The additional cost is associated with lateral stability
(6%) and the metabolic cost of ventilation and cardiac work [119]. The approach thus far was only
intended to reduce the cost associated with propulsion and leg swing during walking. The cost for
propulsion could be reduced by decreasing the step-to-step transition cost such that less propulsion was
required. The cost of leg swing was reduced by mechanically inducing a higher natural frequency of
the leg. The combined effect amounts to ~58% of the metabolic cost during walking [119]. In the
simplest walking model, the BW support is performed passively as the load is transferred through the
structure of the leg. However, the human has joints which require support moment by muscle-tendons
and ligaments to maintain stability. It’s likely that the cost of propulsion and leg swing was reduced at
the expense of the remaining parameters. To gain an understanding of the remaining energetic costs in
walking, a joint level perspective is required.
3.9.1 Effects of the elastic-cable from a joint level perspective
The configuration of the PIL backpack places the elastic-springs in parallel with the entire leg,
spanning all three lower limb joints. While examining the device effects on joint kinematics and kinetics
was not in the scope of this study, it is possible to provide some discussion from a joint level perspective
using simulated joint kinetics with a comparison to literature data. The following discussion transitions
from the COM dynamic perspective of the simplest walking model to a joint level perspective.
The elastic-cable force shown in Figure 3.6 begins to increase during the terminal swing phase
of the contralateral leg at ~20% GC and during terminal swing phase of the ipsilateral leg (~70% GC).
During terminal swing phase, the knee joint experiences negative joint power which is associated with
the hamstrings slowing down the shank and foot segments in preparation of heel-strike [66], [96]. The
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elastic-cable force intuitively appears to assist in slowing knee extension during the terminal swing
phase, however the spring was not tuned to match the passive dynamics of knee extension. It is possible
that the elastic-cable force during terminal stance exceeded the passive dynamic parameters such that
antagonistic muscle activation was required to maintain knee extension kinematics necessary to sustain
a continuous gait. This describes the scenario experienced by the controlled group where subjects must
resist the elastic-cable to match their step-frequency between walking conditions. A similar experience
may have been shared by subjects in the Free group due to the fixed device parameters. The effects at
the knee joint during the remainder of the gait cycle and at the hip and ankle joints are more difficult to
determine based on intuition, requiring the joint level analysis. A simulation to qualitatively assess the
effects of the device from a joint level perspective was performed and presented in Figure 3.15.
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Figure 3.15: Simulation of the device contribution to joint power using normative level ground
gait data. The simulation results for each joint is presented on the right with normal level ground
walking results on the left, adopted from [66]. The normal joint power profiles (left) provide a
reference for the net joint power profile during the gait cycle (Jtotal).
Joint power was assessed in the simulation as the product of joint moment and angular velocity
[66], which provides an indication of whether the joint moment is coincident or in opposition to joint
motion. Additionally, joint work is the time integral of power and can be interpreted graphically as the
area between waveform and the horizontal axis. The following discussion interchanges the terminology
between joint power and joint work, and associates positive and negative joint work to the periods when
the joint power waveform is positive and negative, respectively. Joint work is used in this context to
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indicate the transfer of energy. Normative data from overground level walking trial were used as the
simulation inputs to generate the device contribution waveforms. The simulation was generated in a
custom MATLAB script (MathWorks, Inc.). Virtual landmarks were generated to provide spring
attachment points of the device. A sample waveform of the simulation is presented in Appendix A.
The qualitative assessment assumes that the net joint kinetics (𝐽𝐽𝑁𝑁𝑁𝑁𝑁𝑁 ), determined from the

inverse dynamics method, is the sum of the device (𝐽𝐽𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ) and biological (𝐽𝐽𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ) contributions

where biological contributions represent the kinetics generated by muscle-tendon units.
𝐽𝐽𝑁𝑁𝑁𝑁𝑁𝑁 = 𝐽𝐽𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 + 𝐽𝐽𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

𝐽𝐽𝐵𝐵𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐽𝐽𝑁𝑁𝑁𝑁𝑁𝑁 − 𝐽𝐽𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

(3.9.26)

As an example, if device contributed joint moment acts in opposition to the net joint moment,
then the contribution to joint moment by the biological components is greater than the net joint moment.
In this scenario, the device is resisting the natural motion and the muscle must perform more work than
required to generate the motion. This is indicated by the device waveform (𝐽𝐽𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ) being out-of-phase
with the net waveform (𝐽𝐽𝑁𝑁𝑁𝑁𝑁𝑁 ). Conversely, when device contribution acts in union with the net joint

moment or joint power, a reduction in the biological contribution is expected. This indicates that the
device supports or augments the subject’s motion. This condition can be described as when the two
waveforms are in-phase. Note that the simulation and assumptions are based on the parallel
configuration of the device in relation to the lower limb and are not necessarily valid for devices inseries with the joints.
Based on a qualitative assessment, the device appears to resist the natural behavior of the hip
and knee joint during the period between push-off and swing initiation (~40-70% GC) as indicated by
the waveforms being out-of-phase, Figure 3.15. During this segment, the device would cause an
increase in biological contributions at the hip and knee extensors during this period of the gait cycle. In
contrast, the device appears to assist the ankle joint during stance and push-off (~0-60% GC) as the
device contribution waveform are in-phase with the normal ankle joint waveform. The negative work
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at the ankle joint (0-40% GC) is transferred into the elastic-springs and a portion of the positive ankle
joint power during push-off (40-60% GC) is supported by the device. The simulation indicates that the
device would have provided some assistance in hip extension during early stance and in supporting
knee extension during terminal swing to slow down the shank and foot as intuitively deduced. The
following chapters in the thesis presents a device developed from the joint level perspective.
3.9.2 Limitations
A potential limitation in the study could result from a limited number of subjects participating
in the experiment. An example of this limitation may have occurred in the paired t-test of the metabolic
rate between walking conditions where the Free group was shown to have a non-significant increase in
metabolic rate while the Control group showed a significant increase in metabolic cost. Increasing the
sample size may reveal a similar result as the percent change observed appeared to be similar between
the two groups. A second potential limitation of the study is that the results represent the effects on a
male population as only male subjects were tested. The experiment was designed to test male subjects
to control for variability in gait parameters due to gender differences that were quantified in the
literature [124]–[130] while the effects on a female population could be a topic for future work.
The treadmill configuration may have potentially influenced the step-length of the subjects as
the belt is split fore-aft rather than medio-laterally. This could affect the subject’s perception or
attentional requirements due to the constraint on their fore-aft position. Control of fore-aft position may
incur additional energetic costs due to increase attentional requirements which may have increased in
the spring condition due to the novel gait. Additionally, it is possible that the subjects maintained a
larger step-length as a method of ensuring proper foot contact with the force plates. This would lead to
increased metabolic costs as it opposes the function of the springs. As a general observation, most
treadmill users positioned themselves as close to the front of the treadmill as possible at the start of the
acclimation session which suggests an attentional effect may be present due to subjects being required
to walk in the center of the treadmill instead of the front. The metabolic cost could have been influenced
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by other factors such as subject acclimation to the device. Habituation may have been a contributing
factor in the results of the Free group as the addition of the backpack promotes a new gait pattern that
differs from the subject’s normal gait. Adaptation to a new mechanically induced gait may require more
time to learn the new gait [131]–[133].
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Chapter 4
Development of a passive ankle-knee exoskeleton for gait assistance
4.1 Summary
The following chapter presents the development of a new exoskeleton based device focusing
on the energetic exchange between the joints during level ground walking. We then examined the
effects of the exoskeleton device on the subject at the joint level. The results of a preliminary study
examining the effects of the novel device on joint kinetics, kinematics, and metabolic cost of walking
is presented and discussed.

4.2 Introduction
The discussion in Chapter 2 - Section 2.3.2 presented periods of the gait cycle where energy transfer
could occur at each joint and between joints. Continuing the discussion from Chapter 2, gait assistance
from a passive autonomous exoskeleton could be achieved by supplementing the spring like behavior
of the biological tissue at each joint. For the ankle joint, which exhibits spring like behavior during
stance and push-off [97], an extension spring positioned in parallel with the plantar-flexors could
potentially store the energy from the A1 period (stance phase) and return the energy during the A2
period (push-off phase), Figure 4.1.

*Preliminary results of this study were presented at Dynamic Walking 2015, Columbus, OH, USA
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Figure 4.1: Average (solid line) joint power profiles for the ankle, knee, and hip joints normalized
by body mass. The (dashed lines) represent the standard deviation. The periods of positive joint
power are in red while the negative joint power periods are in black. The vertical line indicates
the toe-off event, as labeled. This figure was generated using a dataset for adult walkers[65] and
is included here for reference. The following chapter will also make references to the periods
highlighted in this figure
Conversely, a compression spring placed in parallel with the dorsi-flexors could provide a similar
function. While the current discussion will focus on the implementation of extension springs, there are
numerous design configurations that would achieve the same function at each joint using a variety of
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springs. The knee joint exhibits a spring-like behavior during the first 0-30% period of the gait cycle
where it first experiences a period of negative joint work, K1 as the knee flexes for weight acceptance.
This immediately precedes the period of positive joint work K2 where the knee extends during midstance. An extension spring in parallel with the knee extensors could support the knee joint during this
phase of the gait cycle. An extension spring of moderate stiffness could be positioned in parallel with
the hip flexors to store the energy during hip extension (H2) and return the energy to support hip flexion
during the swing phase (H3).
While numerous active exoskeletons were developed and are currently in development for gait
assistance using a single joint approach, only a few passive exoskeletons have been developed and
tested at the current time. A passive hip exoskeleton using leaf springs in parallel with the hip flexors
to assist hip flexion during swing recently (2016) emerged from the Delft University of Technology
[50]. The passive hip exoskeleton significantly increased the metabolic cost of walking by ~0.8W/kg
(+24%) at a walking speed of 1.25m/s and 1.07W/kg (+41%) at 1m/s relative to the subject’s normal
walking at the respective speeds. The increase in metabolic cost was attributed to the device mass
(4.5kg), altered gait, and increases in muscle activity [50]. The author suggested that training was
required for the (one) subject to utilize the assistance from the leaf springs.
For the knee joint, an exoskeleton was developed by [134] that began using a leaf spring on the
posterior aspect of the knee joint resulting in a net rotational stiffness of 160.43Nm/rad at a total mass
of 1.6kg. While no subjects were tested using the device for walking, hopping at 132BPM demonstrated
an increase in knee joint stiffness while wearing the device [134]. Unfortunately, no energetic results
were found in the study and the authors went on to develop active and quasi-passive exoskeletons. A
similar knee joint assistive exoskeleton device using a torsion in-place of the leaf spring was developed
by [93], [135], [136]. The preliminary results of the quasi-passive knee exoskeleton demonstrated a
metabolic reduction of 5% with full assistance relative to 0% assistance at average walking speed of
1.25m/s [136].
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The spring-like mechanism of the ankle is the most popular as the ankle is responsible for the
majority of the positive propulsive energy during walking [66], [98]. A passive ankle exoskeleton by
[39], [137]–[139] was the first passive exoskeleton device to successfully reduce the metabolic cost of
level walking. The device positions an extension spring in parallel with the plantar-flexors which
converts the kinetic energy from ankle dorsi-flexion to elastic potential energy (A1 period) and
subsequently returns the potential energy during the A2 period to support ankle push-off. A passive
mechanical clutch was implemented to engage the spring during the A1-A2 phases while releasing the
spring to not inhibit natural gait kinematics such as ankle dorsi-flexion during the swing phase. The
passive ankle exoskeleton demonstrated a metabolic reduction of ~0.2W/kg (7.2%) from normal level
ground walking using optimal device parameters at an exoskeleton spring stiffness of 180Nm/rad.
In addition to individual joint assistance, inter-joint energy pathways may also exist. As previously
discussed in Chapter 2, one of these paths may exist between the ankle and knee joint as ~37% of the
positive energy performed by ankle (A2) may be absorbed at the knee joint (K3). In the physiology of
the human leg, this function of inter-joint energy transfer could be performed by bi-articular muscles
such as the gastrocnemius for the transfer between the ankle and knee joints. While there exist a handful
of passive exoskeletons that support individual joints, there are only two known exoskeletons and one
prosthesis to date that have attempted an inter-joint energy transfer approach. The first passive
exoskeleton connected the ankle and hip joint together using an exotendon and pulley system that
spanned the leg [48], [49]. This exoskeleton was a realization of a simulated exotendon device
configuration to minimize joint moment and did not facilitate the transfer of energy between the ankle
and hip joints [58]. The authors noted that primary function of the device assisted the ankle joint during
push-off [58]. Contrary to the simulation results that suggested a potential energetic reduction in
metabolic cost of walking, the exoskeleton demonstrated significant increases in metabolic cost of
21.2% - 35.9±10.6% relative to a non-assisted condition [48], [49]. Unfortunately, the studies did not
provide the numerical values for the difference in metabolic cost but an estimate of the increase relative
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to the normal walking condition would be ~0.9W/kg (29%) for the latest version [48]. This estimate
was generated based on the figure and scale provided in the study [48]. The authors attributed the
increase in metabolic cost to the device mass, subject adaptation, and mechanical impedance to the
subjects’s natural gait [48], [49]. The second exoskeleton implemented bi-articular springs across the
hip and knee joint to facilitate leg swing [131], [140], [141]. While the exoskeleton was unable to
reduce the metabolic cost of walking, the exoskeleton reduced muscle activity of the bicep femoris and
semitendinosus (hamstrings) during swing [131], [140], [141] and the rectus femoris activity during
early stance [140] . The most recent study reported that the subjects preferred to walk with a wider
stance when the springs were connected on the exoskeleton which increased metabolic cost [131].
Although the exoskeleton incorporates bi-articular springs that cross the knee and hip, it does not
transfer energy between the joints but facilitates leg swing based on principles of passive dynamic
walking [142].
The final device is reviewed here due to its inter-joint functionality but is not a passive exoskeleton.
The WalkMECH, is a trans-femoral prosthesis that attempted to passively capture the energy of the A1,
K3 and K4 periods of negative ankle and knee joint work to be returned in assisting the ankle joint
during push-off in A2 (Figure 4.1) [94]. The prosthesis used multiple springs with a slider locking
system to change the spring configuration during the gait cycle [94]. The prosthesis was seen to restore
the majority of ankle and knee joint kinematics to that of a natural gait for a single subject [143].
However the prosthesis was unable to demonstrate energy transfer at the knee joint because the knee
was kept straight in hyper-extension for load bearing during the stance phase [143]. The subject was
required to swing their hips more to ensure that the prosthesis was in hyperextension prior to heel-strike
[143]. Metabolic cost of walking with the WalkMECH was not reported in the study. Although the
WalkMECH is seen to use the inter-joint energy transfer in application for a prosthesis, the approach
taken by the WalkMECH is different than the current framework. The current framework proposes that
a portion of the positive work in A2 is used to flex the knee which generates the negative knee joint
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work, K3. The current framework also suggests that the energy originates from negative ankle joint
work, A1 (Figure 4.1). The purpose of this work is to develop and systematically evaluate a new passive
lower limb exoskeleton to improve human walking economy. The evaluation of the exoskeleton
examines the effect of each sub-assembly and the sum of their effects on the overall performance on
joint kinetics and kinematics, as well as the subjects’ energy expenditure during walking.
4.3 Design objectives
While the previously discussed passive exoskeletons showed potential for assisting human walking,
only the single joint passive ankle exoskeleton was successful in improving walking economy[39],
[137]–[139]. Based on the review of previous passive devices, two limitations appeared to be common
among those that did not demonstrate improvements in walking economy: 1) device mass, and 2) device
transparency. Device transparency is a general term used to describe the integration of the exoskeleton
such that it feels like a natural extension of the subject [144].
The following is a list of specific design objectives for the exoskeleton developed:
1) Device “actuation” should be passive
2) The device must be comfortable to wear
3) The device must be light weight with the majority located near the COM of the subject to reduce
energetic penalty (increase in metabolic cost)
4) The device must not restrict or interfere with the subject’s natural walking motion
5) As a starting point, the resulting assisting joint moment should be 10% of the natural ankle joint
moment.
6) Improve the subject’s walking economy (metabolic cost) due to assistance across the ankle and
knee joints.
Objective 2 was not quantified in this current experiment but subject comfort was assessed during
design iterations of the exoskeleton interface. The results and discussion presented in this chapter
correspond with the evaluation of the first version of the passive ankle-knee exoskeleton regarding
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objectives 3-6. Objective 5 was developed based on a previous study that found an optimal propulsive
force of 10% bodyweight (BW) reduced the metabolic rate of walking by ~47% [118]. For normal
walking, the propulsive force between each step is generated by the ankle joint during push-off (A2,
Figure 4.1). An alternative option was ~20% ankle moment contribution based on the simulation study
of applying exotendons (e.g. mechanical elastic elements) for exoskeleton assistance in human walking
[58]. The study revealed that the optimal ankle joint moment assistance for improving the subject’s
walking economy is approximately 21% [58]. However, the results of the simulation study were not
experimentally confirmed. In consideration of both studies, the initial goal of providing 10% ankle joint
moment seemed appropriate as it was based on experimental results and while it is not a direct
conversion (10% BW force to ankle joint moment), it did provide a starting point in the design process.
Although the overall goal was to develop a full lower limb exoskeleton, the concept of ankle to knee
energy transfer was evaluated first prior to developing a full lower limb exoskeleton. This is emphasized
by objective 6. Full lower limb assistance in this context implies that all three lower limb joints (ankle,
knee, and hip) are assisted.
4.3.1 The exoskeleton – device overview
The passive ankle-knee exoskeleton or for simplicity exoskeleton version 1, worn by a subject
for the spring engaged (Spr) walking condition is presented in Figure 4.2.
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Figure 4.2: Passive ankle-knee exoskeleton (version 1). The exposed segments of the inner
Bowden cable (diam. =0.36mm) are highlighted (blue) for clarity. In the current pose the left
spring is under tension while the right spring is not.
Exoskeleton version 1 was built using commercially available parts and material on hand for
ease of fabrication and development. The current design originated from the concept of developing an
exoskeleton testbed for future research where additional hardware may be required. This concept led
to the use of the backpack frame which provided a solid frame on which to mount hardware while
maintaining the mass close to the COM (objective 1). To provide the spring assistance across the ankle
and knee joint a Bowden cable was used such that the force in the spring could bypass the hip joint.
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The function of the Bowden cable can be observed by examining the brake lever of a standard bicycle.
To secure the distal end of the Bowden cable to the leg, a custom harness system composed of nylon
webbing was used (thigh interface). A harness system was chosen over a rigid structure to reduce the
overall device mass (objective 1) and mechanical impedance due misalignment of the mechanical joints
and the biological joint (objective 4). This utilizes the natural joints of the leg and allows the assistance
from the cable to find a natural line of action. Cost and ease of fabrication were also determining factors.
The linear guide rail provided symmetric adjustment of the spring tension for both legs while fine tuning
and balance was achieved using the barrel adjusters.
The spring stiffness, lever length of the foot interface, and thigh interface location were selected
based on a simple kinematic simulation. A sample of the simulation result is provided in Appendix B.
The simulation was driven by the lever length of the foot interface which was set to 0.3m to minimize
the spring stiffness and spring force required to generate the desired 10% ankle moment. A minimum
spring force was desired to reduce the compressive load at the thigh. The 0.3m length of the lever was
observed to be the maximum length that would be reasonable for human walking from initial bench
tests. An additional variable considered in the simulation was the location of the thigh interface. The
simulation shown that a spring stiffness value within the range of 450N/m and a thigh interface location
of ~3cm above the knee joint could achieve the desired 10% contribution to the ankle moment. The
final spring stiffness of 448N/m was selected based on commercial availability. The foot interface was
created by modifying a commercial ankle brace (Gen2 Short pneumatic walker, Ovation Medical). The
ankle brace was chosen to reduce the fabrication and material costs. The mass of the ankle braces was
reduced by removing non-structural material and the shank component. The aluminum levers of the
foot interface were angled by 30degrees from horizontal to prevent scuffing with the ground with
consideration of the simulation results. Scuffing was identified as a potential issue in an earlier
prototype. The padding of the commercial braces was used to maintain comfort and spacing between
the subject’s foot and the plastic shell of the foot interface. The mass breakdown of the three main
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assemblies on the exoskeleton are listed in Table 4.1. The mass of each assembly was measured using
a scale (Taylor, model: 3865BL).
Table 4.1: Mass of exoskeleton assemblies. The harness assembly consists of the material from
the thigh interface to the belt of the backpack shown in Figure 4.2. The backpack assembly
contains the rest of the hardware including the Bowden cable.
Description

Mass (kg)

Foot interface

0.72 (x2)

Backpack assembly

2.25

Harness assembly

0.19

DEVICE TOTAL

3.88

4.3.2 Device function
During push-off, the biarticular function of the gastrocnemius can generate ankle plantarflexion and knee flexion in a single contraction. From the kinetics perspective, this would serve as the
path for the transfer of energy from the A2 period at the ankle joint to the K3 period at the knee joint.
Exoskeleton version 1 supports this function using a spring that crosses the ankle and knee joint in
parallel with the shank segment. The timing and function of the exoskeleton is illustrated in Figure 4.3
by the force profile of the spring during a gait cycle.
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Figure 4.3: Functional timing of exoskeleton (version 1). Average spring force profile from
subject data. Peak assistive force occurs at push-off to assist plantar-flexion and knee flexion. The
timing of the force profile was generated solely by to the natural kinematics of the joints during
level walking while peak force could be adjusted based on initial spring load and spring stiffness.

4.4 Experimental testing and analysis
The experiment was setup to examine the effects of three device parameters on the subject’s
walking economy as well the kinetics and kinematics of the lower limbs. The three device parameters
examined were: 1) device mass, 2) foot interface, and 3) the spring assistance at the ankle and knee
joint. The first two parameters examined the effects due to design choices while the third parameter
examines the proposed concept of energy transfer from the ankle joint to the knee. The effects of the
foot interface were examined based on the observation of the curved profile of the sole. The metrics
used to evaluate the effects of each device component during level treadmill walking were:
•

Step-length

•

Joint range of motion (ankle, knee, hip)

•

Joint moment (ankle, knee, hip)

•

Joint power (ankle, knee, hip)
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•

Joint work (ankle, knee, hip)

•

Metabolic cost

The effects of the three device parameters were evaluated by comparing these metrics across four
walking conditions: normal (N), weighted (W), unassisted (NoSpr), and spring assisted (Spr).
4.4.1 Experimental protocol
Eight healthy male subjects with no known gait abnormalities were recruited for the study (age:
25.5±2.7yrs, height: 1.77±0.04m, mass: 72.8±10.6kg). Each subject walked on a force instrumented
treadmill (Tandem Treadmill, Advanced Mechanical Technology, Inc.) at 1.25m/s. Each walking
condition lasted 10 minutes with a rest period of 10 minutes between trials. The order of trials was
randomized for each subject to reduce experimental bias. Each subject received 10 minutes of
acclimation with the exoskeleton in condition (S), Figure 4.2. Acclimation was performed 24 hours
prior to data collection to allow the subjects to become familiar with walking on the instrumented
treadmill and with the device. Only data from the right leg were collected as limb symmetry was
assumed. This study was granted ethics approval by the Queens University ethics board.
A 7-camera motion capture system (Qualisys Track Manager, Qualisys AB.) and a force
instrumented treadmill (Tandem Treadmill, Advanced Mechanical Technology, Inc.) were used to
collect the lower limb kinematic and kinetic data at 200Hz and 1000Hz, respectively. Marker locations
for tracking limb segment motion are shown in Figure 4.2. Additional markers were placed on the
device at the cable attachment on the lever of the foot interface and thigh interface buckle to track the
orientation (line of action) of the inner Bowden cable. A static standing trial was collected prior to each
walking condition to measure the subject’s mass and static joint angles in the standing pose. Limb
segment parameters were determined using the parameters from [145]. A single axis 50kg load cell
(CZL204E, Phidgets Inc.) mounted in series with the spring of the right leg to measure the force. The
load cell signal was amplified and conditioned using a DMD4059, Omega Engineering Inc. Load cell
data was recorded through the USB-2533 DAQ (Qualisys AB) and synchronized using the Qualisys
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Track Manager (QTM, Qualisys AB). Treadmill force data and 3D marker position data were low-pass
filtered using a 4th order, zero-phase, Butterworth with cut-off frequencies of 24 and 12Hz,
respectively. The heel-strike strike event was identified using a vertical ground reaction force threshold
of 10N.
The normal condition (N) was used as the baseline condition where subjects walked without
the exoskeleton. A modified Cleveland clinic marker set was used for this condition. A standard running
shoe model (New Balance, model: 880-v3, mass per = ~0.35kg) was fitted to each subject’s foot size for
the normal (N) and weighted (W) conditions. In the weighted (W) condition, the subjects donned the
exoskeleton except for the foot interface. Instead, the mass of the foot interface was matched using a
custom weighted insole placed into the running shoe. The weighted insole was fabricated from a 0.0625”
lead sheet cut to match an insole profile using a template (Odor-Eaters insole template, Blistex Inc.). The
thickness of the lead sheet was selected based a CAD model of the weighted insole such that combined mass
(shoe plus insole) would match that of the foot interface. The combined mass of the running shoe and weighted
insole was 0.71kg which closely matched the foot interface (0.72kg, Table 4.1). Due to the additional volume
filled in by adding the weighted insole, some subjects wore running shoes that were a half-size larger than their
self-report shoe size. This was based on the subject’s preference. The effects of the foot interface were
determined in the unassisted condition (NoSpr) where the subjects wore the exoskeleton without the spring
connected to the lever at the foot interface. In the spring assisted condition (Spr), subjects wore the passive ankleknee exoskeleton with the spring connected as shown in Figure 4.2.
4.4.2 Analysis
In the following analysis, all data were averaged over a minimum of 10 consecutive gait cycles
unless otherwise stated.
Metabolic cost
Overall effects of the device on subject energetic expenditure during the walking trials was
estimated from the open-circuit respirometry data measured using the K4b2 system (COSMED, Co.).
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These measurements were converted into a rate of energy expenditure (metabolic rate) using a modified
Brockway equation [146], Eq. (4.4.2.27). The metabolic rate was averaged over a 2 minute window (68 minute period) for each trial to ensure metabolic steady-state was achieved [147], [148]. The net
metabolic rate was calculated by subtracting the resting metabolic rate measured from a quiet standing
trial and normalized to the body mass.
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =

𝑘𝑘𝑘𝑘
̇ 2 +4.51�𝑘𝑘𝑘𝑘�∗𝑉𝑉𝑉𝑉𝑉𝑉
̇ 2
16.58� �∗𝑉𝑉𝑉𝑉
𝐿𝐿

60∗𝑀𝑀

𝐿𝐿

(4.4.2.27)

̇ 2 and 𝑉𝑉𝑉𝑉𝑉𝑉
̇ 2 are the volumetric flow rates of oxygen and carbon dioxide (L/min), M
Where, 𝑉𝑉𝑉𝑉

is the subject’s mass (kg), and Pmetabolic is the metabolic rate of energy expenditure (W/kg).
Joint kinematics, kinetics and contribution of spring assistance

Limb segment coordinate system and joint angles definitions follow the ISB standards [67].
The range of motion (ROM) of each joint was calculated as the difference between the maximum and
minimum joint angle values.
Joint moments, power and device contribution were determined using the inverse dynamics
method. Details of the update to the limb segment model with the exoskeleton are provided in Appendix
B. The peak values during the interval from push-off to terminal swing were compared as a measure of
the changes in joint kinetics corresponding with the potential effects of spring assistance.
To evaluate the effects of spring assistance on joint kinetics, the joint kinetics was separated
into net and biological contributions in the spring assisted condition (Spr). The net joint kinetic value,
i.e. joint moment and joint power, is the total kinetic value performed at the joint complex to generate
the joint kinematics. For example, the ankle joint moment during push-off would be supported by the
plantar-flexors and the spring that is attached in parallel with the plantar-flexors. The standard inverse
dynamics approach provides the net or total ankle moment at the ankle joint but the solution is
indeterminant as it is not possible to distinguish the individual muscle contribution to the joint moment.
In this scenario, the ankle moment is a sum of the contributions from the plantar-flexors (biological
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contribution) and the spring (device contribution). Since the spring tension was measured, it was
incorporated into the link segment model for inverse dynamics to determine the biological contribution
to joint kinetics, e.g. joint moment. This is analogous to measuring the force contribution of one of the
muscles.
Contributions of the spring assistance to joint kinetics were determined by subtracting the
biological contribution from the net joint kinetics (numerator of Eq.(4.4.2.28)). The spring
contributions were then expressed as a percent (%𝛥𝛥) of the net joint kinetic value using the following
equation:
%𝛥𝛥 =

𝐽𝐽𝐽𝐽𝐽𝐽(𝑆𝑆𝑆𝑆𝑆𝑆−𝑁𝑁𝑁𝑁𝑁𝑁) − 𝐽𝐽𝐽𝐽𝐽𝐽(𝑆𝑆𝑆𝑆𝑆𝑆−𝐵𝐵𝐵𝐵𝐵𝐵)
× 100%
𝐽𝐽𝐽𝐽𝐽𝐽(𝑆𝑆𝑆𝑆𝑆𝑆−𝑁𝑁𝑁𝑁𝑁𝑁)

(4.4.2.28)

Where 𝐽𝐽𝐽𝐽𝐽𝐽(𝑆𝑆𝑆𝑆𝑆𝑆−𝑁𝑁𝑁𝑁𝑁𝑁) is the net value of the joint kinetics, i.e. moment or power, and 𝐽𝐽𝐽𝐽𝐽𝐽(𝑆𝑆𝑆𝑆𝑆𝑆−𝐵𝐵𝐵𝐵𝐵𝐵) is the
value of the biological contribution. In the absence of the spring for example, conditions (N), (W), and
(NoSpr), the 𝐽𝐽𝐽𝐽𝐽𝐽(𝑆𝑆𝑆𝑆𝑆𝑆−𝑁𝑁𝑁𝑁𝑁𝑁) and 𝐽𝐽𝐽𝐽𝐽𝐽(𝑆𝑆𝑆𝑆𝑆𝑆−𝐵𝐵𝐵𝐵𝐵𝐵) are equal as there is no assistance from the spring. In

relation to the previous example of ankle joint moment during push-off, the net or total ankle joint

moment is 𝐽𝐽𝐽𝐽𝐽𝐽(𝑆𝑆𝑆𝑆𝑆𝑆−𝑁𝑁𝑁𝑁𝑁𝑁) which is determined from the standard inverse dynamics approach with the
link segment model. The contribution of the plantar-flexors to the ankle joint moment is 𝐽𝐽𝐽𝐽𝐽𝐽(𝑆𝑆𝑆𝑆𝑆𝑆−𝐵𝐵𝐵𝐵𝐵𝐵)

which is computed from an updated link segment model that includes the spring.
Joint work

The average positive and negative mechanical joint work were calculated as the time integral
of the positive and negative joint power profiles, respectively. The total positive and negative limb
work was defined as the sum of the positive and negative joint work. The method follows from that
presented in [149] and summarized by Eq. (4.4.2.29) and (4.4.2.30).
+
𝑊𝑊𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗
= � 𝑃𝑃𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 𝑑𝑑𝑑𝑑, 𝑡𝑡 ∈ �𝑃𝑃𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 (𝑡𝑡) > 0�
−
𝑊𝑊𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗

= � 𝑃𝑃𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 𝑑𝑑𝑑𝑑, 𝑡𝑡 ∈ {𝑃𝑃𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 (𝑡𝑡) < 0}
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(4.4.2.29)

+
+
𝑊𝑊𝐿𝐿𝐿𝐿𝐿𝐿
= � 𝑊𝑊𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗
, 𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 ∈ {𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘, ℎ𝑖𝑖𝑖𝑖}
−
𝑊𝑊𝐿𝐿𝐿𝐿𝐿𝐿

=

−
� 𝑊𝑊𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗

(4.4.2.30)

, 𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 ∈ {𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘, ℎ𝑖𝑖𝑖𝑖}

+
−
is the positive mechanical work performed at the joint, 𝑊𝑊𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗
is the negative
Where, 𝑊𝑊𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗

+
is the total
mechanical work performed at the joint, 𝑃𝑃𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 is the mechanical power at the joint, 𝑊𝑊𝐿𝐿𝐿𝐿𝐿𝐿

−
positive mechanical work performed by the leg joints, and 𝑊𝑊𝐿𝐿𝐿𝐿𝐿𝐿
is the total negative mechanical work

performed by the leg joints.
Statistical analyses

Repeated measures ANOVA was performed using SPSS Statistics software (IBM SPSS
Statistics for Windows 64-bit, Version 24, IBM Corp. Armonk, NY: IBM Corp.). Statistical significant
was set to p<0.05 (Greenhouse-Geisser) and post-hoc pairwise comparisons were conducted using a
Bonferroni correction with significance set at p<0.05. The Least Significant Difference (LSD)
correction was applied for the hip joint mechanical work metric because the Bonferonni correction was
unable to identify the significantly different paired conditions that were identified by the ANOVA
analysis.

4.5 Results
4.5.1 Metabolic, step-length, and range of motion
The change in metabolic cost was compared between each condition to determine the
contributing effects of device mass, foot interface, and spring assistance on the subject’s walking
economy. Step-length and ROM of the lower limb joints were examined to determine if there were
significant changes in the subject’s walking kinematics. A summary of these results is presented in
Table 4.2. A summary of subject specific data is provided in the Appendix B.
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Table 4.2: Average (S.D.) of metabolic cost, step-length, and range of motion for each condition.
<*> indicates a significant difference from (N) and <Δ> for a significant difference from (W). The
step-length was normalized to subject’s height and are therefore non-dimensional or unit less
(u.l.)
Metric

Units

Metabolic

W/kg

3.531 (0.230) 3.686 (0.203)

Step-Length

u.l.

0.405 (0.026) 0.405 (0.024)

0.396 (0.024) *Δ 0.393 (0.027)

Hip (rad)

0.870 (0.112) 0.836 (0.046)

0.814 (0.058)

0.812 (0.077)

Knee (rad)

1.244 (0.060) 1.238 (0.064) *Δ 1.126 (0.076)

*Δ 1.119 (0.042)

Ankle (rad)

0.575 (0.074) 0.577 (0.066)

ROM

N

W

Conditions
NoSpr
* 4.133 (0.498)

0.568 (0.053)

Spr
* 3.978 (0.410)

0.519 (0.046)

The device mass and foot interface penalized the walking economy of the subjects. The device
mass incurred a slight metabolic penalty and the foot interface significantly increased the metabolic
penalty by 0.446±0.130 W/kg (NoSpr vs W, p=0.066). The combined effect of these penalties resulted
in a significantly higher metabolic cost of walking (NoSpr vs N, p=0.025). When spring assistance was
added, a decrease in metabolic cost was observed (Spr vs NoSpr, p=0.170), however the spring
assistance was unable to overcome the metabolic penalty from the device mass and foot interface. The
overall metabolic cost remained significantly higher than normal (0.446 ± 0.114W/kg, p=0.034).
The average step-length decreased with the addition of the foot interface in the unassisted
condition (NoSpr) relative to the normal (N) and weighted (W) conditions. This can be attributed to the
reduction in knee joint ROM relative to the normal (p=0.009) and weighted (p=0.015) conditions. With
the addition of the spring across the ankle and knee joint in the spring assisted condition (Spr), steplength was further reduced and a significant difference was observed relative to the normal (N, p =
0.007) and weighted (W, p = 0.003) conditions. The joint angle waveforms for a representative subject
are presented in Figure 4.4.
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Figure 4.4: Average joint angles of a subject for each condition. The standard deviation lines were
not included for clarity. The (+ve) sign convention represents: ankle dorsi-flexion, knee extension,
and hip flexion.
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4.5.2 Mechanical joint work and leg work
The overall effects of the exoskeleton device on the leg can be expressed by the average
positive and negative mechanical joint work and leg work for each trial condition presented in Table
4.3. The relative contribution of each device parameter is determined using pairwise comparison while
the overall contributions are compared to the normal condition (N).
The device mass had no significant effects on the mechanical work performed by the leg despite
the decrease in negative work performed by the hip joint (p = 0.013). In contrast, the foot interface
increased the mechanical work performed by the ankle (p=0.002) which contributed to the increase in
negative leg work (NoSpr vs W: p = 0.001, NoSpr vs N: p=0.037).
With spring assistance (Spr-NET), the negative work performed by the ankle joint due to the
foot interface decreased (Spr-NET vs NoSpr, p = 0.014). However, the negative mechanical work
performed by the ankle joint remained larger than that of normal walking (Spr-NET vs N, p = 0.009).
The spring assistance also reduced biological contributions to positive ankle joint work (Spr-BIO vs
Spr-NET, p<0.001) but increased the negative work performed by the leg (Spr-BIO vs Spr-NET,
p=0.001).
Overall (Spr-Bio vs N), the exoskeleton reduced positive work performed by ankle joint work
(p=0.010) and negative work performed by the hip joint (p = 0.017). However, it increased the negative
work performed by the ankle (p=0.010) and the positive work performed by the hip (p=0.008).
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Table 4.3: Average (S.D.) positive and negative mechanical joint work leg work. Significant differences of the pairwise comparisons relative
to the conditions (N), (W), (NoSpr), and (Spr-NET), are identified by <*>, <Δ>, <⁂>, and <●> respectively.
Metric

Joint
Work
(J/kg)

Leg Work
(J/kg)

Joint

N

W

NoSpr

Spr-NET

Spr-BIO

Ankle +ve

0.147 (0.027)

0.157 (0.030)

0.128 (0.023)

0.121 (0.016)

*● 0.111 (0.016)

Ankle -ve

-0.163 (0.028)

-0.166 (0.033)

*Δ -0.290 (0.035)

*Δ⁂ -0.248 (0.034)

*Δ⁂ -0.247 (0.035)

Knee +ve

0.101 (0.023)

0.102 (0.022)

0.091 (0.029)

0.090 (0.026)

0.087 (0.025)

Knee -ve

-0.171 (0.044)

-0.163 (0.031)

-0.176 (0.018)

-0.166 (0.039)

-0.173 (0.040)

Hip +ve

0.242 (0.082)

0.295 (0.083)

0.308 (0.062)

* 0.316 (0.085)

* 0.316 (0.085)

Hip -ve

-0.080 (0.041)

* -0.041 (0.021)

* -0.055 (0.041)

* -0.045 (0.030)

* -0.045 (0.030)

Leg +ve

0.490 (0.090)

0.553 (0.061)

0.527 (0.049)

0.527 (0.072)

0.514 (0.073)

Leg -ve

-0.413 (0.083)

-0.370 (0.059)

*Δ -0.520 (0.052)

-0.458 (0.073)

Δ● -0.464 (0.073)
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4.5.3 Joint moment and power
In the following sections, the net and the biological contributions to joint kinetics in the spring
assisted condition (Spr) are identified by the suffix NET and BIO, respectively. The summary of the
peak joint kinetics is presented in Table 4.4. Sample waveforms of joint moment and joint power for a
subject is provided in Figure 4.5 and Figure 4.6, respectively. Subject specific results are available in
Appendix B. The relative contribution of each device parameter is determined using pairwise
comparison while the overall contributions are compared to the normal condition (N).
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Table 4.4: Average (S.D.) peak joint moment and power. The corresponding periods of peak joint power are identified in the second column.
Significant differences (p<0.05) for the pairwise comparison relative to conditions (N), (W), (NoSpr), and (Spr-NET) are identified by <*>,
<Δ>, <⁂>, and <●> respectively.
Metric

Joint

Peak
Flexion
Moment
(Nm/kg)

Ankle

-1.347 (0.070)

-1.362 (0.063)

-1.303 (0.105)

*⁂ -1.458 (0.097)

● -1.424 (0.097)

Knee

-0.341 (0.091)

-0.357 (0.104)

-0.292 (0.108)

-0.320 (0.095)

● -0.311 (0.094)

Hip

0.643 (0.263)

0.471 (0.140)

0.415 (0.147)

* 0.395 (0.178)

* 0.395 (0.178)

Ankle A1

-0.925 (0.328)

-0.960 (0.357)

*Δ -2.610 (0.402)

Ankle A2

2.295 (0.349)

2.411 (0.441)

2.162 (0.402)

2.125 (0.290)

1.973 (0.299)

Knee K3

-0.749 (0.370)

-0.698 (0.291)

-0.627 (0.317)

-0.591 (0.256)

-0.677 (0.263)

Knee K4

-0.913 (0.143)

-0.882 (0.095)

-0.864 (0.167)

-0.868 (0.217)

-0.863 (0.219)

Hip H2

-0.554 (0.226)

-0.393 (0.137)

-0.392 (0.210)

* -0.336 (0.196)

* -0.336 (0.196)

Hip H3

0.584 (0.217)

0.589 (0.176)

0.622 (0.159)

0.622 (0.190)

0.622 (0.190)

Peak
Power
(W/kg)

N

W

NoSpr
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Spr-NET

Spr-BIO

*Δ⁂ -2.252 (0.343) *Δ⁂● -2.201 (0.343)

Figure 4.5: Average joint moment of a subject for each condition The standard deviation lines
were not included for clarity. The arrows indicate the peak joint moment values compared
between trial conditions. Only the arrows corresponding with condition (N) are shown for clarity
The (+ve) sign convention represents: ankle dorsi-flexion, knee extension, and hip flexion.
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Figure 4.6: Average joint power of a subject for each condition. The standard deviation lines were
not included for clarity. The arrows indicate the joint power peaks compared between trial
conditions. Only the arrows corresponding with condition (N) are shown for clarity.
The peak flexion joint moment and joint power of the A1, A2, K3, K4, H2, and H3 period of
the joint power profiles (Figure 4.6) were compared across conditions. The comparison of the peak
values provides a better understanding of the mechanical function and performance of the exoskeleton
device from the statistical analysis. Alternative measures such as the average joint power were
considered however these metrics would not consider the timing of events. A better understanding of
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the mechanical function and performance would assist in future development and improvements of the
exoskeleton. The overall effects due to changes in joint kinetics during the gait cycle in relation to the
changes in metabolic cost are evaluated using the calculated mechanical joint work and leg work in the
next section.
There were no significant effects of the device mass on the peak flexion moments or peak joint
powers of the periods examined (W vs N, Table 4.4). The foot interface (NoSpr) caused a significant
increase in peak negative ankle joint power (A2) relative to normal (N, p<0.001) and weighted (W,
p<0.001) conditions. Spring assistance increased the peak ankle plantar flexion moment (Spr-NET vs.
NoSpr, p=0.026) and reduced the peak negative ankle power (A1) caused by the foot interface (SprNET vs. NoSpr, p=0.018). Although peak ankle power (A1) was reduced, the assistance from the spring
was not sufficient in reducing the overall effects from the foot interface (Spr-NET vs N, p<0.001).
There were no significant differences between the pairwise comparison of the peak hip flexion moment
or peak hip power (H2), but an overall effect from spring assistance (Spr-Net vs N) was to a decrease
in both metrics (hip flexion moment: p=0.033, H2: p=0.049).
Assistance from the spring reduced the biological contributions (Spr-BIO vs Spr-NET) to peak
ankle plantar-flexion moment (p=0.001) and knee flexion moment (p=0.001). It also assisted the ankle
joint in reducing the biological contributions to peak (A1) ankle joint power (p=0.001). The spring
assistance did not affect the biological contributions at the hip joint (Spr-BIO vs Spr-NET, p>0.05).
Although there was evidence of spring assistance at the ankle and knee joint, the overall effect of the
exoskeleton device (Spr-BIO vs N) increased the biological contributions to peak (A1) ankle joint
power (p<0.005) but reduced peak hip flexion moment (p=0.033) and peak (H2) hip power (p=0.049).
4.5.4 Contributions from spring assistance
A summary of the effects from the spring assisted condition is presented as percent contribution
to joint kinetics to evaluate the performance of the assistance at ankle and knee joint. The hip joint was
excluded from these tables as there was no relative contributions from the spring on the hip joint. These
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values represent the relative effective of the spring (Spr-BIO vs. Spr-NET) not the overall effect of the
device (Spr-BIO vs N). The significant differences from the pairwise comparison (Spr-BIO vs SprNET) are transcribed here for consistency. The contributions of the spring to the peak flexion moment
and peak joint power are summarized in Table 4.5.
Table 4.5: Average (S.E.) spring contribution to peak flexion moment and joint power. <*>
indicates a significant difference between (Spr-BIO) and (Spr-NET) metrics. A positive value
indicates a reduction in the biological contribution while a negative value indicates an increase.
Metric

Joint

Peak
Flexion
Moment

Ankle

* 2.371 (0.310)

Knee

* 3.022 (0.382)

Ankle A1

* 2.262 (0.277)

Ankle A2

7.134 (0.960)

Knee K3

-14.548 (1.197)

Knee K4

0.605 (0.178)

Peak
Joint
Power

%

The contribution from the spring to the average joint work are summarized in and Table 4.6.
Table 4.6: Average (S.E.) spring contribution to joint work. <*> indicates a significant difference
between the (Spr-BIO) and (Spr-NET). A positive value indicates a reduction in (Spr-BIO) from
(Spr-NET) while a negative value indicates an increase.
Joint

Positive (%)

Negative (%)

Ankle

* 8.271 (0.891)

* 0.411% (0.207)

Knee

3.971 (0.600)

-4.342% (0.301)

Leg

2.579 (0.277)

-1.347% (0.166)

Based on these summary tables, the spring had a larger contribution at the ankle joint in
comparison to the knee joint. Although the exoskeleton contributed to the peak plantar-flexion moment
at the ankle and the peak knee flexion moment, the performance did not achieve the expected 10%. The
exoskeleton achieved only ~25% of its designed function (2.4% vs 10% peak ankle flexion moment).
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4.6 Discussion
A systematic approach to testing a newly developed bi-lateral passive ankle-knee exoskeleton
was performed to determine the contributions of three device parameters towards the improvement in
walking economy. Examining the relative contributions due to the device parameters identifies the
parameters which require further refinement for the improvement of the overall performance.
4.6.1 Effects of device mass
The effects of carrying additional mass was viewed as a main limitation in the application of
prosthetics and exoskeletons which prevented the improvement in the subject’s energy expenditure [1],
[113], [114], [150], [151]. While active devices have the potential of overcoming the energetic penalty
from carrying additional mass by increasing energy input, i.e. power to weight ratio >1, a passive device
cannot supply any additional energy. To overcome this obstacle, passive devices must be made as light
as possible to achieve a reduction in energy expenditure relative to the subject’s normal walking. This
should be considered in the initial design stage of passive devices as overall effects may be confounded
by interactions of the various device parameters.
Although an increase in metabolic cost due to device mass was observed, the difference was
not significant (W vs N, p=0.135). The observed increase could be caused by the increase in positive
mechanical work and decrease in negative mechanical work performed by the leg. This was due to the
significant difference in mechanical joint work performed at the hip joint. Additional differences were
observed at the ankle joint but lacked statistical significance. The increase in positive mechanical work
performed at the ankle may indicative of a compensation mechanism between the ankle and hip [107].
A previous study examined the compensation between the ankle and hip joint by instructing and
training subject to walk with increased ankle push-off [152]. The study showed that increased ankle
push-off decreased hip muscle moments and power [152]. Examining the peak joint moments and peak
joint power (Table 4.4) confirms a decrease in peak hip flexion moment and power (H2) while peak
ankle flexion moment and push-off power (A2) increased (W vs N). Although observed changes at the
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ankle and hip joint appear to align with the findings of [152], other possible interactions may exist in
the weighted condition. These interactions are a topic for further investigation and a discussion is
provided in Section 4.6.5.
4.6.2 Effects of the foot interface
The overall effect of the foot interface reduced the subject’s walking economy as metabolic
cost significantly increased in the unassisted condition (NoSpr vs N). Although there was no significant
difference in metabolic cost between the weighted and unassisted conditions (NoSpr vs W), the function
of the foot interface contributes ~74% of the overall increase in energy expenditure (0.601±0.144W/kg,
p=0.025). This increase was caused by the effects of the foot interface on joint kinematics and kinetics.
Negative mechanical joint work at the ankle and knee joint increased while the positive mechanical
work decreased when walking with the foot interface (NoSpr vs W, Table 4.3). In contrast the negative
and positive mechanical work performed by the hip joint was seen to increase. One possibility for the
observed metabolic penalty is that the additional negative work performed is dissipated or absorbed at
the ankle joint. This would be absorbed or dissipated by the biological tissue, e.g. plantar-flexor muscletendon units. The dissipation of energy at the ankle joint may have disrupted the “catapult” action of
the ankle plantar-flexors [57], [74], [153] resulting in a decrease in muscle-tendon unit performance
and efficiency, leading to the significant increase in metabolic cost. This could also support the
observed increase in hip work based on the compensatory mechanisms between the ankle and hip joint
[107].
From the observed kinematics, the effects of the foot interface that led to the increase in
negative mechanical work at the ankle joint is caused the rapid change in ankle dorsi-flexion during
terminal stance as shown in Figure 4.7.
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Figure 4.7: Effects of foot interface on Ankle joint angles. The vertical lines represent the period
of terminal stance.
4.6.3 Effects of spring assistance.
The performance of the device was evaluated in the (Spr) condition where the analysis
distinguishes biological contributions from the net kinetics (Spr-BIO vs. Spr-NET). The additional
analysis highlighted additional effects such as peak knee joint flexion moment and positive ankle joint
work, which supports the observed reduction in metabolic cost from the unassisted condition (NoSpr).
The results of (Spr-BIO) and (Spr-NET) showed a significant contribution at the ankle joint in
providing 2.4% of the required peak plantar-flexion moment, 8.3% of the positive ankle joint work,
and 0.4% of the negative ankle joint work. In terms of design objective 5, the device was only able to
demonstrate a 2.4% contribution of the ankle flexion moment at push-off instead of the desired 10%
(24% performance). However, the 10% objective value was derived from an assisting propulsive force
applied at the COM by an external system and may not directly translate to a 10% ankle moment
assistance. Based on the results from the unassisted and assisted conditions (NoSpr vs Spr), the
combined 2.4% assistance in ankle flexion moment was significant and contributed to a decrease in the
metabolic cost. Although other factors contributed to the energetic reduction, these results suggest that
the required ankle moment assistance may be lower than the previous target of 10% in order to achieve
an energetic reduction in level ground walking.
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The spring assistance also provided a significant 3.0% support in knee joint flexion moment
(Table 4.5). However, this did not translate to significant effects in peak knee joint power or knee joint
mechanical work. An increase of 14.54% in peak K3 knee joint power and 4.34% was observed but
was not found to be significant. Although increasing joint work has been considered to increase the
metabolic cost and reduce walking economy, these results present an alternative or extension of the
current perspective. From the framework proposed, the assistance in transferring energy from the period
of positive mechanical ankle joint work A2 to the period of negative knee joint work K3 results in an
increase in the biological contributions to negative knee joint work. This does not imply that the more
work is performed by the knee joint but an increase in mechanical work is performed on the knee joint.
As the spring acts to facilitate the energy transfer, this additional work is provided by the spring.
While spring assistance improved the subjects walking economy from the unassisted condition
(Spr vs. NoSpr), it could not overcome the negative effects caused by the foot interface. The overall
walking economy (Spr vs N) did not improve. Comparing the observed differences in metabolic cost,
the decrease with spring assistance (Spr vs NoSpr) was comparable to the incurred penalty due to the
device mass (W vs N, ~0.155W/kg). Although neither of the differences were significant, this suggests
that an improved walking economy may be achievable with future device improvements.
4.6.4 Summary from the design objectives
The following list is provided to summarize the results in relation to the design objectives 3-6
(Section 4.3):
3) The device was light weight and the mass and mainly located near the subject’s COM. This did
not significantly increase the metabolic cost walking (W vs N) but there was an effect on the
joint kinetics.
4) The overall effect of the exoskeleton version 1 affected the natural lower limb motion as the
subject’s step-length and knee joint ROM were reduced. (Spr vs N)
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5) The spring assistance was unable to provide the desired 10% peak ankle plantar-flexion
moment. However, the 2.4% provided at the ankle and 3.0% provided at the knee were
significant.
6) Although the subject’s walking economy was improved between the unassisted and assisted
conditions (Spr vs NoSpr), the overall effect of the exoskeleton (version 1) reduced the subject’s
walking economy (Spr vs N).
4.6.5 Limitations and future work
The main limitations within this experiment were due to the design of the exoskeleton (version
1) as it was not optimized for its application as the device mass was relatively heavy, the foot interface
was fabricated from modified ankle braces, and performance of the spring and Bowden cable system
did not achieve the desired 10% contribution to peak ankle joint moment. The device parameter that
had the largest effect was the foot interface. The curve profile of the foot (Appendix B) interface
significantly increased the metabolic cost by 0.601±144W/kg (NoSpr vs. N, p=0.025). While a portion
of the increase metabolic cost can be attributed to the mass of the exoskeleton components, ~74%
(0.446±130W/kg, NoSpr vs. W) of the increase in metabolic was due to the foot interface. Future design
work will focus on developing an improved foot interface. A second limitation due to the design was
the effects of the backpack. This could have been a contributing factor that caused the reduction in
negative hip joint work (W vs N, p=0.013). Based on results of hip joint kinematics (Figure 4.4), a
notable bias was observed where the average hip joint angle appears to shift towards increased flexion.
This only occurred in the conditions which applied the backpack frame. The most obvious cause of this
bias was the proxy coordinate system used to represent the pelvis segment. This was done to account
for the occlusion of the pelvis anatomical markers when the backpack was worn. An additional effect
of the backpack frame is the distribution of the load onto the hips. While some of the load is applied at
the shoulders, there is a potential effect of the backpack frame in relation to its position on the subjects.
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The lower frame section of the backpack is general located at the pelvis level and due to its structure,
it could have imposed a kinematic constraint on hip extension.
As discussed at the start of this chapter, the energetic penalty of device mass is critical to
improve the subject walking economy. A state of the art passive ankle exoskeleton reduced the effects
of the device mass such that there was no metabolic penalty from wearing the device [39]. Based on
the results of the weighted trial condition, a 0.155 ± 0.053W/kg is possible with further improvements
to the exoskeleton by reducing the mass and inertia. Majority of the device mass is located at the
backpack (~58%, 2.25kg of 3.88kg) and the foot interfaces (~37%, 2x0.72kg of 3.88kg). These were
also the two main limitations identified in this study. Although the mass of the foot interfaces is 0.72kg
each, the realistic mass reduction from improvements in the design and fabrication is 0.37kg. This is
the maximum mass attributed to the foot interface design as the remaining mass comes from the running
shoe (0.35kg). This estimate is based on the general notion that most commercial running shoes are
often designed to be as light as possible. Based on these estimates a maximum reduction of 2.99kg
(2.25kg + 2 x 0.37kg) is attributed to the exoskeleton.
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Chapter 5
A passive lower-limb gait assisting exoskeleton suit
The following chapter presents the development of the new exoskeleton suit for gait assistance
with design iterations following the results of the experiment for version 1 presented in the previous
chapter. In addition to the design improvements at the foot interface, thigh interface, and backpack, a
hip joint assistance assembly was incorporated with the device. This chapter presents and discusses the
development and changes made to the passive exoskeleton device which led to version 2, the passive
lower-limb gait assisting exoskeleton suit (or the “suit” for short). An experiment was conducted to
examine its effects on lower limb joint kinetics, kinematics, and metabolic cost as well as the
mechanical performance of the device during level treadmill walking.

*Preliminary results of this study were presented at Dynamic Walking 2017, Mariehamn, Finland
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5.1 Introduction
There have been numerous lower limb gait assisting exoskeletons developed over the past
century but it was not until recently that portable lower limb gait assisting exoskeletons [39], [154],
[155] were able to demonstrate a reduction in the user’s metabolic cost. This signified that exoskeletons
were effective in assisting the user in performing the prescribed task thereby reducing energetic
demands. The primary performance measure used to evaluate the overall efficacy of an exoskeleton is
the metabolic cost [1], where user exertion is estimated using the gas exchange rate of oxygen and
carbon dioxide. In general, an effective exoskeleton should reduce the user’s metabolic expenditure
while an ineffective exoskeleton would cause an increase [1]. While the metabolic cost provides a
global metric for determining exoskeleton efficacy, there are many factors that contribute to higher
metabolic costs which are not directly correlated with the performance of the exoskeleton. These factors
such as interactions at the user interface and transparency during operation are generally difficult to
quantify during normal operation due to sensor limitations and often examined in isolated testing
scenarios after initial mechanical performance metrics are met.
The metabolic cost alone is insufficient in identifying which device parameters are ineffective
or require improvement. Additional metrics, such as mechanical joint work, power, moment, and force
are necessary to determine the mechanical performance of an exoskeleton device. These metrics were
employed in testing the performance of device version 1 which identified several areas for
improvement: 1) foot interface, 2) efficiency of the biarticular assistance at the ankle and knee, and 3)
the backpack assembly. The design iterations for version 2 focused on improving these three areas of
the device.
One of the major limitations plaguing gait assisting exoskeletons of the past was the mass of
the devices [156]. The device mass was suggested by many developers as being the primary reason for
the observed increases in energy expenditure when implementing exoskeleton devices [1], [47], [49],
[56], [95], [156], [157]. While overall mass was a limiting factor, the mass location on the subject must
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also be considered. Recent work by [113] quantified the energetic penalty of carrying mass located at
varying distances relative to the subjects COM on the lower limbs. The study showed that distally
located mass had a higher energetic penalty in comparison to more proximally located mass [113].
However, the study also showed that the metabolic increase between mass added at the shank, a more
distally located segment, did not increase the energetic penalty in comparison to mass added at the thigh
[113]. The most significant increase in metabolic penalty due to additional mass was 0.2W per kilogram
added to the feet [113]. In contrast, the lowest energetic penalty was 0.045W per additional kilogram
carried at the waist [113]. While reducing the distally located mass was a main design objective in the
development of version 1, the design iterations leading to version 2 focused on reducing the overall
mass of the device, specifically at the backpack assembly since it was identified as the largest
contribution to device mass, Chapter 4.
The results from version 1 revealed a successful demonstration of joint assistance between the
ankle and knee joints as metabolic cost decreased in the spring assisted condition (Spr) from the nospring assistance condition (NoSpr). Although a metabolic reduction was demonstrated with spring
assistance, the mechanical performance of the device was below the expected values from simulation
(Chapter 4, Appendix). This indicated that there were losses due to inefficiencies in the device.
Additionally, the Bowden cable was observed to “wear out” by the end of testing which indicated that
there was a high contact force between the cable and the housing. In theory, this would increase the
resistance within the Bowden cable. The increase in resistance can come from additional friction as the
surface wears and due to a “pinching” effect if the cable were to cut into the housing. The two main
assemblies which could affect device efficiency in ankle-knee assistance were the Bowden cable
assembly and the thigh interface. Improvements were made to both assemblies in version 2. In
alignment with the original objective of developing a full lower limb gait assisting exoskeleton device,
a hip joint assistance assembly was introduced and evaluated in version 2. The new assembly aimed to
assist hip joint flexion during leg swing initiation at the start of the H3 period of hip joint power where
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positive work is performed (Chapter 2, Figure 2.4). As previously discussed in Chapter 2, applying a
spring in parallel with the hip flexors could potentially capture the negative work performed in the H2
period during single limb stance and to assist leg swing initiation during the H3 period. Assisting the
hip in performing positive work could result in metabolic savings [149]. Additionally, the hip joint
performs an equal share of the total positive leg work as the ankle joint during walking [149]. Therefore,
by assisting both the ankle and hip joints, which perform positive work and assisting the knee joint in
performing negative joint work during the gait cycle, a significant decrease in energetic expenditure
can be expected. A previous exoskeleton attempted a similar approach to passively assist hip flexion
using an extension spring to span the length of leg, connecting the ankle and hip joints [48], [49].
However, the exoskeleton was not effective in improving the subject’s walking economy during level
ground walking as metabolic cost significantly increased [48], [49]. Based on the analysis of joint
kinetics and kinematics presented in Chapter 2 and highlighted in Figure 5.4, the function of the hip
and ankle joint are not synchronized during the gait cycle. As a summary of the sequence of events, leg
motion originates at the ankle during push-off, followed by knee flexion then hip flexion. In terms of
the joint kinetics, the transfer of energy would originate from push-off and propagate proximally to the
hip [70], [158]. Therefore, the single-spring exoskeleton device by [48], [49] attempts to assist in this
energy transfer, it would dissipate the majority of its elastic spring energy at the ankle prior to providing
hip assistance. This may have been a contributing factor that could explain why the previous device
was unable to reduce the metabolic cost of walking. Contrary to the previous device by [48], [49], the
approach taken implemented two separate springs to assist the ankle-knee connection and the hip joint
independently. This approach accounts for the difference in timing of the ankle and hip joints. The
design of version 2 was modularized such that the level of lower limb assistance could be adjusted by
connecting or disconnecting the springs. The performance of each level of assistance (device
configuration) was evaluated to validate the proposed assistive methods and the improvements made
from version 1.
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5.2 Device overview
5.2.1 Device setup
Similar to version 1, version 2 (the suit) was comprised of nylon webbing straps to form the
main harness that interfaces with the user. The design of version 2 was focused on 5 main components,
1) foot interface, 2) adjustability of the ankle-knee spring, 3) thigh cuff, 4) harness system, and 5)
development of the hip assistance assembly. Following the same design process presented in the
previous chapter, each design iteration was followed by tests which comprised of walking with the new
iteration on a typical sports treadmill. Additional testing was performed for the hip assistance assembly
to determine the configuration of the hip elastomers. A difference in terminology is used here to
distinguish the steel extension springs used across the ankle and knee joint (ankle-knee spring) and the
elastomer material used across the hip joint (hip elastomer). The design process, discussion of the bench
tests, and iterations of the components are presented in the Appendix C. The final iteration of the suit
setup used for experimentation is illustrated in Figure 5.1. The realization in full configuration worn by
a subject is presented in the following Figure 5.2.
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Figure 5.1: Illustrative view of the passive lower limb exoskeleton suit in full configuration from
the right, back and front views (left to right). The amplifiers for the ankle-knee spring loadcells
were mounted to the battery unit of the K4b2 metablic unit (main unit not shown) due to the
length of the signal wires, while the amplifiers of the hip elastomers were suspended from a cable
harness above the capture volume. Foot marker clusters are not shown in the figure but are
included in Figure 5.2.
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Figure 5.2: The realized passive lower limb exoskeleton suit on a subject in the full configuration.
The signal wires of the loadcells were secured to the subject using tape (beige). The taping
locations were chosen to prevent tension in the signal wires during walking, occlusion of IR
markers, and were not on the bare skin of the subject. The tape was wrapped around the limb
segments with minimal tension to secure the wires but not reduce circulation. The IR markers
shown correspond with the marker locations shown in Figure 5.1 with the addition of the foot
marker clusters attached to the shoes. The anatomical landmarks of the knee and ankle joint are
occluded by the shank stirrup interface. The markers corresponding to these landmarks were
tracked by the respective marker clusters following a series of calibrations using a digitizing
wand.
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The mass of each system on the suit in comparison with the version 1 is shown in Table 5.1.
The mass of each system component was measured using a commercial scale (Taylor, model: 3865BL).
The overall mass of version 2 was reduced from by ~1.0kg from the previous version as the backpack
assembly was integrated into the harness system. Although the overall mass was reduced, distally
located mass increased with the new custom foot interface due to its material composition, a stainlesssteel alloy. The ankle-knee spring was the same as that of version 1 because it showed promising results
in the spring assisted condition and was chosen based on the previous simulation from Chapter 4 with
sample waveforms in Appendix B. Reflecting on the performance of the previous device (version 1),
indicated that the limited performance could be due to resistance within the Bowden cable assembly
and thigh interface rather than an improper spring selection. An elastomer was chosen for hip assistance
instead of a traditional steel spring due the flexibility and conformability of the elastomer. The
elastomer would also likely contact the subject’s thigh during each step so a soft material was a better
candidate. Unlike a traditional steel spring, the elastomer is not a “pinch point” risk. The elastomer
configuration was designed using bench-test results (Appendix C) to provide ~10% of the peak normal
hip flexion moment that occurs at ~50-60% GC.
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Table 5.1: Mass of each main system component of the suit in comparison with version 1. The
weighted insole for the weighted condition (W) was the same as that of Chapter 4.

Version 1

Suit (ver 2)

mass (kg)

mass (kg)

0.72 (each)

0.50 (each)

Backpack assembly

2.25

̶

Harness system

0.19

0.58

Extension spring assembly

̶

0.06 (each)

Shank stirrup interface

̶

0.16 (each)

Thigh interface

̶

0.070 (each)
̶

0.89 (each)

3.88

2.94

Description
Foot interface

Running shoe (Mondopoint: 280 = 10.5 US
men’s) & foot interface
DEVICE TOTAL
5.2.2 Device function

An overview of the device function is illustrated in Figure 5.3, where the spring tension
waveforms are presented in tandem with the joint angle waveforms. The hip elastomer experiences one
loading and unloading cycle over a gait cycle. The loading cycle for the hip elastomer occurs during
the stance phase starting at heel-strike and ending at toe-off or swing phase initiation. In comparison,
the ankle and knee spring experiences two loading and unloading cycles over a gait cycle. The first
loading occurs during stance starting shortly after heel-strike when the foot becomes flat on the ground.
This is also the main loading cycle where a significant amount of energy is converted to elastic potential
energy and stored in the spring. The spring is immediately unloaded to assist in push-off (~50-65 %GC),
supporting ankle plantar-flexion and knee flexion during this period. This is followed by the second
loading cycle which occurs during the swing phase where a smaller amount of elastic potential energy
is stored in the spring. A brief unloading period occurs at heel-strike when the ankle joint performs a
short plantar-flexion motion.
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Figure 5.3: (Bottom row) Spring loading during the gait cycle. (Top row) Joint of the three lower
limb joints. The shaded areas (blue) represent the loading phases where the hip elastomer or
ankle-knee spring are in a period of extension. The unshaded areas represent the phases of the
gait cycle when the springs contract (elastic potential energy return). These waveforms were from
a representative subject data with the suit in full configuration.
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5.3 Methodology
5.3.1 Experimental protocol
The experimental setup was designed to examine the effects of device mass and three
device configurations for passive walking assistance: 1) assistance across the ankle-knee joints
(AK), 2) assistance across the hip joint only (H), and 3) full assistance across all three joints (Full).
Similar to the testing of version 1, the following metrics were used to determine the effects of
device performance on level walking:
•

Metabolic cost to determine the overall effect on energy expenditure

•

Step-length

•

Joint range of motion (ROM)

•

Joint moment

•

Joint power

•

Joint work

The overall efficacy of the device was determined by the metabolic cost while changes in steplength and joint ROM would indicate changes in gait strategies. All subject testing was conducted
at the Human Mobility Research Lab (HMRL) at the Kingston Health Sciences Centre (KHSC),
Hotel Dieu Hospital site (ON, Canada). This study was granted ethics approval by the General
Research Ethics Board of Queen’s University (ON, Canada). Eight healthy male subjects without
gait impairments were recruited for this study, however one subject felt ill prior to data collection,
reducing the subject pool to seven (average ± S.D., age: 25 ± 4.38yrs, height: 1.79 ± 0.01m, mass:
77.61 ± 8.12kg, shoe size: 282.14 ± 5.89mm (Mondopoint system)). The subjects walked on a force
instrumented treadmill (Tandem Treadmill, Advanced Mechanical Technology, Inc.) at a speed of
1.25m/s for 8-minutes in each trial conditions: i) wearing the suit without assistance (W), ii)
wearing the suit with ankle-knee assistance (AK), iii) wearing the suit with hip assistance (H), and
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iv) wearing the suit with full assistance (Full). Refer to Figure 5.5 for reference of device
configuration for conditions ii) – iv). The trial order was randomized for each subject.
A standard running shoe model (0.35±0.01kg, model: 880-v3, New Balance, MA, USA)
was used for all trial conditions. Subjects donned the entire device without springs for condition
(W) which represents a non-assisted or weighted condition and provides a reference for the
energetic penalty due to wearing the device. The steady-state metabolic cost for each trial was
̇ 2 and 𝑉𝑉𝑉𝑉𝑉𝑉
̇ 2 measurements using the portable COSMED K4b2
estimated from breath-by-breath 𝑉𝑉𝑉𝑉
unit (K4b2 COSMED INC, Chicago, USA) and the Brockway equation [146]. The K4b2 unit was
calibrated and maintained per manufacture’s specifications prior to each subjects’ data collection.
The breath delay calibration in the manufacturer’s specifications was conducted by the subject upon
arrival. The masks were disinfected and sterilized by the decontamination division at the Hotel
Dieu Hospital between subjects. Metabolic steady-state was defined as a period of five consecutive
̇ 2 consumption and 𝑉𝑉𝑉𝑉𝑉𝑉
̇ 2 production changed ≤10% [147], [148],
1-minute intervals where the 𝑉𝑉𝑉𝑉

[159]. The net metabolic rate for each condition was calculated by subtracting the subject’s
respective resting rate obtained from an 8-minute period of quiet standing.
Treadmill ground reaction force was captured by the Tandem Force-Sensing treadmill
system (AMTI, MA, USA). The spring forces were measured using two sets of miniature singleaxis loadcells (max load: 10kg and 15kg ZNBSQ-V, Anhui Connaught Sensor Co., Ltd., Bengbu,
China). The difference between the two loadcell choices was based on bench tests where the hip
elastomers would experience larger loads than the ankle-knee springs. Therefore, the higher
capacity loadcells (max load: 15kg) were mounted at the hip elastomer while the lower capacity
loadcells (max load: 10kg) were mounted to the ankle-knee springs. The raw loadcell signal voltage
was amplified to 0-5V using corresponding miniature amplifiers (ZNBSQ, Anhui Connaught
Sensor Co., Ltd., Bengbu China). Each loadcell was calibrated prior to the experiment, and each
amplifier was tuned to maximize resolution and to correct the loadcell bias. Both treadmill and
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loadcell data were collected through the USB-2533 analog board (Qualisys AB, Gothenburg,
Sweden) at 1000Hz. Motion capture data was obtained at 200Hz using a 7-Oqus Camera setup and
all data were synchronized through the Qualisys Track Manager software (Qualisys AB,
Gothenburg, Sweden). The instrumentation cable was suspended from a safety rail system above
the capture volume so as not to interfere with subject testing or occlude the IR markers.
5.3.2 Device Configurations
Each device configuration a) ankle-knee (AK), b) hip (H), and c) full (Full), was achieved
by adding or removing the respective spring as shown in Figure 5.4.

Figure 5.4: Three configurations of the exoskeleton suit, corresponding to trial conditions: a)
ankle-knee (AK), b) hip (H), and c) full (Full).
Effects of each device configuration were determined by performing a repeated measures
experiment where each device configuration was a trial condition. Instrumentation was not
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removed between the device configurations such that the total mass carried between the three
device configurations was similar. The only mass that was removed from the device between each
configuration was from the steel extension springs (0.06kg each) in the hip assistance configuration
(H).
5.3.3 Subject Acclimation
Each subject performed an acclimation session the day prior to data collection. The subjects
wore the device in (Full) configuration and walked on the Tandem Force-Sensing treadmill system
(AMTI, MA, USA) for three 10-minute intervals at 1.25m/s for a total acclimation period of 30minutes. The subjects were provided a 5-minute rest period between each interval. The acclimation
session served three purposes, 1) acclimate to the device, 2) acclimate to the treadmill, and 3) device
adjustment to fit the subject reducing setup time during data collection. During the acclimation
period, each subject was asked to focus on maintaining their fore-aft position on the treadmill.
Previous acclimation studies showed that subjects were able to adapt their gait kinematics after a
period of 30-minutes and were able to maintain the acclimation [132], [160], [161]. Acclimation to
the device assistance was monitored by asking the subjects to compare their experience between
the 10-minute intervals. Most subjects communicated that they became comfortable with the device
in full assistance within the first and second intervals.

5.4 Data analysis
The analysis follows that of device version 1 in the previous Chapter 4. Refer to the analysis
section of Chapter 4 for the calculations of metabolic cost, step-length, joint ROM, joint moment,
joint power, joint work, and leg work. Differences in the inverse dynamic model due to the new
components of version 2 are presented in the following section.
5.4.1 Updates to inverse dynamic model
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Beginning at the foot, version 2 introduces a new component that applies a force on the
foot in configurations (H) and (Full). The shank stirrup interface applies a force on the sole of the
foot when loaded by the hip elastomer. Figure 5.5 depicts the forces applied to the foot segment for
the device in (Full) configuration. The analysis can be adapted for the (AK) and (H) device
configurations by setting the terms (𝐹𝐹⃗𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) or (𝐹𝐹⃗𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) to zero, respectively. For the other
condition, (𝐹𝐹⃗𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) and (𝐹𝐹⃗𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) were measured using the miniature loadcells (Figure 5.4).

Figure 5.5: FBD of the foot segment for inverse dynamics analysis. The forces applied by the
�⃗𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔) and ankle-knee spring (𝑭𝑭
�⃗𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔).
device are shown in red; force from the stirrup (𝑭𝑭

The point where the shank stirrup interfaces with the foot is represented by the green circle,
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which was a virtual point tracked by the foot marker cluster. The position of this point from
�⃗𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔, not shown. The point m (blue circle)
the COM of the foot segment is expressed as 𝒓𝒓

represents the point the lever of the foot interface where the steel extension spring attaches.

The shank segment was also updated to accommodate the additional force acting on the
new shank stirrup interface, Figure 5.6.

Figure 5.6: FBD of the shank segment for inverse dynamics analysis. The forces at to the
interface between the shank and the stirrup are shown in red. The estimated locations of the
applied stirrup forces are represented by the green circles which are physically tracked by
IR markers.
There were no alterations to the thigh segment since there were no additional forces applied
to the thigh segment. The resulting hip assistance is generated from the applied load at the sole of
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the foot and propagates proximally in the leg through the kinetic chain. The equations of motion in
the analysis were updated to reflect the changes at the foot and shank segments.
5.4.2 Additional details of the analysis
Leg symmetry was assumed between the left and right leg such that joint kinetic and
kinematic values were averaged from 10 consecutive gait cycles of the right leg. A custom set of
MATLAB (Mathworks Inc., MA, USA) scripts were developed to perform the inverse dynamics
analysis. Motion capture data were first processed in the QTM (Qualisys AB.) software then
exported to MATLAB for analysis. Force and marker trajectory data were filtered using a zerophase, 4th order Butterworth using cut-off frequencies of 25Hz and 12Hz, respectively. Each gait
cycle was identified using the vertical ground reaction force data with a threshold of 10N. Inertial
parameters of the lower-limb segments were estimated using regression equations from [145].
Virtual markers were digitized from the static calibration data. The hip joint center location was
determined using the CODA pelvis model [162]. Joint kinematics were estimated from the marker
trajectory data, and analog-force plate data were down sampled to match the motion capture data
prior to inverse dynamic calculations. Similar to the analysis for device version 1, a distinction was
made between the resulting joint kinetics required to generate the kinematics (NET) and the joint
kinetics that were supported by the muscle-tendon units (BIO) at the respective joints. The
relationship between the net and biological contributions to the joint kinetics is summarized by Eq.
(5.4.2.31), which follows from Chapters 3 and 4.
𝐽𝐽𝐽𝐽𝐽𝐽𝑁𝑁𝑁𝑁𝑁𝑁 = 𝐽𝐽𝐽𝐽𝐽𝐽𝐵𝐵𝐵𝐵𝐵𝐵 + 𝐽𝐽𝐽𝐽𝐽𝐽𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

(5.4.2.31)

Where, 𝐽𝐽𝐽𝐽𝐽𝐽𝑁𝑁𝑁𝑁𝑁𝑁 represents the joint kinetics (e.g. joint moment and power) required to generate the
kinematics which is a sum of the kinetics from biological contributions (𝐽𝐽𝐽𝐽𝐽𝐽𝐵𝐵𝐵𝐵𝐵𝐵 ) and the device

(𝐽𝐽𝐽𝐽𝐽𝐽𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ). In the trial conditions where the springs were not connected, such as the weighted

condition, the biological contribution (muscle-tendons) were the sole contributors to the joint

kinetics such that 𝐽𝐽𝐽𝐽𝐽𝐽𝑁𝑁𝑁𝑁𝑁𝑁 = 𝐽𝐽𝐽𝐽𝐽𝐽𝐵𝐵𝐵𝐵𝐵𝐵 . The device contribution was determined by rearranging Eq.
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(5.4.2.31) to solve for the device contribution (𝐽𝐽𝐽𝐽𝐽𝐽𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ) and is presented as a percentage of the

net joint kinetic (Chapter 4). The net and biological contributions to the joint kinetics were

computed following the same procedure as Chapter 4 with the updated link segment models
previously presented.
5.4.3 Statistical analysis
Statistical analysis was performed using a repeated measures ANOVA using SPSS
Statistics software (IBM SPSS Statistics for Windows 64-bit, Version 24, IBM Corp. Armonk, NY:
IBM Corp.). with statistical significance set at p<0.05 (Greenhouse-Geisser). Post-hoc pairwise
comparisons were conducted with a Bonferroni adjustment with significance set at p<0.05.

5.5 Results
5.5.1 Metabolic, step-length and joint kinematics
The results presented in Table 5.2 show that there were no significant differences between
the (W), (AK), (H) and (Full) conditions in metabolic cost, normalized step-length, nor in the ROM
of the leg joints except at the ankle joint. The pairwise comparison revealed that the ROM of the
ankle was significantly reduced in the (AK) conditions from the (W) and (H) conditions by
0.093±0.020rad (p=0.021) and 0.127±0.020rad (p=0.004), respectively.
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Table 5.2: Average (S.D.) metabolic cost, step-length, and joint ROM across the trial
conditions for all subjects. Significant differences in reference to the (W), (AK), and (H) are
identified by <*>, <Δ>, and <⁂> respectively.

Metric

Units

W

AK

H

Full

Metabolic

W/kg

3.218
(0.361)

3.192
(0.255)

3.516
(0.358)

3.415
(0.417)

Step-Length

u.l.

0.422
(0.022)

0.414
(0.022)

0.427
(0.032)

0.406
(0.031)

Hip (rad)

0.800
(0.061)

0.777
(0.063)

0.823
(0.053)

0.773
(0.067)

Knee (rad)

1.190
(0.138)
0.479
(0.096)

1.114
(0.141)
Δ
0.513
(0.111)

1.068
(0.170)

Ankle (rad)

1.167
(0.083)
*
0.386
(0.070)

ROM

0.437
(0.113)

Significant differences from the pairwise comparisons are presented within each of the
following tables using a hierarchical system from left to right. Three additional columns containing
the suffix “BIO” are included in the following tables to indicate the biological contributions to the
joint kinetics in these conditions. The first four conditions in these tables, (W), (AK), (H), and
(Full) contain the net joint kinetic values for each respective condition. The joint angle waveforms
for a sample subject is presented in Figure 5.7.
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Figure 5.7: Sample lower limb joint angle waveforms. a) hip, b) knee, and c) ankle joint.

5.5.2 Joint kinetics and mechanical work
The main comparison of joint kinetics is made between the net values of the trial conditions
while contibutions of assistance are determined between the biological contribution to joint kinetics
and the net value for each respective trial. Comparing the net joint kinetics identifies whether
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subjects changed their gait strategy between trial conditions while the comparison between net and
biological contributions to joint kinetics offers an insight of the mechanical assistance in each
exoskeleton configuration. A summary of the peak joint flexion moment across trial conditions is
presented in Table 5.3.
Table 5.3: Average (S.D.) peak flexion moment of the hip, knee and ankle joints for all
subjects. Significant differences in reference to the (W), (AK), (H), (Full), (AK-BIO), and
(Hip-BIO), are identified by the symbols <*>, <⁑>, <⁂>, <†>, <●>, and <Δ> respectively.
Metric

Peak
Flexion
Moment

Units

W

AK

H

Full

AK-BIO

H-BIO

Full-BIO

Hip
(Nm/kg)

0.754
(0.295)

0.774
(0.317)

0.820
(0.325)

0.801
(0.293)

0.774
(0.317)

0.731
(0.345)

0.722
(0.309)

Knee
(Nm/kg)

-0.508
(0.173)

-0.467
(0.125)

Ankle
(Nm/kg)

-1.373
(0.122)

-1.352
(0.143)

-0.471
(0.165)
*
-1.268
(0.131)

-0.472
(0.103)
*⁑
-1.251
(0.148)

-0.408
(0.130)
*⁑
-1.212
(0.137)

-0.463
(0.177)
⁂
-1.285
(0.133)

-0.406
(0.115)
*⁑⁂†●
-1.128
(0.147)

The peak net plantar-flexion moment at the ankle was significantly reduced in the (H) and
(Full) trial conditions from (W) by. 0.105±0.018Nm/kg (p=0.021) and 0.122±0.013Nm/kg
(p=0.025), respectively, while it was not significantly different between the (AK) and (W)
conditions. Examining the biological contribution to the peak plantar-flexion moment at the ankle
joint, a significant reduction was observed for the (AK-BIO) and (Full-BIO) values in comparison
to their net values (AK) and (Full) by 0.140 ± 0.005Nm/kg (p<0.001) and 0.123 ± 0.005 (p<0.001),
respectively. Both conditions were also significantly lower than (W), with the lowest biological
contribution to ankle plantar-flexion moment occurring in the (Full) condition. In contrast, the
biological contribution to the ankle plantar-flexion moment in (H-BIO), significantly increased
relative to the net value (H) by 0.017 ± 0.002 (p=0.001). The biological contributions to peak ankle
plantar-flexion moment was significantly reduced in the (Full-BIO) compared to all other
conditions except for (H-BIO), p = 0.056. Although the biological contribution to the peak flexion
moment at both knee and hip joints was reduced from the required net peak flexion moment for
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each respective condition, the reductions were not significant. The joint moment waveforms for
each trial are presented in Figure 5.8

Figure 5.8: Sample waveforms of the joint moments. The left column presents the net joint
moment performed at the a) hip, b) knee, and c) ankle joint. The right column presents the
biological contribution to the joint moment at the d) hip, e) knee, and f) ankle joint. The
vertical lines associated with each waveform correspond to the peak flexion moment. Note
that the weighted condition (W) in both column of figures are the same and included to
provide a reference condition.
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The peak joint power corresponding to the ankle (A1, A2), knee (K3, K4), and hip (H2,
H3) are summarized in Table 5.4. These values were compared to examine the intended assistive
functions of the exoskeleton. This comparison was made to evaluate device performance rather
than overall effects over the gait cycle.
Table 5.4: Average (S.D.) peak joint power during select periods of the gait cycle. Significant
differences in comparison to the (W), (AK), (H), (Full), (AK-BIO), and (Hip-BIO), are
identified by the symbols <*>, <⁑>, <⁂>, <†>, <●>, and <Δ> respectively.

Metric

Peak
Power

Units
Ankle A1
(W/kg)

W
-0.715
(0.354)

AK
-0.569
(0.172)

H
-0.562
(0.281)

Full
-0.593
(0.220)

Ankle A2
(W/kg)

2.334
(0.541)

2.309
(0.548)

2.476
(0.619)

2.551
(0.665)

Knee K3
(W/kg)

-0.731
(0.300)

-0.930
(0.477)

-0.863
(0.192)

-0.961
(0.306)

Knee K4
(W/kg)
Hip H2
(W/kg)
Hip H3
(W/kg)

-0.963
(0.210)
-0.581
(0.311)
0.541
(0.221)

-0.880
(0.190)
-0.617
(0.317)
0.734
(0.314)

-0.799
(0.310)
-0.694
(0.305)
0.669
(0.152)

-0.860
(0.294)
-0.706
(0.332)
0.746
(0.264)

AKBIO
-0.493
(0.161)
⁑⁂†
2.020
(0.507)
⁑
-1.080
(0.506)
⁑
-0.700
(0.166)
-0.617
(0.317)
0.734
(0.314)

H-BIO
-0.571
(0.285)
⁂●
2.528
(0.633)
⁂
-1.195
(0.287)
-0.772
(0.307)
-0.607
(0.320)
0.565
(0.175)

FullBIO
-0.516
(0.197)
†Δ
2.270
(0.622)
†
-1.420
(0.407)
*†
-0.670
(0.253)
-0.621
(0.334)
0.657
(0.262)

The net values of peak joint power were not significantly different between trial conditions
however significant differences were observed in the biological contribution metrics. From the
second row, a significant difference between biological contribution and their respective net value
was observed across the three device configurations for peak A2, ankle joint power. The (AK) and
(Full) configuration demonstrated biological contribution reductions of 0.289±0.024W/kg
(p<0.001) and 0.281±0.029W/kg (p=0.001), respectively. In contrast, the device in configuration
(H) increased the biological contribution to peak A2 ankle joint power 0.052±0.007W/kg
(p=0.005).
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For the knee joint, biological contribution to peak K3 knee joint power were significantly
larger than the net values for each device configuration (AK), (H) and (Full) by 0.150±0.013W/kg
(p=0.001), 0.332±0.052W/kg (p=0.014), and 0.459±0.058W/kg (p=0.005) respectively. While
biological contributions to peak (negative) K3 knee joint power increased, peak K4 power
significantly decreased relative to the net values in the (AK) and (Full) conditions. Although a
decrease for biological contribution to peak K4 was also observed in device configuration (H), the
reduction was not significant.
Additional differences in the biological contributions were observed for the peak A2 ankle
joint power across trial conditions. The peak A2 (AK-BIO) was significantly smaller than all other
conditions (p<0.05) except for conditions (W), 0.314±0.095W/kg (p=0.337) and (Full-BIO),
0.250±0.058W/kg (p=0.102). This indicates that the device assistance to peak A2 power was
similar between the (AK) and (Full) but the assistance did not cause a significant reduction relative
to the (W) condition. Peak A2 power was significantly different between (Full-BIO) and (H-BIO)
conditions (0.259+/-0.043W/kg, p=0.021). This indicates that the assistance from the ankle-knee
assembly overcame the penalty caused by the hip assembly. At the knee joint, a significant
reduction in peak K4 knee joint power was observed in (Full-BIO) relative to condition (W),
0.293±0.054 (p=0.036). This signifies that the combined effect of the device significantly reduced
the peak K4 knee joint power relative to the baseline (W) condition, while the individual ankleknee assembly and hip assembly did not.
The joint power waveforms corresponding to each trial (device) configuration are
presented in Figure 5.9.
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Figure 5.9: Sample waveform of the joint power. The left column presents the net joint power
performed at the a) hip, b) knee, and c) ankle joint. The right column presents the biological
contribution to the joint power at the d) hip, e) knee, and f) ankle joint. The vertical lines
associated with each waveform correspond with the select periods of joint power that were
compared across trial condtions. The corresponding periods in temporal order are the H2
and H3 periods for the hip, K3 and K4 periods for the knee joint, and the A1 and A2 periods
for the ankle joint.
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The overall effects of the device during the gait cycle is measured using joint work and leg
work. A summary of the positive and negative joint work and leg work is presented in Table 5.5.
Table 5.5: Average (S.D.) joint work and total leg work. Significant differences in comparison
to the (W), (AK), (H), (Full), (AK-BIO), and (H-BIO), are identified by the symbols <*>, <⁑>,
<⁂>, <†>, <●>, and <Δ> respectively.

Metric

Units
(J/kg)

W

AK

H

Full

AKBIO

Ankle +ve

0.218
(0.065)

0.200
(0.063)

0.257
(0.092)

0.242
(0.084)

0.193
(0.058)

H-BIO
⁂
0.262
(0.093)

Ankle -ve

-0.131
(0.036)

-0.109
(0.031)

-0.113
(0.035)

-0.099
(0.030)

-0.099
(0.024)

-0.114
(0.035)

Knee +ve

0.147
(0.057)

0.133
(0.021)

0.136
(0.047)

0.124
(0.052)

-0.219
(0.028)

-0.216
(0.036)

-0.216
(0.029)

-0.206
(0.044)

0.140
(0.050)
⁂†
-0.250
(0.038)

0.126
(0.055)

Knee -ve

0.118
(0.017)
⁑
-0.197
(0.034)

Hip +ve

0.242
(0.102)

0.240
(0.110)

0.252
(0.079)

0.236
(0.090)

0.240
(0.110)

0.256
(0.079)

0.239
(0.092)

Hip -ve

-0.147
(0.107)

-0.143
(0.117)

-0.173
(0.106)

-0.158
(0.098)

0.607
(0.117)

0.573
(0.097)

0.646
(0.089)

0.602
(0.077)

Leg -ve

-0.497
(0.104)

-0.468
(0.133)

-0.502
(0.124)

-0.463
(0.106)

-0.152
(0.100)
⁂●
0.658
(0.087)
†
-0.516
(0.124)

-0.140
(0.092)

Leg +ve

-0.143
(0.117)
⁑⁂
0.552
(0.096)
⁑
-0.439
(0.127)

Joint
Work

Leg
Work

FullBIO
0.236
(0.081)
†
-0.089
(0.028)

-0.231
(0.056)

0.601
(0.075)
-0.459
(0.103)

The net joint work and leg work was not significantly different across trial conditions. For
device configuration (AK), there were no significant differences in the biological contribution to
the average positive joint work but the average positive leg work (summed joint work) was
significantly reduced by 0.022±0.003J/kg (p=0.007). Biological contribution to the average
negative knee joint work and leg work were significantly reduced in the (AK) condition from the
net value by 0.019±0.002J/kg (p=0.001) and 0.029±0.003J/kg (p=0.002), respectively. In condition
(H), the biological contribution to the average positive ankle work and negative knee joint work
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were significantly higher than the net values by 0.005±0.001J/kg (p=0.004) and 0.034±0.005J/kg
(p=0.009). The resulting average positive leg work significantly increased for the biological
contribution by 0.012±0.002J/kg (p=0.034) while the difference in negative leg work was not
significant. The (Full) device configuration caused a significant decrease in the biological
contribution to negative ankle work by 0.01±0.002J/kg (p=0.03) from the net negative ankle work
over the gait cycle.
5.5.3 Device Contribution
Evaluation of the suit’s mechanical performance is more clearly seen through the device
contribution analysis. The mechanical contribution to joint kinetics is summarized in Table 5.6.
Significant differences between net and biological contributions of each device configuration from
the repeated measures ANOVA analysis are identified using the <*> symbol.
Table 5.6: Average (S.E.) contribution of exoskeleton assistance to joint kinetics. A positive
value indicates a reduction in the biological contribution while a negative value indicates an
increase in the biological contributions metric. Significant effects are identified by <*>.
Metric
Peak Flexion
Moment

Peak
Joint
Power

Joint
Work

Leg
Work

Joint
Hip
Knee
Ankle
H2
H3
K3
K4
A1
A2
Hip +ve
Hip -ve
Knee +ve
Knee -ve
Ankle +ve
Ankle -ve
Leg +ve
Leg -ve

AK
%
0.0 (0.0)
12.5 (0.7)
* 10.4 (0.4)
0.0 (0.0)
0.0 (0.0)
* -16.1 (1.4)
* 20.5 (1.3)
13.4 (0.9)
* 12.5 (1.0)
0.0 (0.0)
0.0 (0.0)
11.4 (1.7)
* 9.0 (0.9)
3.3 (1.6)
8.5 (2.7)
* 3.8 (0.5)
* 6.1 (0.7)
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H
%
10.8 (2.7)
1.8 (1.0)
* -1.4 (0.1)
12.6 (2.6)
15.6 (6.1)
* -38.4 (6.0)
3.4 (1.0)
-1.6 (0.3)
* -2.1 (0.3)
-1.5 (0.7)
11.9 (2.0)
-2.9 (1.3)
* -15.8 (2.3)
* -1.8 (0.2)
-1.1 (0.3)
* -1.9 (0.4)
-3.0 (1.3)

Full
%
9.8 (2.3)
14.0 (1.3)
* 9.8 (0.4)
12.1 (2.2)
12.0 (4.6)
* -47.7 (6.0)
* 22.1 (2.4)
13.0 (1.8)
* 11.0 (1.1)
-1.5 (1.0)
11.3 (1.9)
-1.4 (2.7)
-11.9 (3.0)
2.4 (1.2)
* 10.6 (1.9)
0.1 (0.8)
0.8 (1.6)

The positive percent contributions indicate that the mechanical assistance provided by the
exoskeleton assisted the biological function about the joint (Chapter 2). The negative percentages
indicate that the exoskeleton caused an increase in the biological contributions, or more effort was
exerted by the biological components at the joint.
The (AK) device configuration provided significant support at the ankle and knee joints in
providing peak flexion moment, joint power, and joint work. The overall effect of the (AK)
configuration over the gait cycle is identified by the leg work metric where the device provided
significant contributions to both positive and negative leg work. Although the (AK) device
configuration had an overall positive effect on the leg, the K3 period of the knee joint power was
negatively affected where the suit caused a significant increase of 16.1% in peak knee joint power
during the K3 period.
The (H) device configuration, while providing some positive contributions to the hip joint
in the flexion moment and joint power, these positive contributions were not significant while the
negative effects at the ankle and knee joints were significant. Implementation of the hip assisting
assembly increased the peak K3 knee joint power and peak A2 ankle joint power by 38.4% and
2.1%, respectively. Positive and negative joint work increased including positive hip joint work
over the gait cycle. The overall result of implementing the current hip assisting assembly was
negative as positive and negative leg work increased by 1.9% and 3%, respectively.
The effects of the (Full) configuration combined the effects from the ankle-knee (AK) and
hip (H) device configurations. Since the hip configuration (H) had negative effects, the overall
effect of the (Full) configuration can be interpreted as these negative effects being offset or
compensated with the addition of the assistance at the ankle and knee joints. The overall effects of
the (Full) configuration were not beneficial to the subjects as the device contributed less than 1%
of the positive and negative leg work.
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5.6 Discussion
5.6.1 Metabolic cost, step-length, and ROM
The three device configurations did not significantly affect the metabolic cost of walking,
normalized step-length, or the ROM except for the ankle joint. In the (AK) configuration, the ankle
joint ROM was significantly reduced from (W) and device configuration (H). Although differences
in metabolic cost were not significantly different between trial conditions, the (AK) device
configuration had the lowest metabolic cost followed by the (W) configuration, (Full)
configuration, and (H) configuration. Recall from the literature in Chapter 3 that in natural level
walking, metabolic cost correlated with step-length where shorter step-lengths corresponded with
lower metabolic costs. In the current experiment, step-length is not the main contributor to the
observed differences in metabolic cost as the shortest step-length occurred in the (Full) condition
followed by (AK), (W), and (H), in ascending order. Alternatively, there could be an effect due to
small differences in step-length and step-frequency combinations at the steady-state treadmill
walking speed. However these effects were not the focus of this current study but could be a topic
for future work.
A post-hoc analysis of the metabolic data and the kinetic data over the trial conditions was
conducted to identify the main variables that correlated with the observed differences in metabolic
cost. The post-hoc analysis using linear regression revealed strong correlations between the
observed metabolic cost and positive biological ankle joint work as well as negative biological knee
joint work. A moderate correlation was observed between the metabolic cost and the positive leg
work while a weak correlation was observed with positive hip joint work. The correlations between
positive biological joint work and metabolic cost is presented in Figure 5.10 while the correlations
between negative biological joint work and metabolic cost is presented in Figure 5.11.
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Figure 5.10: Correlation between metabolic cost and positive biological mechanical work.
Each set of points (colors) corresponds with the biological work performed at the ankle, knee,
and hip joint, or total leg work in each condition: (W), (AK), (W), and (Full). The R2 values
of the linear regressions are included in the legend at the top of the figure.

Figure 5.11: Correlation between metabolic cost and negative biological mechanical work.
Each set of point (colors) corresponds with the biological work performed at the ankle, knee,
and hip joint, or total leg work in each condition: (W), (AK), (W), and (Full). The R2 values
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of the linear regressions are included in the legend at the top of the plot. Note that for negative
work, the larger number indicates less work is performed.
Additional regressions between the average metabolic cost and biological contribution to
the peak joint power exhibited moderate correlations for the K3 (R2 = 0.434) and A2 (R2 = 0.581)
joint power periods. The remaining metrics were not positively correlated with the observed
metabolic costs. The linear regression analysis indicates that the metabolic cost for the different
device configurations were strongly correlated with the changes in positive ankle and negative knee
joint work. This is supported by the device contribution analysis which showed that the effects of
the device had significant contributions to the joint kinetics at the ankle and knee (Table 5.3 and
Table 5.4).
5.6.2 Spring assistance across the ankle and knee (AK)
The (AK) device configuration (trial condition) decreased the metabolic cost of walking below
that of the weighted condition by 0.026±0.120W/kg, but was not statistically significant. The
limited reduction in metabolic cost may be caused by the variability between subjects. Three of the
seven subjects (V3S3, V3S4, V3S5) exhibited an increase in their metabolic cost with the (AK)
device configuration relative to their (W) condition. An increase in metabolic cost was an
unexpected outcome based on the results of device version 1 and feedback from the subjects during
the experiment with version 2. All subjects stated they could perceive the assistance provided by
the spring during the experiment. Examining the joint kinematics and kinetic for the three subjects
did not reveal any correlations that could explain the observed increase in metabolic cost. The
mechanical performance of the device (AK) was consistent across all subjects as a similar
magnitude of mechanical assistance at the ankle and knee joints was observed for all subjects.
Based on the performance of these subjects in the (AK) configuration, it suggests that additional
factors not examined in the experimental setup contributed to the increase in metabolic cost.
Considering the results of the four subjects which performed the best, there is an observed
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improvement in the results across all device configurations. The average metabolic cost of the
remaining four subjects was reduced by 0.259±0.166W/kg (7.8%) in the (AK) configuration and
0.042±0.202W/kg (1.2%) in the (Full) configuration relative to the (W) condition. The (H)
configuration would have increased the metabolic cost by 0.039±0.176W/kg (1.3%) relative to the
(W) condition. Although the measured performance is improved for the four subjects, the pattern
where the (AK) configuration performed the best followed by the (Full) and (H) configurations
remains the same.
5.6.3 Effects of hip assistance and the full configuration
In contrast to the ankle-knee assistance configuration (AK), the hip assistance configuration
(H) was not effective at assisting the hip and increased the metabolic cost of level walking. The
negative effects at the knee joint for configuration (H) were not expected during the development
of the hip assistance mechanism. The shank stirrup was designed for comfort with the force of the
hip elastomer acting through the flexion axis of the knee joint to minimize the moment arm and the
impact on knee joint moment and power. However, contrary to the intended function of the shank
stirrup interface on knee joint kinetics, results of the experiment showed significant increases to
the negative power (K3) and work at the knee joint. The increase in biological contributions of knee
joint power and work indicates that the design was unable to direct the force from the hip elastomer
through flexion axis of the knee joint. Rather, the force appears to be acting on the posterior aspect
of the knee flexion axis as indicated by the reduction in knee flexion moment. The stirrup of the
shank interface was placed as close to the ankle joint such that the applied moment about the ankle
from the force of the stirrup would be minimized. However, the results indicate that biological
contributions to peak ankle joint flexion moment and consequently peak A2 power in the hip
assistance configuration (H) increased. The effects at the ankle and knee joint, it appears that the
mechanical performance of the hip assistance assembly was sacrificed for improved user comfort
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with the shank interface. Future work could focus on the development of a new interface to reduce
the negative impact at the ankle and knee.
An additional effect of the hip assisting assembly that was not examined in the analysis, was
the impact on the H1 period of hip joint power (stance phase). The H1 period of the hip joint power
corresponds with the positive work performed to extend the hip during early stance. A sizable
portion of the positive work performed at the hip joint, or 29% of total positive hip joint work,
occurs during the H1 period (0.053J/kg, Chapter 2). The positive work in the H1 and H3 periods
are performed by different muscles groups which are antagonistic to one another - the hip extensor
(H1) and hip flexors (H3). Since the hip assisting assembly was designed to assist hip flexion in
preparation for leg swing, the hip elastomer was place on the anterior aspect of the hip joint in
parallel with the hip flexors but counteracting the hip extensor muscles. The result is an increase in
positive power during the H1 period and positive hip work to extend the hip during this period of
the gait cycle. The additional positive work is performed by the hip extensors which would
contribute to the observed increase in metabolic cost. The current hip assisting assembly design
was based on the spring-like behavior of the hip joint discussed in Chapter 2 where the positive H3
joint power period is preceded by the negative H2 period. As discussed in Chapter 2, this was a
potential period for passive assistance as the negative work performed during the H2 periods could
be converted into elastic potential energy, stored in a passive element (spring or elastomer), and
later returned to assist the hip in performing positive work during the H3 period. The current hip
assisting assembly provided assistance in the H2 and H3 periods as indicated by the reduction in
peak biological hip joint power during these periods. However, the benefits of hip assistance was
insufficient within these two periods to reduce the overall work performed at the hip joint. In
addition to the improvements required to reduce the negative effects at the ankle and knee joints,
further design improvements of the hip assisting assembly could be made to reduce the impact on
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the H1 period. An alternative assistive configuration for the H1 period using energy from the K4
was previously proposed in Chapter 2 and could also be explored in future work.
The effect of the (Full) device configuration can be viewed as a sum of the (AK) and (H)
conditions. The positive effects of the bi-articular assistance across the ankle and knee joint in the
(AK) configuration were negated by the effects of the (H) configuration. At the current stage of
device development, the energetic benefits to the subjects are limited by the hip assisting assembly.
5.6.4 Device comfort and human interface
Comfort was a primary concern that was considered throughout the development of the
suit. Careful considerations were made to improve the comfort of the subjects when wearing the
device which required additional attention to fabrication and assembly techniques. Some of the
specific device components which required attention include: the elastomer attachment loop on the
shank stirrup and the thigh cuff. During the experiment, the elastomer attachment loop and thigh
cuff were adjusted for each subject such that the loop lay over top of the thigh cuff to prevent
contact with any exposed skin. The design and fabrication of the thigh cuff required detailed
attention to ensure adequate padding and comfort during use. One main feature of the thigh cuff
developed was the soft edge included on the perimeter of thigh cuff to prevent any chafing at the
seams.
During the 30-minute acclimation session, subjects were asked to identify any areas of
discomfort such that it could be corrected prior to the data collection. This was done to account for
any new pressure points or areas of discomfort that could arise from differences in anatomical
dimensions between subjects. None of the subjects indicated any discomfort of the foot interface
except that they could perceive its weight and inertial effect on the foot. In the case of the shank
stirrup interface, the first couple of subjects identified areas near the knee that were uncomfortable
due to stitching of the fabric or a sharp edge on the shank stirrup. These areas of discomfort were
quickly remediated by trimming the stitching and taping down the seam and by smoothing or
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deburring the plastic in the case of the shank stirrup. The discomfort experienced from the stitching
is similar to a shirt or backpack shoulder straps where the stitching would poke or chafe against the
skin. The remaining subjects that followed were unable to identify any additional areas of
discomfort.
5.6.5 Effects of the new foot interface. Findings of the (RS) condition
Although the data from three of the seven subjects were unavailable for the running shoe (RS)
condition, the results of the remaining four subjects are included in the Appendix C, and briefly
discussed here. Based on regression equations (0.2W/kg per kg, [113]), the estimated increase in
metabolic cost from the mass of the new foot interfaces is 0.11W/kg, however an average increase
of 0.242±0.088W/kg between the weighted and running shoe conditions (W vs. RS) was observed
(Appendix C). The discrepancy between the estimated and observed increase in metabolic cost can
be attributed to the inertial effects of the foot interface. Unlike the previous study [113], the COM
of the new foot interface (exoskeleton version 2) was located towards the heel of the foot rather
than the COM of the foot segment. With these differences, the moment of inertia increased about
the ankle flex/extension axis which was the main contributor to the increase in the metabolic cost
as the mass of the new foot interface (0.55kg per foot) is lower than the mass used in the previous
study (2kg per foot, [113]). Another study examined the effects of mass and moment of inertia on
the leg in relation to the metabolic cost of walking [114]. The study revealed that additional mass
and moment of inertia of equivalent magnitude (percent increase), had similar effects on the
metabolic cost of walking [114].
A closer estimate was obtained with the regression equations when using the increase of
0.155W/kg (weighted vs normal) from version 1 as the baseline. The new foot interface was heavier
than the foot interface for version 1 by 0.18kg which would have theoretically increased metabolic
cost by 0.072W/kg. The total estimated increase in metabolic cost due to the new foot interface is
~0.227W/kg which is similar to the observed increase.
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Despite having increased the mass of the foot interface, the new foot interface eliminated the
negative effects of the rocker bottom sole profile observed in device version 1 (Appendix B) which
is a significant improvement. With additional refinement to foot interface or simply changing the
material of the foot interface from stainless steel alloy to a composite such as carbon fiber would
significantly reduce the mass of the foot interface while improving the structural qualities. A FEA
simulation of the foot interface design is provided in the Appendix C. The simulation compares the
differences in stress and displacement of the foot interface under load between a stainless steel and
carbon fiber foot interface. Implementing carbon fiber could reduce the mass of the foot interface
by 0.3kg (~54% reduction) while reducing the maximum stress and maintaining a minimum safety
factor above 1.0.
5.6.6 Comparison with version 1
The main objectives of version 2 were to address the limitations of version 1 and introduce
a new hip assisting assembly to develop the full lower limb exoskeleton. For the comparison
between versions 1 and 2, only the ankle-knee assistance configuration (AK) of version 2 is
considered. The main limitations of version 1 were, 1) curve sole profile of the foot interface, 2)
effects of the backpack on hip joint kinetics and 3) efficiency of device performance at the ankle
and knee joint. The new foot interface clearly resolved the issue of the rocker bottom sole profile
of version 1 however the mass of the foot interface increased. The effect of the backpack assembly
on hip joint kinetics was resolved by eliminating the backpack. Without the backpack assembly,
the overall device mass was reduced and the pelvis anatomical landmarks were not occluded. With
the design updates, the mechanical performance of the device at the ankle and knee joint were
significantly improved. Version 2, (AK) configuration, provided the desired 10% peak ankle
flexion moment based on the simulation and design parameters presented in Chapter 4. This was
~4 times the contribution of version 1 which contributed only 2.4% of the peak ankle plantarflexion moment. The improved performance was a direct result of the updates to the foot interface,
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thigh interface, and elimination of the Bowden cable. Additionally, the effects on the knee joint
also improved as the contribution to knee joint flexion moment increased to 12% from 3% and
contribution to peak knee joint power during the K4 period increased to 20% from 0.6%. The most
significant difference in the performance of version 2 occurred in the joint work. While the device
contribution to the ankle was similar, the assistance in relation to positive and negative knee joint
work improved. Version 2 contributed 11.4% and 9% of the positive and negative knee joint work
in comparison to the 4% (positive) and -4% (negative) of version 1. Overall, version 2 performed
better than version 1 in assisting the ankle and knee joints. Generally, when asked if the subjects
had a preference amongst the three device configurations, they stated that preferred the ankle-knee
configuration (AK) over the hip (H) or full device configurations.
5.6.7 Comparison with existing passive exoskeleton devices.
There are two passive gait assisting exoskeletons that are comparable to version 2. The first
device is the ankle exoskeleton by [39] and the second is the XPED2 by [48]. The performance of
version 2 in the (AK) configuration is comparable to both the passive ankle exoskeleton and the
XPED2, while the (Full) condition could be comparable only to the XPED2 due to the assistance
at the hip joint. A summary of the comparison between each device is tabulated in Table 5.7.
Table 5.7: Comparison of passive gait assisting exoskeleton performance. The change in
metabolic cost were made in reference to the unassisted condition for each respective device.
Both the absolute change and percent change in metabolic cost are presented.

Device
Ver. 2
(AK)
Ver. 2
(Full)
Ankle Exo
[39]
XPED2
[48]

Device
Mass
(kg)
2.84
2.84
0.8-1.0
6.91

Δ Metabolic
Cost
(W/kg)
-0.026
(-0.8%)
0.197
( 6.1%)
-0.199
(-6.9%)
0.233
( 6.1%)

Comments

Calculated from supplemental data.
6.1% of estimated unassisted condition
[48].
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Hip Exo

4.15

0.020
(0.5%)

Results of single subject

The current version 2 was unable to demonstrate a better performance than the ankle
exoskeleton under similar assistive strategies and experimental conditions [39]. The factors
affecting the performance such as subject training, are discussed in the following limitations
section. An interesting observation was made during the comparison between the ankle exoskeleton
[39] and version 2 (AK) configuration. The average peak net ankle moment under the No Support
condition while wearing the exoskeleton in study [39] was 1.817±0.238Nm/kg, which is larger than
the peak 1.373±0.122Nm/kg observed in this experiment. It is possible that the sample population
examined in this experiment employed a natural gait strategy that did not utilize the ankle as much
as the population in the previous study [39]. This could contribute to the observed difference in
device performance since the sample of subjects in this experiment may not benefit from passive
ankle joint assistance if they were not using their ankle to the same extent during push-off. Another
explanation is that the training of the subjects in the previous study caused the subjects to increase
ankle joint moment [39]. The additional training may parallel overground walking conditions while
the subjects in the current study may have adopted a gait strategy which may have employed the
treadmill to assist in their walking, e.g. energy input from the treadmill.
In comparison with the XPED2 [48], the (AK) configuration outperformed the XPED2
with a metabolic reduction of 0.026W/kg (0.8%) relative to the No Support (weighted) condition
while the XPED2 caused an increase of 0.233W/kg (6.1%). However, the (Full) configuration of
version 2 had a similar effect where metabolic cost increased by 0.197W/kg (6.1%) which was
similar to the 0.233W/kg (6.1%) increase observed by the XPED2. Based on this experiment with
version 2, the hip assisting assembly was the main limitation which led to the increase in the
metabolic cost. Although the performance between the XPED2 and version 2 (Full) were similar,
the limitations leading to the observed metabolic increase are different. The limitations of the
XPED2 as discussed by the authors were: the lack of effective assistance in hip or knee kinetics
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with a limited joint moment support (12.1%), changes in joint angles, and change in the total joint
moment [48]. Additionally, as discussed in the introduction, the XPED2 implemented a single
exotendon (spring) which connected the ankle and hip joints. In contrast, the main limitations of
the (Full) configuration of device version 2 as previously discussed, were the negative effect on
ankle and knee joint kinetics and the assistance at the hip was insufficient (<10%). Version 2 is a
lightweight and designed to have a low a profile. Although the current foot interface increases
metabolic cost, the difference was not statistically significant.

5.7 Limitations and Future Work
5.7.1 Device
The current design of the hip assisting assembly limited the performance of the full suit. Future
design work should focus on improving the assistance provided at the hip joint while reducing the
negative effects during hip extension and at the knee and ankle joints during the gait cycle.
Additional improvements in the (AK) configuration of the device could be made to reduce the
negative device contribution to peak K3 knee joint power. One of the design objective from version
1 to version 2 was to reduce the device mass. Although the overall mass was successfully reduced
in version 2, distally located mass increased due to the new foot interface.
Another limitation of the device was the lack of subject specific customization. A single device
was built to accommodate all subjects. Although several of the device components were adjustable
to accommodate the varying subject dimensions, none of the components were optimized or
tailored to the specific subject. As discussed in the previous chapter, the lack of tailoring would
increase the variability in the device performance. Additionally, some of the more critical
parameters such as spring and elastomer stiffness were not adjustable between subjects. At the
current stage of device development, it is unknown whether the stiffness of the ankle-knee spring
and the hip elastomer are optimal for assistance provided to the subjects. The study by [39], showed
that there exists an optimal spring stiffness for the passive ankle assisting exoskeleton which was
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not too stiff nor too soft. Future work could perform a mapping of the parameter space to determine
the effects of varying spring stiffness.
The final limitation identified for version 2 is the possibility of co-contraction from antagonistic
muscles. For example, the (AK) configuration of the device could have increased tibialis anterior
muscle activity in performing dorsi-flexion during the swing phase to counter the increase in spring
tension (20N, Figure 5.3). Increases in antagonistic muscle co-contraction would reduce device
efficacy and efficiency in reducing the user’s metabolic cost. Future work could examine the level
of muscle activity in both agonistic and antagonistic muscles to determine the effects of the device
on the underlying physiology.
5.7.2 Model limitations
The link segment model of the shank may have been a limitation for the kinetic analysis at the
knee joint. The current model simplifies the interaction of the shank stirrup interface and assumes
an ideal transfer of forces between the proximal and distal ends of the shank stirrup. A more detailed
analysis would include the reaction forces within the two mounting straps of the shank stirrup
interface. However due to lack of soft sensors, the approach taken was the best at time of the
experiment. This is an area of current development within the field of human machine interface.
An additional limitation of the current model is the assumption that the shank stirrup interface
has no effect on the foot segment in condition (AK) without the hip elastomer. An effect on the
ankle joint would exist due to the displacement of the stirrup in plantar-flexion. However, due to
the small distance from the stirrup to the ankle joint, the effects due to this interaction would be
small. The forces in the stirrup strap could be measured in future work to quantify the interactive
effects. While additional work could be done to improve the model or instrumentation of the current
device, the main outcome of testing version 2 points towards developing a different shank interface
to reduce the negative mechanical effects at the knee and ankle during hip assistance.
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5.7.3 Experimental limitations
Not all subjects were able to demonstrate a reduction in metabolic cost with ankle knee
assistance (AK). One explanation for the increase in metabolic cost observed for the three subjects
is the inability to relax while wearing the device and instrumentation equipment. The inability to
“relax” would result in a physiological response that would elevate the metabolic rate of the subject.
A similar observation was made by [39] and [163] where simply instructing the participants to relax
caused a noticeable decreasing in their metabolic cost which corresponded with behavior of the
walking models used in the studies. Instructing the subjects to “relax” permits the subjects to
behave more as passive dynamics walkers and allows the subjects to capitalize on the energy saving
mechanisms provided by the passive dynamics of walking downhill or the gait assisting
exoskeleton. Future experiments focusing on metabolic cost could include explicit instructions to
the subject to try and “relax” during the trial instead of asking if they were comfortable. While the
change from asking if the subjects were comfortable to “try and relax” may be a minor change in
the experimental procedure, it could have a significant effect [163]. It is also possible that not all
subjects were able to perceive their comfort level or subconsciously “tense” during the trial.
Instructing the subject to relax would shift the subjects focus to consciously release the tension in
their body. This could have been a contributing factor that limited the observed metabolic reduction
in the ankle-knee condition (AK) despite having provided the most mechanical assistance to the
lower limb joint kinetics. Variability in the required level of training could have also contributed
subjects level of comfort. It is possible that the three subjects required more time with the device
than they perceived to become full comfortable with it. Tracking the training progress could have
been beneficial in determining whether the subject was fully habituated prior to data collection.
An additional limitation of the acclimation process was that subjects were only exposed to the
(Full) device configuration. It is possible that subjects would benefit from training for each device
condition as gait strategies may differ between configurations. It is possible that the subjects who
demonstrated an increase in their metabolic rate when walking in the (AK) device configuration
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were applying a gait strategy which did not utilize the energetic benefits from the spring. A protocol
exploring various gait strategies, such as different combinations of step-length and frequency,
would allow subjects to truly become familiar with the device. A previous study using an active
knee exoskeleton to alter the energetic landscape of walking revealed that subjects were unable to
naturally walk at the new energetic minima [164]. Instead the subjects required a period of “forced”
exploration where the experimental protocol exposed the subjects to the energy minima [164].
Following the forced exploration, subjects were permitted to walk naturally and converged towards
the energy minima [164]. An analogy to this phenomenon would be learning a new task such as a
new sport. While some individuals can naturally find the optimal strategy, others may require
explicit instruction. A comparable situation may have occurred with the subjects in this experiment
as they were not explicitly instructed how to walk with the device during acclimation or during data
collection. A similar forced exploration protocol as the one implemented in [164] could be used
during the training session to introduce the subjects to different gait strategies. This may improve
the consistency and inter-subject performance with using the exoskeleton.
Finally, the current study investigated the effects of the different device configuration during
level walking on a treadmill. Since the effects of the device are dependent on the subject’s gait, any
changes in the subject’s gait due to the treadmill would affect the performance of the device.
Differences in gait between level ground walking and treadmill walking would influences the
performance of the device. One of these differences may be caused by the “input” of energy of the
treadmill belt on the user. This could result in a gait strategy in which the subjects walk by allowing
themselves to be “pulled” by the belt instead of having to push-off as they would in overground
walking. The differences of the device performance between treadmill walking and overground
walking could be another topic in future investigation.
5.7.4 Additional Remarks
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A fifth experimental condition was conducted where subjects only wore the standard
running shoe to provide an additional baseline relative to the effects of the foot interface.
Unfortunately, only data from four subjects were available and thus not included in the main text
since it does not represent the entire sample but the available data is provided in Appendix C. Since
the mass of the foot interface increased relative to version 1, the metabolic cost between the running
and weighted condition was expected to increase. The 1kg reduction in the overall device mass
would not be significant as the proximal mass was reduced while the distal mass increased. Based
on the regression coefficients from a previous study ([113]), the impact of additional mass at the
foot on metabolic cost is 5 times larger than additional mass at the waist. Therefore, a 1kg reduction
by removing the backpack assembly would be equalized by a 0.2kg increased in mass on the feet.
Since the mass of the new foot interface increased by ~0.4kg (0.2kg per foot), an increase in the
net metabolic cost was expected. An increase in metabolic cost was observed between the running
shoe and weighted conditions (RS vs W) from the data available.
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Chapter 6
Summary and Discussion
6.1 Summary
The purpose of this thesis was to further the available knowledge in the field of passive
exoskeletons and their effects on the biomechanics and energetics in assisting human walking.
Three gait assisting exoskeleton based devices were developed with the purpose of reducing the
energetic cost of walking following two approaches, 1) COM level assistance and 2) joint level
assistance. Although the devices developed were not optimized in their respective configuration to
reduce the subjects metabolic cost, their designs mitigated some of the limitations faced by previous
gait assisting exoskeleton devices. The limitations mitigated were: 1) overall device mass, 2)
distally located mass, 3) non-conservative actuation, 4) device autonomy, and 5) joint co-location.
Each of the three exoskeletons developed were light weight and more importantly, maintained a
minimal distally located mass such that most of the device mass was located near the waist. The
light weight designs were achieved using textile material and minimalistic componentry in the
design. Using the textile and minimalist approach reduces the challenge of colocation of hardware
rotation axes with the joint axes center of rotation. This eliminates the occurrence of the additional
reaction forces and kinematic constraints resulting from poor collocation of the lower limb joints
and the devices [165]. The poor collocation of the lower-limb joints and the mechanical joints of
the device results in additional resistance during movement as the mechanical joint would dictate
the motion of the limb segments. Development of exoskeletons have attempted to naturally align
the biological and mechanical joints which results in additional hardware to accommodate as shown
by the stride assist hip exoskeleton [155]. Additionally, the approach using a minimalist actuation
eliminated the need for non-conservative actuators such as electric motors or pneumatics and
naturally permits device autonomy since the devices do not rely on an external power source. This
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permits the devices to function until the elastic elements exceed their life cycle limits. All three
devices utilize the passive dynamics of level walking to convert mechanical energy otherwise
dissipated during the gait cycle into elastic potential energy. Using the principle of mechanical
leverage, the mechanical work potential was increased when the energy was returned to assist the
leg during a different period of the gait cycle.
6.1.1 Chapter 3 – Passive Inter-limb gait assisting backpack
The passive inter-limb device presented in Chapter 3 was developed following an approach
based on the COM dynamics. The device attempted to reduce the energetic cost of level walking
by reducing the mechanical work performed during the step-to-step transition period which was
shown to be a major energetic cost for level walking. The step-to-step transition work is a product
of the COM displacement and the force applied to redirect the COM during the step-to-step
transition period [61], both of which are proportional to the step-length. The device was therefore
designed to decrease the step-length, with the additional constraint of not reducing the walking
speed since the metabolic cost was also a function of walking speed. To decrease the step-length
without decreasing walking speed the step-frequency would need to increase, since the step-length
is inversely proportional to the step-frequency. To accomplish this using a passive approach, the
device increased the overall limb stiffness using elastics such that the step-frequency naturally
increased.
Using a treadmill to control the subjects walking speed, the device successfully decreased
the subjects step-length. With the reduction in step-length, the mechanical work during the step-tostep transition decreased for the leading and trailing leg. Despite successfully decreasing the
mechanical step-to-step transition work, metabolic cost of walking increased.
The results suggest that the COM dynamics approach was not appropriate for the
development of a lower limb gait assisting device as the overall energetic cost of walking
(metabolic cost) increased despite decreasing step-to-step transition work (COM dynamic metric).
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Additional analyses performed suggests that the increase in the metabolic cost could be explained
from the joint level perspective. Simulated effects of the elastic at the joint level revealed that the
device configuration increased the joint work. Increased joint work led to the increased metabolic
cost of walking with the device. This insight directed the development of the passive inter-joint gait
assisting suit presented in Chapters 4 and 5.
6.1.2 Chapter 4 – Passive ankle-knee gait assisting exoskeleton (Version 1)
The joint level perspective was employed in the development of the passive ankle-knee
exoskeleton (version 1) and continued in the improved passive lower-limb exoskeleton suit (version
2, Chapter 5). The location of the spring elements used in the development of exoskeletons version
1 and 2 was based on the framework presented in Chapter 2. Initial prototyping led to the creation
of version 1 which reduced the function of the device to assist only the ankle and knee joints,
mimicking the bi-articular function of the gastrocnemius muscle group.
Results of the experiment showed that version 1 was successful in reducing the metabolic
cost of walking relative to the un-assisted condition. Although metabolic cost was reduced relative
to the un-assisted condition, the overall device performance was limited due to specific device
parameters. The main limitations identified were 1) the curved sole profile of the modified ankle
walker brace used for the foot interface, 2) efficiency and performance of the Bowden cable system
in delivering the required assistance at the ankle joint during push-off, 3) backpack assembly, and
4) overall device mass. Each of the limitations caused an increase in metabolic cost except for the
efficiency and performance of the Bowden cable system which limited the assistive function of
version 1.
The key findings of the experiment indicated that the joint level approach with bi-articular
assistance at the ankle and knee joint was an appropriate approach to reducing the metabolic cost
of walking. However, additional improvements to the design and fabrication of the device were
required to achieve an overall reduction in the energetic cost of walking.
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6.1.3 Chapter 5 – Passive lower-limb gait assisting exoskeleton (Version 2)
Based on the results of testing version 1, design and fabrication improvements were made
in the development of version 2. These improvements addressed the limitations identified in version
1. Version 2 also included a hip assisting mechanism in hopes of obtaining additional reductions in
metabolic cost by assisting all three joints and to achieve the objective of developing a full lower
limb device.
The device was designed such that each assistive function, ankle-knee assistance and hip
assistance, was modularize. Performance of version 2 was evaluated using a repeated measures
approach where each assistive configuration was examined. The bi-articular assistance at the ankle
and knee joint was significantly improved with an overall metabolic reduction relative to the nonassisted configuration. Results of the hip assistance mechanism indicated that the current design
was not effective at assisting the hip and had a negative effect on the ankle and knee joint kinetics
which increased the metabolic cost. The combination of the assisting mechanisms, full
configuration, was also tested to examine if there were any synergistic or compensatory effects
which was observed in literature. Results of the full configuration did not reveal any synergistic or
compensatory behavior and was simply a summation of the effects from the individual assistive
mechanisms.
In comparison with the previous device iteration (version 1), the experimental results of
version 2 were significantly better. The metabolic cost of the carrying the device in the no-assist
condition was reduced by ~1W/kg in comparison to version 1 indicating that the device was more
transparent to the user. The mechanical assistance provided by version 2 was significantly
improved in comparison to version 1, as version 2 contributed 10% of the ankle joint kinetics as
opposed to the 2.4% observed for version 1. The new level of assistance matched the expected level
of assistance at the ankle joint based on simulations performed during the development of version
1. The main findings of the experiment using version 2 were the improvements from version 1
which led to the successful reduction of the metabolic cost with the fully passive bi-articular
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assistance at the ankle and knee joint and the correlation between joint work and the metabolic cost.
Regression analysis showed a strong correlation between the metabolic cost and the average
positive work performed at the ankle as well as the negative work performed at the knee joint.
6.1.4 Future Work
With each device iteration, the overall performance improved as the metabolic cost of
walking with the latest exoskeleton (Chapter 5) approached that of the subject’s normal walking
condition. While the performance of the passive exoskeletons developed could not improve the
subject’s natural walking economy, the performances were comparable with current passive
exoskeletons in literature [39], [48], [50]. Future work in terms of exoskeleton development could
focus on the optimization of the ankle-knee assistance mechanism. For example, it is unknown
whether the current ratio of moment arm lengths is optimal. Further improvements of the foot
interface could also provide improvements in the energetic penalty of mass carried at the foot. A
framework of potential energy transfer pathways in normal walking was presented in Chapter 2,
which showed additional pathways not yet explored. This provides a topic for future investigations.

6.2 Factors affecting the metabolic cost for passive exoskeletons
There are several factors that affect the measurement of metabolic cost which contribute to
the observed performance of the devices presented in this thesis.
6.2.1 Subject training period
Subject training was identified as a limitation during testing of the devices presented in
Chapters 4 and 5. Exposing the subject to a new device often requires a period of habituation before
the subject is fully comfortable with using the device. As discussed in Chapter 5, it is possible that
some of the subjects required an extended training period to be trained. The discussion is extended
here to highlight the impact of training period on changes in metabolic while walking with an
assistive device.
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A previous study used an active ankle foot orthotic (AFO) [98] to quantify the metabolic
cost of ankle joint work, however within their protocol they exposed their subjects to an extensive
training period of 3 sessions lasting 55-minutes each. Over the course of the training regimen
(between sessions) the subjects demonstrated average metabolic reductions between 0.090.27W/kg and 0.20-0.62W/kg for the unassisted and assisted conditions, respectively [98]. In
addition to the metabolic reductions over the training regimen, the metabolic cost also decreased
between the start and end of each 30-minute training session. The metabolic reduction from the
start to the end of each session ranged from 0.01-0.06W/kg and 0.23-0.41W/kg for the unassisted
and assisted conditions [98]. The ankle exoskeleton initially increased the metabolic cost of
walking by 0.26W/kg for the first training session [98]. It wasn’t until the third session that the
ankle exoskeleton was able to reduce the subjects metabolic cost of walking below that of their
baseline. The total time in which the subjects were exposed to the exoskeleton device was 165
minutes over the three sessions [98].
The passive devices in the literature, the ankle exoskeleton by [39] and the XPED2 by [48]
both trained their subject to a similar extent. The passive ankle exoskeleton by [39] exposed each
subject to 21-minutes of training for each of the 6 conditions for a total of 126-minutes and resulted
in an 0.21W/kg reduction in metabolic cost relative to normal walking. Similarly, the passive
XPED2 exoskeleton by [48] performed a similar protocol as that of [98] except each training
session was reduced by 10-minutes. Despite using a similar protocol, implementation of the XPED2
did not lead to a decrease in metabolic cost. Instead, the XPED2 increased metabolic cost by an
estimated 0.90W/kg relative to their baseline condition and 0.23W/kg (6.1%) increase from the
unassisted condition [48]. Results of the XPED2 would indicate that their approach to passive lower
limb assistance was not effective rather than insufficient training of the subjects.
In contrast to the previous literature [39], [48], [98], the subjects tested in this thesis would
be classified as naïve subjects since the maximum training period was only 30-minutes for the
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lower limb gait assisting suit (version 2) presented in Chapter 5. This training period was also
conducted for the full configuration of the suit as discussed in the previous chapter. The training
period for version 1 of the lower limb gait assisting suit was merely 10-minutes, similarly for the
passive inter-limb gait assisting backpack presented in Chapter 3. Based on the literature, it is likely
that the performance of the passive exoskeleton devices presented in Chapters 3-5 were limited by
the training period of the subjects. Future work can examine the effects of an extended training
protocol on the performance of these devices.
6.2.2 Joint power, moment, or work for exoskeleton assistance
The following discussion examines the methods for exoskeleton assistance from a design
perspective. The effects of exoskeleton assistance cannot change one measure of joint kinetics
independently of another but the approach to designing an assistive exoskeleton can differ greatly
if the design objective is to reduce the biological contribution to joint power, moment, or work.
The design of exoskeleton devices for gait assistance have employed various methods of
assisting joint moment, power, and work, with varying results. Determining the “best” approach
for development of exoskeleton devices is difficult due to inconsistent results and the lack of direct
comparisons. While joint work is often measured in the study of human walking and correlates well
with the changes in metabolic cost, it may not be as useful to drive the design of gait assisting
exoskeletons. This is due to the degree of separation from design parameters and the non-intuitive
nature of joint work for exoskeleton design. To illustrate the non-intuitive nature of joint work
approach, consider the definition of joint work which uses force and displacement. Over a single
gait cycle, the joint work is zero since the relative position of the limb segments at 0% GC and
100% GC are identical resulting in zero net displacement. Similarly, using the time integral
definition results in minimal joint work due to cancelation of positive and negative joint power
[61], [84]. While using joint work as a design objective for gait assisting exoskeletons may not be
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efficient, the alternative measures: joint power and joint moment can provide a more intuitive
understanding of the mechanical function for exoskeleton development.
The correlation between change in metabolic cost due to joint moment assistance and joint
power assistance was compared in a recent study by [166]. The study revealed that metabolic cost
decreased proportionally with exoskeleton joint power assistance and increased proportionally with
exoskeleton joint moment assistance. Another study by [167] demonstrated a similar relationship
between the metabolic cost and exoskeleton joint power assistance, where metabolic cost decreased
up to 1W/kg as exoskeleton joint power assistance increased up to 0.19W/kg. However, in contrast
with the previous study, the peak joint moment assistance increased proportionally as well [167].
While joint power assistance appeared to hold the desired relationship with changes in metabolic
cost, joint moment assistance appears to have a counter intuitive relationship with metabolic cost.
The findings of the two studies may explain why the passive XPED2 increased metabolic cost [48]
as the design of the XPED2 focused on minimizing the subject’s absolute average joint moment.
Based on these three studies, it appears that the approach for future exoskeleton design should
approach the challenge using a joint power assistance perspective. However, this approach may not
by well suited for the development of passive exoskeletons.
Unlike active exoskeletons, passive exoskeletons cannot control the assistance magnitude
or timing. Both assistance magnitude and timing for passive exoskeleton devices are driven by the
kinematics. In the case of passive exoskeletons such as the ones developed in this thesis and
literature ([39], [48]), the springs/elastics or lever length must be changed to alter the magnitude of
the assistance. Timing of the assistance was regulated by natural joint kinematics or adjusted
through the application of a clutch mechanism [39]. In either case, there are limitations on the
adjustments to generate the magnitude and timing of the assistance. For example, a stiffer spring
may not increase the assistance magnitude if ROM of the joint decreases due to the increased
stiffness. Evidence of this limitation was explored in the passive ankle exoskeleton [39]. For the
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development of passive exoskeletons, it appears that none of the metrics: joint power, moment, or
work are ideal as a design objective. Instead, passive exoskeleton designs may need to focus on
joint stiffness. While this not a new metric used in the design of exoskeleton devices as previous
devices have utilized the metric in their development [95], [168], it appears to have been overlooked
in recent developments. The recent study by [39] investigated the effects of ankle exoskeleton
stiffness on the metabolic cost and function of the ankle joint. Results of the study showed an
optimal reduction in metabolic cost at an exoskeleton stiffness (180Nm/rad = 2.33Nm/kg/rad) [39],
which mimicked the natural ankle joint stiffness (2.18Nm/kg/rad, Chapter 2). Although this study
confirms the presence of an optimal stiffness for passive ankle joint assistance, it is unknown if this
translates to the application of multi-joint assistance. In the case of the exoskeleton XPED2 [48]
which attempted a multi joint assistance at the ankle and hip, it is possible that the limited
performance of the exoskeleton was caused by missing of “overshooting” the optimal stiffness for
passive assistance in addition to effects of the device mass. Future work could investigate the effects
of stiffness characteristics in multi-joint passive exoskeletons.

6.3 Contributions
The results of the research presented in this thesis furthers the field of exoskeleton
development and provides insights on the effects of passive spring elements in relation to the
mechanics and energetics of walking. This thesis presents the development and realization of new
alternatives for passive actuation of exoskeletons via energy transfer between joints during the gait
cycle. The effects on human subjects were analyzed for each developed exoskeleton in relation to
the metabolic rate of energy expenditure. Our results provide a benchmark for future exoskeleton
development. Additionally, I developed the three exoskeletons that can be implemented as
platforms for future research and development. Future development in gait assisting exoskeletons
utilizing passive dynamics in concert with active methods of actuation can lead to improvements
in energy efficiency and increase the operation time of active exoskeletons. The energy transfer
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framework I developed can translate to other applications beyond the development of exoskeletons.
The energy transfer framework could serve in the development of orthotics for persons with a
pathological gait whereby deficiencies at one joint may be assisted by a different joint without
increasing user exertion. This may prove beneficial for rehabilitation applications as it would not
only extend the training time it may serve to improve user comfort and sense of stability as the
deficient joint is support by the orthosis.
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Chapter 3 Additional Material
Bench-test for elastic (spring) constant

Figure A 1: A sample data used to estimate the spring constant. A total of 5-10 pulls on the
elastic were performed for each trial. A total of three trials were conducted, each depicting
similar results. It’s clear that the initial extension of the elastic-spring exhibits slightly
different force dixplacement characteristices but subsequent extensions/contractions cycles
converge to a the same elastic-spring constant. The difference in the first extension does not
influence the results presented as the data presented was after 8 mins of steady-state walking.
Note that the linear regression has units of N/mm and N for the slope and intercept,
respectively. The deflection of the spring was collected using 3D motion capture while spring
tension was collected using the Nano25-E Transducer (ATI Industrial Automation, Inc.).

160

Alternative design concept of the PIL backpack

Figure A2: Concept of an alternative design for the PIL backpack.
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Figure A3: Spring length results from the initial simulation. The waveform presented in (c) is
equivalent to measuring the total length of the spring if the motion of both legs were combined.
This displacement would correspond to the spring deflection for the alternative design concept
(Figure A2).
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Subject specific results
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Figure A4: Subject specific metabolic cost for the Free group.
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Figure A5: Subject specific metabolic cost for the Control group
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Table A 1: Free group subject data
Subj.
ID

F1
F2
F3
F4
F5
Mean
(SD)

BMI
(kg/m2)

Age
(yrs)

Height
(cm)

Mass
(kg)

25.7
24.1
25.4
19.9
18.9
22.8
(2.9)

24
25
26
23
19
23.4
(2.4)

167.0
181.5
181.0
174.0
178.0
176.3
(5.4)

71.8
79.5
83.3
60.3
60
71.0
(9.6)

Estimated
Leg
Length
(m)
0.77
0.83
0.83
0.80
0.82
0.81
(0.02)

First Trial
Condition

Estimated
Leg
Length
(m)
0.81
0.79
0.77
0.81
0.77
0.79
(0.02)

First Trial
Condition

No Spring
No Spring
Spring
Spring
Spring

Table A2: Control group subject data.
Subj.
ID

BMI
(kg/m2)

Age
(yrs)

Height
(cm)

Mass
(kg)

C1
C2
C3
C4
C5
Mean
(SD)

24.9
25.1
22.7
25.1
22.3
24.0
(1.3)

27
24
26
22
21
24.0
(2.3)

176
171
168
175
168
171.6
(3.4)

77
73.5
64
77
63
70.9
(6.2)
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Prototype Iterations
Thigh interfaces

Figure B 1: Early thigh interface prototype. Incorporates the thigh strap into the design using
as a ladder style buckle into the main buckle plate.
Bowden cable was composed of a flexible hard-plastic hose (5239K24, McMaster Carr,
Supply Company) and a braided Spectra fiber (23kg (50lb test) by Power Pro, Shimano Inc.).
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Figure B 2: Comparing the old and new thigh straps on a model subject. The new thigh
strap (left) integrates the IR marker. Notice the difference in loading of the posterior
vertical thigh strap as a result of the new strap in contrast with the old strap.
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Figure B 3: Thigh cable interface buckle version 3.

167

Foot Interfaces

Figure B 4: First foot interface (boot version alpha) for a unilateral exoskeleton.
The cable attachment clips were #6 snap swivels. The lever arms and mounting brackets
were fabricated from a 0.125” aluminum bar (6063 series). The lever arm cross member was
fabricated from a ¼” inch aluminum rod (6063 series) with both ends threaded (1/4-20). Two
grooves were machined into the cross member to prevent the horizontal translation of the cable
along the cross member. A hitch knot was used to secure the cable attachment clips to the lever
arm which prevented residual cable being left in the groove in the event of cable failure or changing
of the cable attachments. Medio-lateral cable was used to reduce the chance of failure in the cables
and to reduce the applied moment in the frontal plane. Change in the cable path, the design of the
foot interface also changed as the lever arm cross member was no longer required and the lever
arms were shaped to meet at a single point for cable attachment, Figure B 5.
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Figure B 5: Modified foot interface (version beta). The levers went from being in parallel
with the cross member to a curved profile. The lever arm cross member was replaced with a
cable attachment bolt and nut with grooved channels for the cable anchor. The channels
served the same function as those on the lever arm cross member in Figure B 4.

Table B 1: Mass assessment of the foot interface.
Part

Original

Iteration #1

Foot Brace

491g

420g

Lever brackets (1/8” aluminum bars)

67g (combined mass, 2x)

67g

Bolts + nuts for bracket mount

20g

20g

Levers (1/8” aluminum bars)

180g (combined)

180g (combined)

Cable attachment

43g

5g

TOTAL

801g

692g (~109g reduction)
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Figure B 6: Second design iterations of the foot interface, version 1.
The previous ankle walker brace used during the first design conception was no longer
available and a new model was purchased (Gen2 Short pneumatic walker, Ovation Medical).
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Simulation waveforms

Figure B 7: Two-dimensional model of the lower limb and the device for simulation. The
variables in red are unknowns parameters in the model while the variables in black are
known or defined parameters. Each leg joint is represented by a red circle while device
parameters are represented by the blue circles. The COP was used as the ground contact
point.
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Table B 2: Simulation, model input variables
Variables

Description

LF Length of foot
LS Length of shank
La

Length of a from the knee

Lm Length of lever, point m from the ankle
θknee Knee joint flexion angle
θankle

Ankle joint, dorsi- flexion angle

α Angle between lever and foot segment

Table B 3: Simulation, model outputs
Variables

Description

L Length between point a and the ankle
Lc

Inner cable length; between points a and m

δ Angle between cable and lever
β Angle between Laa and the shank
θc1 Angle between Laa and Lc
θc2 Angle between Laa and La
FS Resulting spring force from cable length
F0

Spring force bias

The purpose of the simulation was not to find the optimal condition but to find the general
trends for these parameters. The simulations were driven by kinematic data for a 1.78m subject.
The desired applied moment is 10% of the biological moment. ~10N/m for the 78kg subject. Initial
simulation began on the effects of the setup of the lever on the foot interface. Based on the
simulation results, the lever angle was decreased by ~30 degrees, as there were diminishing returns
in the applied joint moment with increasing the lever angle beyond 30 degrees. The simulations
following the setup for the lever were driven by a lever length of 0.3m. This length was chosen
based on the observation that this was the longest length that would avoid scuffing with the ground
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during walking. The longer lever length was desired such as to decrease the maximum spring force
required to generate the joint moment. The parameter sets for spring stiffness and thigh anchor was
manually adjusted to find a spring stiffness corresponding available from commercial suppliers.
Positive sign convention for the joint moment are ankle dorsi-flexion and knee joint extension.

Figure B 8: Simulated impact of the lever length and lever angle.

Figure B 9: Simulated effect of thigh interface buckle location.
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Figure B 10: Sample simulation results of the applied ankle and knee joint moment.

Link segment updates for Inverse dynamics
Free body diagram of each limb segment in Figure B 11-Figure B 13. with effects of the
device. While a simplified two-dimensional illustration of the inverse dynamics method is
presented here, the analysis was performed with three-dimensional inverse dynamic calculations.
Following each figure are a set of equations which list the general equations used in the inverse
dynamics.
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Foot segment

Figure B 11: FBD of the foot segment. The location of the GRF vector acting on the foot
�⃗𝑮𝑮𝑮𝑮𝑮𝑮 ) coincides with the COP. The red circle represents the ankle joint. 𝑭𝑭
�⃗𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 is the
(𝑭𝑭

�⃗𝒔𝒔 ) is shown in red while the distance between the
resulting joint. The applied spring force (𝑭𝑭

foot’s COM (COMfoot) to the force vectors are shown in light blue. Acceleration due to gravity
���⃗𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 is ankle joint moment.
��⃗ and the mass of the foot segment is 𝐦𝐦𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 . 𝑴𝑴
is represented as 𝒈𝒈
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Shank segment

Figure B 12: FBD of the shank segment. Ankle joint reaction forces and moments are acting
in the opposite direction on the shank segment.
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Thigh segment

Figure B 13: FBD of the thigh segment. The negative values for forces and moments are the
reaction forces and moments that were previously defined at the shank and foot segments.
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Subject data
Table B 4: Subject’s average metabolic rate.
Normal

Weighted

No-Spring

Spring

(W/kg)

(W/kg)

(W/kg)

(W/kg)

S1

3.840

3.860

4.490

4.430

S2

3.170

3.360

3.840

3.680

S3

3.270

3.650

4.130

3.980

S4

3.580

3.560

3.850

3.550

S5

3.660

3.740

4.030

3.880

S6

3.550

3.570

4.000

3.980

S7

3.750

4.030

5.170

4.720

S8

3.430

3.720

3.550

3.600

Average (S.D)

3.531 (0.230)

3.686 (0.203)

4.132 (0.498)

3.978 (0.410)

Subject ID

Table B 5: Normalized step-length (u.l.).
Subject ID

Normal

Weighted

No-Spring

Spring

S1

0.379

0.391

0.372

0.376

S2

0.394

0.388

0.392

0.386

S3

0.411

0.409

0.409

0.396

S4

0.369

0.372

0.363

0.357

S5

0.444

0.444

0.437

0.440

S6

0.421

0.415

0.404

0.402

S7

0.432

0.429

0.408

0.416

S8

0.391

0.388

0.381

0.371

Average (S.D.)

0.405 (0.026)

0.405 (0.024)

0.396 (0.024)

0.393 (0.027)
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Table B 6: Subject ankle joint ROM.

Normal

Weighted

No-Spring

Spring

(rad)

(rad)

(rad)

(rad)

S1

0.600

0.619

0.510

0.510

S2

0.540

0.588

0.526

0.483

S3

0.430

0.453

0.583

0.539

S4

0.580

0.593

0.525

0.459

S5

0.640

0.641

0.666

0.597

S6

0.620

0.523

0.538

0.488

S7

0.660

0.650

0.596

0.507

S8

0.530

0.549

0.600

0.565

Average (S.D.)

0.575 (0.074)

0.577 (0.066)

0.568 (0.053)

0.518 (0.046)

Normal

Weighted

No-Spring

Spring

(rad)

(rad)

(rad)

(rad)

S1

1.200

1.216

0.994

1.065

S2

1.242

1.230

1.175

1.120

S3

1.190

1.175

1.126

1.080

S4

1.240

1.226

1.195

1.157

S5

1.220

1.281

1.164

1.187

S6

1.385

1.364

1.216

1.134

S7

1.249

1.253

1.066

1.077

S8

1.226

1.162

1.074

1.131

Average (S.D.)

1.244 (0.060)

1.238 (0.064)

1.126 (0.076)

1.118 (0.042)

Subject ID

Table B 7: Subject knee joint ROM.
Subject ID
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Table B 8: The hip joint range of motion for each subject across trial conditions.
Normal

Weighted

No-Spring

Spring

(rad)

(rad)

(rad)

(rad)

S1

0.776

0.797

0.753

0.748

S2

0.779

0.755

0.705

0.851

S3

0.829

0.850

0.867

0.815

S4

0.832

0.804

0.797

0.671

S5

0.853

0.894

0.832

0.849

S6

1.121

0.863

0.851

0.927

S7

0.934

0.856

0.857

0.796

S8

0.839

0.872

0.847

0.842

Average (S.D.)

0.870 (0.112)

0.836 (0.046)

0.814 (0.058)

0.812 (0.077)

Subject ID
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Additional experiment considerations
A new Bowden cable was used for each subject with the length set such that the cable
housing did not impeded hip flexion. This was determined by measuring the length between the
cable housing end-points of the backpack and thigh interface during standing. An additional 4
inches were added to account for the displacement during maximum hip flexion. During hip
extension the excess cable housing length could result in an increased bend angle or bend radius
which reduces the efficiency of force transmission through the cable. Spring tension was indirectly
maintained across subjects by setting a consistent extended length of the spring during a standing
pose. At the start of each setup, the carriage on the linear guide rail was positioned at the bottom as
there was genrally slack in the cable when attaching it to the spring. This slack was removed and
the spring was preloaded by increasing the height of the carriage unit.
The load cell was calibrated in the device setup using calibration weights. The mass of each
weight was confirmed using a kitchen scale (Taylor, model: 3865BL) and the mass of the extension
spring was considered.
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Additional Experiment details
Prior to the walking trials, a series of calibrations were performed to obtain static pose joint
kinematics and to digitize markers for the occluded anatomical landmarks at the knee and ankle
joints. The anatomical landmarks were palpated prior to using a small digitizing pointer, C-motion
Inc. (MD, USA). A 5-second static data collection was performed once the pointer was on the
anatomical landmark and the subject was in the anatomical pose. The digitized markers were
referenced to the respective marker clusters. A walking trial began by starting the K4b2 unit,
followed by starting the treadmill. Once the desired 1.25m/s treadmill speed was reached and the
subject was centered on the treadmill, the marker key on the K4b2 unit was used to index the
metabolic data indicating the start of the trial. A stopwatch was used to keep track of the trial
duration. Motion capture began 4-minutes after pressing the marker key on the metabolic unit to
reduce computational loads. Previous experimentation with the system, attempting to start both
systems simultaneous often caused the motion capture system to stall or “crash” and the lose the
data from the trial.
Subjects were instructed to correct their position on the treadmill as a safety measure if
they approached the perimeter of the treadmill belt and were at risk of tripping or walking off the
treadmill. An auditory warning was given to the subjects to prior to starting or stopping the
treadmill. The springs were attached to the suit between trials while the subject was resting. Due to
instrumentation wiring on the suit, subjects could not dismount from the treadmill so a stool was
brought onto the treadmill allowing the subjects to rest. The embedded force plates were zeroed
immediately prior to the start of each trial by having the subject stand on the treadmill frame. This
process was repeated for each trial condition.
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Data of the subjects with the running shoe condition

Significant differences in the pairwise comparisons are presented identified by <*>,
<⁑>, <⁂>, <†>, <‡>, <●>, and <Δ> which correspond with the reference condition: (RS),
(W), (AK), (H), (Full), (AK-BIO), and (H-BIO), respectively.
•

(RS): running shoe (normal),

•

(W): weighted,

•

(AK): ankle-knee assistance

•

(H): hip assistance

•

(Full): full suit, hip and ankle assistance.

The additional suffix (BIO) in the (AK), (H), and (Full) conditions represent the
biological contribution to joint kinetics while those without the suffix represent the net
values. Note that the tabulated data in this section was averaged only across the four
subjects with available data of the (RS) condition.
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Table C 1:Metabolic, normalized step-length, range of motion at each joint.
Metric

Units

RS

W

AK

Hip

Full

Metabolic

W/kg

2.813
(0.213)

3.055
(0.108)

3.107
(0.261)

3.429
(0.446)

3.345
(0.470)

StepLength

u.l.

0.419
(0.023)

0.425
(0.025)

0.421
(0.026)

0.427
(0.034)

0.419
(0.036)

0.767
(0.032)

0.803
(0.034)

0.787
(0.054)

0.846
(0.027)

0.824
(0.027)

1.198
(0.124)

1.188
(0.158)
*
0.493
(0.026)

1.147
(0.107)
*⁑
0.419
(0.027)

1.117
(0.148)

1.087
(0.115)
†
0.475
(0.071)

Hip
(rad)
Knee
(rad)

ROM

Ankle
(rad)

0.448
(0.022)

0.540
(0.057)

Table C 2: Peak joint flexion moment.
Metric

Peak
Flexion
Moment

Units
(Nm/kg)

RS

W

AK

Hip

Full

AKBIO

HipBIO

FullBIO

Hip

1.075
(0.066)

0.979
(0.071)

0.979
(0.222)

1.051
(0.131)

1.005
(0.140)

0.979
(0.222)

0.987
(0.135)

0.944
(0.144)

Knee

-0.356
(0.070)

-0.394
(0.082)

-0.396
(0.108)

-0.366
(0.076)

-0.407
(0.043)

Ankle

-1.399
(0.105)

-1.421
(0.141)

-1.422
(0.152)

-1.331
(0.146)

-1.323
(0.164)

-0.333
(0.106)
⁑⁂
-1.279
(0.148)

-0.349
(0.078)
†
-1.352
(0.147)

-0.329
(0.039)
†‡●
-1.202
(0.162)
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Table C 3: Peak joint power
Metric

Units
Ankle A1
(W/kg)
Ankle A2
(W/kg)

Peak
Joint
Power

Knee
K3
(W/kg)
Knee
K4
(W/kg)
Hip
H2
(W/kg)
Hip
H3
(W/kg)

AKBIO

HipBIO

FullBIO

2.885
(0.384)

-0.541
(0.083)
⁂‡
2.288
(0.381)

-0.658
(0.305)
†
2.808
(0.471)

-537
(0.199)
‡
2.602
(0.388)

-0.868
(0.242)

-0.881
(0.408)

-1.044
(0.580)

-1.270
(0.364)

-1.410
(0.572)

-0.865
(0.211)

-0.832
(0.352)

-0.838
(0.330)

-0.679
(0.172)

-0.793
(0.348)

-0.633
(0.266)

-0.771
(0.270)

-0.774
(0.319)

-0.909
(0.124)

-0.873
(0.086)

-0.774
(0.319)

-0.841
(0.114)

-0.805
(0.093)

0.517
(0.081)

0.708
(0.295)

0.665
(0.178)

0.754
(0.364)

0.708
(0.295)

0.622
(0.176)

0.711
(0.342)

RS

W

AK

Hip

Full

-0.786
(0.261)

-0.767
(0.305)

-0.626
(0.088)

-0.647
(0.302)

-0.611
(0.218)

2.548
(0.189)

2.614
(0.229)

2.592
(0.380)

2.744
(0.472)

-0.737
(0.209)

-0.677
(0.096)

-0.893
(0.538)

-1.131
(0.349)

-1.008
(0.250)

-0.800
(0.215)
0.735
(0.175)

Table C 4: Average positive and negative mechanical joint work and leg work.
Metric

Units
(J/kg)

RS

W

AK

Hip

Full

AKBIO

HipBIO

FullBIO

0.213
(0.040)

0.235
(0.055)

0.222
(0.066)

0.269
(0.094)

0.270
(0.085)

0.211
(0.060)

0.274
(0.094)

0.259
(0.080)

-0.141
(0.035)

-0.139
(0.035)

-0.123
(0.028)

-0.120
(0.043)

-0.104
(0.038)

-0.109
(0.024)

-0.122
(0.043)

-0.090
(0.036)

0.131
(0.043)

0.139
(0.057)

0.133
(0.016)

0.137
(0.039)

0.131
(0.032)

0.120
(0.012)

0.143
(0.042)

0.136
(0.041)

-0.219
(0.033)

-0.207
(0.031)

-0.207
(0.042)

-0.216
(0.039)

-0.203
(0.055)

-0.189
(0.039)

-0.257
(0.051)

-0.235
(0.072)

0.171
(0.084)

0.166
(0.048)

0.166
(0.066)

0.200
(0.050)

0.186
(0.069)

0.166
(0.066)

0.203
(0.050)

0.187
(0.069)

-0.199
(0.070)

-0.216
(0.082)

-0.207
(0.116)

-0.245
(0.065)

-0.233
(0.059)

-0.222
(0.060)

-0.201
(0.055)

Leg
+ve

0.515
(0.067)

0.541
(0.016)

0.521
(0.035)

0.606
(0.017)

0.586
(0.018)

-0.207
(0.116)
‡
0.497
(0.029)

0.621
(0.017)

0.583
(0.028)

Leg
-ve

-0.559
(0.063)

-0.563
(0.076)

-0.537
(0.139)

-0.581
(0.082)

-0.530
(0.083)

-0.506
(0.133)

-0.601
(0.075)

-0.526
(0.080)

Ankle
+ve
Ankle
-ve

Joint
Work

Knee
+ve
Knee
-ve
Hip
+ve
Hip
-ve

Leg
Work
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Sample waveform of subject data with the (RS) condition

Sample subject waveforms of joint angles, moments, and power for the five trial conditions
are shown in the following figures. The comparison between net and biological
contributions to joint kinetics can be viewed by using the consistent waveform for (W)
condition as a reference baseline.

Figure C 1: Joint angle waveforms
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Figure C 2: Joint moment waveforms. The left column presents the net joint moment
performed at the a) hip, b) knee, and c) ankle joint. The right column presents the biological
contribution to the joint moment at the d) hip, e) knee, and f) ankle joint. The vertical lines
correspond with the peak flexion moment.
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Figure C 3: Subject’s joint power waveforms. The left column presents the net joint power
performed at the a) hip, b) knee, and c) ankle joint. The right column presents the biological
contribution to the joint power at the d) hip, e) knee, and f) ankle joint. The vertical lines
correspond with the peak joint powers of the hip (H2, H3), knee (K3, K4) and ankle (A1, A2).
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Subject Data
Table C 5: Subject categorical data. The shoe sizes were converted from US (men’s) to the
Mondopoint system which has units of millimeter. A US size 10.5 is the equivalent to the
Mondopoint 280. The mass of the suit presented as a percentage of subject body mass is also
included for reference.

Subject ID
V3S1
V3S2
V3S3
V3S4
V3S5
V3S6
V3S7
Mean (SD)

Height
(m)
1.80
1.78
1.80
1.78
1.77
1.80
1.81
1.79 (0.01)

Mass
(kg)
92.1
78.3
75.5
77.5
63.2
74.0
82.6
77.6 (8.1)

Age
(yrs)
21
22
25
30
21
33
23
25 (4.4)

Shoe Size
(Mondopoint)
280
280
280
280
275
285
295
282 (6)

Suit mass
(% BW)
3.1
3.6
3.8
3.7
4.5
3.9
3.6
3.8 (0.4)

Table C 6: Average net metabolic data for each subject across conditions.
RS

W

AK

H

Full

(W/kg)

(W/kg)

(W/kg)

(W/kg)

(W/kg)

V3S1

--------

4.005

3.485

3.870

3.981

V3S2

--------

3.231

3.025

3.428

3.300

V3S3

--------

3.068

3.404

3.600

3.243

V3S4

2.897

2.951

3.236

4.032

3.872

V3S5

2.982

3.155

3.388

3.475

3.603

V3S6

2.502

2.973

2.792

2.999

2.887

V3S7

2.873

3.142

3.012

3.210

3.016

Mean (S.D.)

2.813

3.218

(0.184)1

(0.334)

Subject ID

3.192 (0.236)

1

Averaged across the four subjects
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3.516 (0.331) 3.415 (0.386)

Table C 7: Peak hip joint flexion moment (Nm/kg)
Subj.
ID

RS

W

AK

H

Full

AKBIO

H-BIO

FullBIO

V3S1

--------

0.317

0.313

0.285

0.331

0.313

0.248

0.299

V3S2

--------

0.578

0.670

0.677

0.691

0.670

0.562

0.599

V3S3

--------

0.468

0.521

0.571

0.561

0.521

0.361

0.380

V3S4

1.103

1.055

1.195

1.071

0.904

1.195

1.000

0.843

V3S5

1.154

1.020

1.141

1.217

1.187

1.141

1.160

1.133

V3S6

1.007

0.943

0.747

0.902

0.888

0.747

0.833

0.820

1.017
0.820
(0.325)

1.042
0.801
(0.293)

0.832
0.774
(0.317)

0.955
0.731
(0.345)

0.981
0.722
(0.309)

V3S7

1.037
0.899
0.832
Mean
1.075
0.754
0.774
(S.D.) (0.063)1 (0.295) (0.317)
1
Averaged across the four subjects

Table C 8: Peak knee joint flexion moment (Nm/kg). Knee extension is positive
Subj.
ID

RS

W

AK

H

Full

AKBIO

V3S1

--------

-0.529

-0.533

-0.456

-0.460

-0.491

-0.449

-0.412

V3S2

--------

-0.802

-0.648

-0.742

-0.559

-0.599

-0.747

-0.503

V3S3

--------

-0.652

-0.502

-0.639

-0.654

-0.439

-0.651

-0.609

V3S4

-0.401

-0.424

-0.493

-0.375

-0.459

-0.427

-0.357

-0.377

V3S5

-0.412

-0.494

-0.455

-0.458

-0.426

-0.389

-0.443

-0.344

V3S6

-0.257

-0.305

-0.247

-0.272

-0.382

-0.186

-0.251

-0.306

-0.353
-0.355
-0.388
Mean -0.356
-0.508
-0.467
(S.D.) (0.064)1 (0.173) (0.125)
1
Averaged across the four subjects

-0.358
-0.471
(0.165)

-0.363
-0.472
(0.103)

-0.328
-0.408
(0.130)

-0.345
-0.463
(0.177)

-0.289
-0.406
(0.115)

V3S7
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H-BIO

FullBIO

Table C 9: Peak ankle joint plantar-flexion moment (Nm/kg). Ankle dorsi-flexion is positive.
Subj.
ID

RS

W

AK

H

Full

AKBIO

H-BIO

FullBIO

V3S1

--------

-1.234

-1.192

-1.169

-1.127

-1.072

-1.180

-1.018

V3S2

--------

-1.357

-1.260

-1.182

-1.140

-1.127

-1.195

-1.017

V3S3

--------

-1.338

-1.326

-1.198

-1.195

-1.173

-1.212

-1.052

V3S4

-1.537

-1.624

-1.637

-1.540

-1.557

-1.494

-1.561

-1.437

V3S5

-1.394

-1.407

-1.406

-1.316

-1.301

-1.245

-1.335

-1.160

V3S6

-1.280

-1.311

-1.286

-1.267

-1.254

-1.158

-1.289

-1.142

V3S7

-1.387

-1.341

-1.360

-1.204

-1.180

-1.218

-1.224

-1.068

Mean -1.399
-1.373
-1.352
(S.D.) (0.057)1 (0.122) (0.143)
1
Averaged across the four subjects

-1.268
(0.131)

-1.251
(0.148)

-1.212
(0.137)

-1.285
(0.133)

-1.128
(0.147)

H
-0.192
-0.597
-0.436
-0.952
-1.057
-0.857
-0.769
-0.694
(0.305)

Full
-0.118
-0.967
-0.366
-0.915
-0.963
-0.764
-0.850
-0.706
(0.332)

AKBIO
-0.219
-0.586
-0.415
-1.054
-1.046
-0.512
-0.485
-0.617
(0.317)

H-BIO
-0.142
-0.490
-0.251
-0.881
-0.979
-0.787
-0.717
-0.607
(0.320)

FullBIO
-0.074
-0.832
-0.217
-0.852
-0.896
-0.681
-0.793
-0.621
(0.334)

Table C 10: Peak H2 hip joint power.
Subj.
ID
RS
W
AK
V3S1 --------0.225
-0.219
V3S2 --------0.445
-0.586
V3S3 --------0.312
-0.415
V3S4 -0.906
-1.048
-1.054
V3S5 -1.024
-0.859
-1.046
V3S6 -0.746
-0.771
-0.512
V3S7 -0.526
-0.405
-0.485
Mean -0.800
-0.581
-0.617
(S.D.) (0.204)1 (0.311) (0.317)
1
Averaged across the four subjects
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Table C 11: Peak H3 hip joint power.
Subj.
ID
RS
W
AK
V3S1 -------0.652
0.863
V3S2 -------0.175
0.326
V3S3 -------0.896
1.114
V3S4
0.499
0.398
0.500
V3S5
0.827
0.536
1.079
V3S6
0.715
0.579
0.443
V3S7
0.899
0.554
0.810
Mean
0.735
0.541
0.734
(S.D.) (0.085)1 (0.221) (0.314)
1
Averaged across the four subjects

H
0.752
0.506
0.768
0.416
0.825
0.666
0.752
0.669
(0.152)

Full
0.807
0.624
0.771
0.291
1.006
0.640
1.080
0.746
(0.264)

AKBIO
0.863
0.326
1.114
0.500
1.079
0.443
0.810
0.734
(0.314)

H-BIO
0.680
0.337
0.449
0.381
0.802
0.636
0.670
0.565
(0.175)

FullBIO
0.731
0.535
0.485
0.275
0.968
0.603
0.998
0.657
(0.262)

H
-0.894
-0.691
-0.986
-0.801
-1.210
-0.820
-0.640
-0.863
(0.192)

Full
-1.088
-1.026
-1.092
-0.446
-1.428
-0.774
-0.875
-0.961
(0.306)

AKBIO
-1.115
-0.629
-1.643
-0.999
-1.838
-0.453
-0.884
-1.080
(0.506)

H-BIO
-1.140
-0.932
-1.210
-1.040
-1.806
-1.195
-1.041
-1.195
(0.287)

FullBIO
-1.491
-1.335
-1.472
-0.776
-2.141
-1.222
-1.501
-1.420
(0.407)

H
-0.973
-0.399
-0.895
-0.536
-0.832
-0.633
-1.326
-0.799
(0.310)

Full
-1.009
-0.545
-1.117
-0.589
-0.938
-0.562
-1.262
-0.860
(0.294)

AKBIO
-0.947
-0.594
-0.646
-0.776
-0.653
-0.449
-0.838
-0.700
(0.166)

H-BIO
-0.972
-0.386
-0.873
-0.524
-0.774
-0.584
-1.291
-0.772
(0.307)

FullBIO
-0.837
-0.398
-0.925
-0.450
-0.681
-0.411
-0.989
-0.670
(0.253)

Table C 12: Peak K3 knee joint power.
Subj.
ID
RS
W
AK
V3S1 --------1.022
-0.947
V3S2 --------0.241
-0.504
V3S3 --------1.148
-1.486
V3S4 -0.658
-0.666
-0.869
V3S5 -1.048
-0.791
-1.632
V3S6 -0.595
-0.692
-0.355
V3S7 -0.649
-0.559
-0.718
Mean -0.737
-0.731
-0.930
(S.D.) (0.202)1 (0.300) (0.477)
1
Averaged across the four subjects

Table C 13: Peak K4 knee joint power.
Subj.
ID
RS
W
AK
V3S1 --------0.896
-1.133
V3S2 --------0.734
-0.764
V3S3 --------1.078
-0.805
V3S4 -1.019
-0.931
-0.967
V3S5 -1.251
-0.957
-0.843
V3S6 -0.716
-0.780
-0.582
V3S7 -1.538
-1.364
-1.070
Mean -1.131
-0.963
-0.880
(S.D.) (0.341)1 (0.210) (0.190)
1
Averaged across the four subjects
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Table C 14: Peak A1 ankle joint power (W/kg).
Subj.
ID
RS
W
AK
V3S1 --------0.431
-0.638
V3S2 --------0.317
-0.206
V3S3 --------1.187
-0.639
V3S4 -0.565
-0.602
-0.704
V3S5 -0.987
-1.064
-0.618
V3S6 -0.555
-0.423
-0.506
V3S7 -1.035
-0.980
-0.675
Mean -0.786
-0.715
-0.569
(S.D.) (0.219)1 (0.354) (0.172)
1
Averaged across the four subjects

H
-0.351
-0.253
-0.740
-0.498
-0.971
-0.302
-0.816
-0.562
(0.281)

Full
-0.385
-0.444
-0.878
-0.671
-0.836
-0.314
-0.624
-0.593
(0.220)

AKBIO
-0.571
-0.155
-0.558
-0.614
-0.541
-0.425
-0.586
-0.493
(0.161)

H-BIO
-0.354
-0.257
-0.750
-0.506
-0.985
-0.312
-0.831
-0.571
(0.285)

FullBIO
-0.346
-0.359
-0.758
-0.601
-0.731
-0.259
-0.557
-0.516
(0.197)

Full
1.505
1.845
2.967
3.452
2.766
2.717
2.604
2.551
(0.665)

AKBIO
1.355
1.434
2.198
2.826
2.114
2.265
1.947
2.020
(0.507)

H-BIO
1.536
2.001
2.929
3.482
2.535
2.780
2.438
2.528
(0.633)

FullBIO
1.305
1.625
2.550
3.179
2.420
2.473
2.337
2.270
(0.622)

Table C 15: Peak A2 ankle joint power (W/kg).
Subj.
ID
RS
W
AK
V3S1 -------1.289
1.568
V3S2 -------1.989
1.653
V3S3 -------2.605
2.572
V3S4
2.796
2.873
3.127
V3S5
2.503
2.344
2.478
V3S6
2.340
2.713
2.531
V3S7
2.553
2.525
2.232
Mean
2.548
2.334
2.309
(S.D.) (0.100)1 (0.541) (0.548)
1
Averaged across the four subjects

H
1.513
1.968
2.874
3.418
2.468
2.716
2.374
2.476
(0.619)
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Average positive and negative mechanical leg and joint work
Table C 16: Positive mechanical work of the leg over a gait cycle(J/kg).
Subj.
ID
RS
W
AK
V3S1 -------0.539
0.567
V3S2 -------0.736
0.583
V3S3 -------0.812
0.779
V3S4
0.461
0.524
0.543
V3S5
0.525
0.553
0.533
V3S6
0.467
0.555
0.469
V3S7
0.606
0.531
0.540
Mean
0.515
0.607
0.573
(S.D.) (0.058)1 (0.117) (0.097)
1
Averaged across the four subjects

H
0.576
0.691
0.828
0.629
0.606
0.599
0.590
0.646
(0.089)

Full
0.570
0.533
0.768
0.579
0.602
0.564
0.599
0.602
(0.077)

AKBIO
0.550
0.570
0.752
0.507
0.511
0.454
0.516
0.552
(0.096)

H-BIO
0.585
0.701
0.836
0.639
0.624
0.622
0.599
0.658
(0.087)

FullBIO
0.564
0.549
0.764
0.555
0.612
0.564
0.600
0.601
(0.075)

H-BIO
-0.331
-0.429
-0.449
-0.666
-0.656
-0.505
-0.579
-0.516
(0.124)

FullBIO
-0.334
-0.370
-0.406
-0.573
-0.594
-0.415
-0.522
-0.459
(0.103)

Table C 17: Negative mechanical work of the leg over a gait cycle(J/kg).
Subj.
ID
RS
W
AK
V3S1 --------0.346
-0.354
V3S2 --------0.414
-0.350
V3S3 --------0.467
-0.423
V3S4 -0.586
-0.659
-0.715
V3S5 -0.635
-0.585
-0.582
V3S6 -0.496
-0.486
-0.426
V3S7 -0.519
-0.522
-0.427
Mean -0.559
-0.497
-0.468
(S.D.) (0.061)1 (0.104) (0.133)
1
Averaged across the four subjects

H
-0.305
-0.425
-0.457
-0.670
-0.624
-0.487
-0.544
-0.502
(0.124)
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Full
-0.322
-0.375
-0.425
-0.610
-0.577
-0.422
-0.509
-0.463
(0.106)

AKBIO
-0.333
-0.332
-0.388
-0.673
-0.553
-0.402
-0.395
-0.439
(0.127)

Table C 18: Positive hip joint work over a gait cycle(J/kg).
Subj.
ID
RS
W
AK
V3S1 -------0.344
0.349
V3S2 -------0.316
0.271
V3S3 -------0.369
0.398
V3S4
0.101
0.112
0.110
V3S5
0.138
0.142
0.191
V3S6
0.152
0.219
0.116
V3S7
0.294
0.191
0.249
Mean
0.171
0.242
0.240
(S.D.) (0.071)1 (0.102) (0.110)
1
Averaged across the four subjects

H
0.370
0.281
0.314
0.137
0.193
0.210
0.259
0.252
(0.079)

Full
0.386
0.236
0.285
0.087
0.208
0.202
0.246
0.236
(0.090)

AKBIO
0.349
0.271
0.398
0.110
0.191
0.116
0.249
0.240
(0.110)

H-BIO
0.379
0.286
0.312
0.140
0.195
0.220
0.259
0.256
(0.079)

FullBIO
0.393
0.249
0.282
0.087
0.208
0.211
0.243
0.239
(0.092)

AKBIO
-0.018
-0.093
-0.061
-0.364
-0.214
-0.156
-0.094
-0.143
(0.117)

H-BIO
-0.010
-0.102
-0.065
-0.297
-0.233
-0.204
-0.154
-0.152
(0.100)

FullBIO
-0.006
-0.119
-0.049
-0.280
-0.196
-0.173
-0.156
-0.140
(0.092)

AKBIO
0.098
0.105
0.145
0.111
0.137
0.112
0.121
0.118
(0.017)

H-BIO
0.086
0.111
0.215
0.100
0.191
0.117
0.164
0.140
(0.049)

FullBIO
0.064
0.072
0.202
0.098
0.167
0.104
0.176
0.126
(0.055)

Table C 19: Negative hip joint work over a gait cycle(J/kg).
Subj.
ID
RS
W
AK
V3S1 --------0.018
-0.018
V3S2 --------0.100
-0.093
V3S3 --------0.044
-0.061
V3S4 -0.251
-0.325
-0.364
V3S5 -0.244
-0.209
-0.214
V3S6 -0.203
-0.207
-0.156
V3S7 -0.099
-0.126
-0.094
Mean -0.199
-0.147
-0.143
(S.D.) (0.061)1 (0.107) (0.117)
1
Averaged across the four subjects

H
-0.014
-0.122
-0.094
-0.329
-0.253
-0.226
-0.172
-0.173
(0.106)

Full
-0.009
-0.132
-0.073
-0.308
-0.214
-0.192
-0.177
-0.158
(0.098)

Table C 20: Positive knee joint work over a gait cycle(J/kg).
Subj.
ID
RS
W
AK
V3S1 -------0.093
0.111
V3S2 -------0.156
0.123
V3S3 -------0.225
0.169
V3S4
0.091
0.117
0.126
V3S5
0.188
0.203
0.153
V3S6
0.105
0.071
0.116
V3S7
0.139
0.166
0.136
Mean
0.131
0.147
0.133
(S.D.) (0.034)1 (0.057) (0.021)
1
Averaged across the four subjects

H
0.088
0.110
0.210
0.099
0.180
0.109
0.160
0.136
(0.047)
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Full
0.071
0.069
0.208
0.104
0.152
0.102
0.165
0.124
(0.052)

Table C 21: Negative knee joint work over a gait cycle(J/kg).
Subj.
ID
RS
W
AK
V3S1 --------0.227
-0.242
V3S2 --------0.219
-0.196
V3S3 --------0.255
-0.247
V3S4 -0.192
-0.175
-0.190
V3S5 -0.259
-0.240
-0.266
V3S6 -0.191
-0.189
-0.168
V3S7 -0.234
-0.226
-0.205
Mean -0.219
-0.219
-0.216
(S.D.) (0.029)1 (0.028) (0.036)
1
Averaged across the four subjects

H
-0.214
-0.201
-0.234
-0.174
-0.260
-0.194
-0.235
-0.216
(0.029)

Full
-0.226
-0.168
-0.237
-0.147
-0.262
-0.167
-0.235
-0.206
(0.044)

AKBIO
-0.227
-0.174
-0.222
-0.167
-0.245
-0.157
-0.188
-0.197
(0.034)

H-BIO
-0.243
-0.225
-0.254
-0.199
-0.312
-0.233
-0.287
-0.250
(0.038)

FullBIO
-0.246
-0.180
-0.248
-0.156
-0.308
-0.192
-0.283
-0.231
(0.056)

AKBIO
0.103
0.195
0.210
0.286
0.183
0.226
0.147
0.193
(0.058)

H-BIO
0.120
0.304
0.310
0.399
0.238
0.285
0.176
0.262
(0.093)

FullBIO
0.108
0.229
0.280
0.370
0.237
0.248
0.181
0.236
(0.081)

AKBIO
-0.088
-0.065
-0.106
-0.142
-0.094
-0.089
-0.114
-0.099
(0.024)

H-BIO
-0.077
-0.102
-0.131
-0.170
-0.111
-0.069
-0.139
-0.114
(0.035)

FullBIO
-0.082
-0.071
-0.108
-0.137
-0.090
-0.050
-0.083
-0.089
(0.028)

Table C 22: Positive ankle joint work over a gait cycle(J/kg).
Subj.
ID
RS
W
AK
V3S1 -------0.103
0.107
V3S2 -------0.263
0.189
V3S3 -------0.218
0.212
V3S4
0.268
0.295
0.307
V3S5
0.199
0.209
0.190
V3S6
0.211
0.264
0.237
V3S7
0.173
0.174
0.155
Mean
0.213
0.218
0.200
(S.D.) (0.018)1 (0.065) (0.063)
1
Averaged across the four subjects

H
0.118
0.300
0.303
0.393
0.233
0.280
0.171
0.257
(0.092)

Full
0.112
0.228
0.275
0.388
0.242
0.260
0.188
0.242
(0.084)

Table C 23: Negative ankle joint work over a gait cycle(J/kg).
Subj.
ID
RS
W
AK
V3S1 --------0.101
-0.093
V3S2 --------0.095
-0.060
V3S3 --------0.168
-0.115
V3S4 -0.143
-0.160
-0.161
V3S5 -0.132
-0.136
-0.102
V3S6 -0.103
-0.090
-0.102
V3S7 -0.186
-0.170
-0.128
Mean -0.141
-0.131
-0.109
(S.D.) (0.035)1 (0.036) (0.031)
1
Averaged across the four subjects

H
-0.077
-0.103
-0.129
-0.168
-0.110
-0.066
-0.137
-0.113
(0.035)
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Full
-0.088
-0.075
-0.115
-0.155
-0.101
-0.063
-0.097
-0.099
(0.030)

Design Iterations
Foot interface

Figure C 4: CAD concept illustration of the new foot interface (version 2.0).
The curvature of the heel cup was designed to provide room around the heel of the foot to
prevent impression of the heel-cup into the heel. The anticipated failure point of the foot interface
was the interface between the heel-cup and lever segments. Each segment was composed of 3mm
thick stainless steel which was chosen based on the material that was readily available and for ease
of fabrication. The ideal material in this application would be a composite such as carbon fiber
which possessed similar strength characteristics as steel but at significantly higher strength to
weight ratio. However, the available resources did not permit the fabrication of a carbon fiber foot
interface. The resulting mass of the steel foot interface version 2.0 was 0.63kg. While the form
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factor of the foot interface was reduced and the rocker bottom sole profile was eliminated, the mass
of the foot interface was considerable in comparison to the desire mass. The combined mass of the
foot interface with a standard running shoe was ~1.0kg which is ~0.28kg heavier than the mass of
the foot interface from device version 1. To decrease the mass of the foot interface, a second version
of the foot interface (version 2.1) was designed with a reduced material thickness of 1.5mm for the
insole and lever segments. While a 1.5mm thickness was designed, the resulting thickness was a
constant 1mm. Version 2.1 of the foot interface had a mass of 0.22kg (0.41kg lighter than foot
interface version 2.0).

Figure C 5: Comparison of the foot interface versions 2.1 (left) and 2.0 (right). The springcable anchor bolt is a standard steel M5 bolt with a 1/8” through hole to allow the spring end
to clip through. A lock nut is used to secure the spring-cable anchor bolt and prevents
loosening during cyclic loading of the spring. Padding was added to the heel-cup of version
2.1 for improved comfort. Version 2.1 was also painted black to prevent IR reflections issues
during motion capture.
Although version 2.1 was not fabricated to specifications, bench testing was performed
with the new foot interface to determine if the fabricated foot interface was sufficient to handle the
loading requirements and to test the performance of the thigh interface design iterations. Repeated
bench testing caused the heel-cup segment to yield. Examining the foot interface, it appeared that
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the material and/or thickness was unable to support lateral loading in combination with the axial
loading. The additional lateral load comes from a misalignment between the lever axis and the
spring force vector acting from the anchor on the foot interface lever towards the thigh interface.
In normal operation, the spring force vector, heel-cup segment axis and lever segment axis are all
colinear. When the spring force vector is misaligned, the additional lateral loading at the springcable anchor of the lever introduces a torque about the heel-cup axis. This could also occur due to
the subject’s gait, e.g. toe-out gait. Figure C 6 compares the foot interface with a failed interface
and a simulation of the stress analysis illustrating the hypothesized condition that caused the failure.
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Figure C 6: Foot interface version 2.1 FEA of failed loading condition. Posterior view
comparing the intact foot interface version 2.1 a), a failed foot interface b), and the simulation
of the stress analysis for the potential method of failure c). The intact foot interface presents
the colinear alignment of the heel-cup axis and lever axis (red dashed lines) while the failed
foot interface presents the resulting misalignment of the axes. The axis along which failure
occurred (axis of failure) is identified (green dashed line). The simulation of failure indicates
the resulting loading vector (yellow arrow) with the resulting displacement of the lever
segment with respect to the original shape (outline). The simulation indicates that failure
should have occurred at the seam between the heel-cup and the lever, while failure the part
occurred at the mid-point of the heel-cup segment. The discrepancy between the simulation
and the experimental outcome was likely due to the discrepancies between the model and
fabrication, specifically the welded joint. Additionally, the minimal safety factor in the
simulation occurred at a sharp transition between the lever and heel-cup segment of the foot
interface. An increase in the fillet radius in this region would resolve this issue for the
simulation. Note that the failed foot interface corresponded with the right foot.
Through analysis of the failed foot interface it was concluded that the main cause of failure
was because the heel-cup segment was too thin. Although a simple increase in heel-cup thickness
would remediate the issue, bench-testing of the foot interface version 2.1 revealed additional areas
200

for improvement. The list of improvements that could be made from version 2.1 were: 1) reduce
heel-cup diameter, 2) reduce the length of the insole segment, 3) stiffen heel-cup segment, 4)
improve spring-cable anchor, 5) increase insole segment thickness, and 6) improve the seam
between heel-cup and lever segments. This led to foot interface version 2.2 shown in Figure C 7.

Figure C 7: CAD render of the foot interface version 2.2. Note that the curvature of the lever
segment may be difficult to see in the rending but is facing up instead of down as it was in the
previous version 2.1.
The heel-cup diameter was reduced such that the heel-cup would fit more closely to the
heel segment of the shoe which also reduced the volume and mass of the foot interface design. The
length of insole segment was also shortened such that the insole segment was situated behind
metatarsophalangeal joint, improving functional comfort. The concavity of the lever segment was
flipped such that smooth transition was possible from the lever to the heel-cup to improve the joint
seam between the two segments. This also decreased height of the heel-cup segment which
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increased clearance between the foot interface and the posterior aspect of the shank during plantarflexion. The reduction in heel-cup height and increase in wall thickness increased its stiffness.
Changes to the spring-cable anchor resulted in a smaller mounting hole (3mm). The new springcable anchor was developed as shown in Figure C 8.

Figure C 8: Spring-cable anchor for foot interface version 2.2. The template used in
fabricatoin was left on the inside of the sheet metal. A size 6 stainless steel snap-ring (not
shown) is used interface the anchor with the spring-cable. With the addition of the snap-ring
the head of the bolt can not be accessed and anchor installation requires the use of the jam
nut.
A smaller colt was used to for spring-cable anchor due to the interface with curvature of
the lever. The new anchor was fabricated from sheet of aluminum (1/4” x 19 gauge) with a standard
M3x5.5 bolt, jam nut, and lock nut to secure the anchor to the lever. Following successful bench
testing with the new foot interface version 2.3, a full assembly of the foot interface was finalized
to improve comfort and integration with a standard shoe. A rendering of the final foot interface
assembly is presented in Figure C 9.
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Figure C 9: A render of the foot interface version 2.3 assembly in an exploded perspective.
The top insole layet is cut from a high density abrasion resistant foam to improve comport of
the foot. The midsole and outsole layers were cut from a sheet of natural cork. The heel-cup
padding is not shown in this rendering.
The mass of the full foot interface assembly version 2.3 without instrumentation was
~0.45kg. A comparison of the iterations for the foot interface is shown in Figure C 10.
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Figure C 10: Comparison of foot interfaces (version 2). From left to right: version 2.1 (left),
version 2.0 (middle), and version 2.2 (right) of the foot interface. Version 2.2 is shown
embedded within a standard running shoe. The purple on the heel-cup illustrates the heelcup padding used to cushion the heel. Unlike version 2.1, only the exposed segments of version
2.2 were painted black to reduce interferance with the motion capture system.
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FEA Simulation for Carbon Fiber foot interface
Significant mass saving and gains in strength are possible using a composite material instead of the
stainless-steel alloy. The following is a comparison of the different stresses experienced by the foot
interface between a stainless-steel alloy and Carbon Fiber Reinforming Polymer (CFRP) material
composition as estimated using Autodesk Inventor (2018.1 (Build 221171000, 171), Autodesk,
Inc.).
Physical Properties
Material

Stainless Steel

CFRP

Density

8 g/cm^3

1.43 g/cm^3

Mass*

0.367 kg

0.066 kg

Area

51995.6 mm^2

51995.6 mm^2

Volume

45911.4 mm^3

45911.4 mm^3

x=-0.000874 mm

x=-0.000874 mm

y=58.384 mm

y=58.384 mm

z=40.047 mm

z=40.047 mm

Center of Gravity

Note: Physical values could be different from Physical values used by FEA reported below.
* The mass here does not include the additional padding or instrumentation on the foot interface
Simulation Parameters
Applied Load
Load Type

Avg. Element Size (fraction of model diameter)

0.04

100.000 N

Minimum Element Size (fraction of avg. size)

0.04

Vector X

48.507 N

Grading Factor

1.5

Vector Y

72.761 N

Vector Z

-48.507 N

Magnitude

Force

Mesh parameters

Max. Turn Angle 60 deg
Create Curved Mesh Elements

Yes

Note: The loading profile applied was based on the estimated loading vector which resulted in
failure of foot interface version 2.1. The magnitude of the applied load from experimental
measurements is also below the 100N used in the simulation.
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Side-by-side comparison of simulation results
Stainless Steel Alloy

CFRP

Side View
Note: The highlighted face (light blue) was the fixed constraint

Side View
Note: The highlighted face (light blue) was the fixed constraint

Back View

Back View
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Name

Minimum

Maximum

Name

Minimum

Maximum

Von Mises Stress 0.0000000000000614 MPa 253.139 MPa

Von Mises Stress 0.00000000000204 MPa

246.662 MPa

1st Principal Stress -17.757 MPa

163.938 MPa

1st Principal Stress -23.233 MPa

167.046 MPa

3rd Principal Stress -274.687 MPa

16.932 MPa

3rd Principal Stress -272.150 MPa

26.1518 MPa

Displacement

0 mm

2.721 mm

Displacement

0 mm

3.956 mm

Safety Factor

0.988 ul

15 ul

Safety Factor

1.216 ul

15 ul

207

208

209

Note: The minimum factor of safety occurs at a discontinuity in the heel cup section, however the carbon fiber version (right) maintains a safety
factor above 1.0 for the applied loading parameter.
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Thigh interface

Figure C 11: Final version of the thigh interface. . Note that the proximal end coincides with the
lateral thigh strap buckle. The cable end of the ankle-knee extension spring connects to the snap
ring on the exposed cable housing embedded in the thigh interface. The lace used to secure the
thigh interface is not shown. A typical shoe lace or cord can be used to secure the thigh interface.
The last version improved the fixation of the thigh interface using a laced system in place of
the hook and loop system (Velcro). Using a laced system allows a customized loading distribution along
the thigh interface for each subject. Each interlace could be tensioned independently to improve comfort
while increasing the fixation on the thigh relative to the hook and loop system. While this increased the
relative donning time of the thigh interface, the increase in time was not significant compared to the
improvements. This provides a better fixation on the thigh without sacrificing comfort. The fabrication
process of this final thigh interface is presented in Figure C 12.
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Figure C 12: Illustration of the assembly process for the final thigh interface. The TOP view
shows the final assembly from the external surface with the stiching (white dashes). The LAYERS
view shows the material for each layer in the fabrications process. The numbering corresponds
as follow: (1) vertical thigh strap loop, (2) lacing loops, (3) loading cable outer sheath, (4) loading
cable assembly, (5) main strap (2” nylon webbing), (6) reinforcement for lacing loops, (7) padding
(1/4” medium density foam), and (8) active wear mesh fabric. Excess material such as trim and
edging are not shown in the figure.
Hip assistance
The hip assistance required was estimated based on simulation using motion capture data from
a previous bench test. The simulation modeled the spring force being applied on the anterior apex of
the thigh interface. The distance between the ASIS and anterior apex of the thigh interface was used to
determine the spring deflection. Results of the simulation using the bench-test data are presented in
Figure C 13.
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Figure C 13: Bench-test data to simulate hip assistance. The peak value of ~7Nm in the applied
hip moment joint moment was >10% of the peak net hip flexion moment (~50Nm). The estimated
force required to generate the applied moment was ~80N for the set of kinetic data. The average
of 10 gait cycle waveforms are presented here along with the standard deviation.
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Based on the simulation results the desired peak hip elastomer force of ~80N was found. To
generate the peak force in the elastomer, a series of bench testing with elastomer material were
conducted to determine the configuration required. The final configuration of the hip elastomer setup
used in the experimental testing is depicted in Figure C 14. The figure also depicts a comparison
between the attachment of the miniature loadcells used in measuring the hip elastomer force during
testing.

Figure C 14: Comparison of the setup between the first and second iteration of the hip assistance
elastomers. Note the reduction in length in the load cell attachments of the right hip (left in view)
and the required compensation in the hip elastomer on the left hip (right in view). The tri-glide
slide buckles used to secure the loadcells to the waist belt could be adjusted along the belt to
accommodate different hip widths. The initial preload of the hip elastomers was adjusted using
the free end of the elastomers using a nylon webbing strap to connect with the shank interface.
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Shank interface
To direct the hip elastomer force towards lifting the leg during swing initiation, a shank
interface was used to transfer to load from the hip elastomer towards the sole of the foot. The resulting
shank interface used is shown in Figure C 15.

Figure C 15: Lower leg interface of the hip assistance assembly, shank stirrup. The stirrup is
attached to the anterior aspect of the shank over the shin bone with the foot placed through the
foot loop. Both the proximal and distal shank straps are wrap above and below the belly of the
calf muscle and are secure in place using a hook and loop system (Velcro). The hip elastomer
attachment loop is connected to the stirrup on the medial and lateral aspects which approximate
the knee’s flexion-extension axis. Ample clearance is available between the dorsal aspect of the
foot and the ankle cuff allowing full range of motion at the ankle joint. The length of the shank
interface can be adjusted using the pair of adjustment screws or the stirrup foot loop depending
on the required adjustment.
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Elastomer bench testing
The following section outlines the experimental procedure and results for the tests performed
on the elastomer in determining the required dimensions for generating the required force for the hip
elastomer. The purpose of these bench tests was to gain a functional understanding of the how the
elastomer material performances as a spring in application to the hip assisting assembly of the suit.
Four experiments were conducted to examine the following parameters: 1) initial length of elastomer,
2) clamping method, 3) configuration of elastomer pieces, and 4) elastomer width.
A quick background search on the behaviour of visco-elastic materials revealed that the force
was linearly proportional to the strain or percent change in material length. Therefore, the initial length
test was conducted to confirm the relationship as stated in literature and to confirm whether the peak
force generated was influenced by the initial length of the material. The clamping method experiment
was used to examine if the intuitive concepts applied for traditional springs were applicable to the viscoelastic material. If it behaved differently, this test was used to determine the clamping solution that
would best suit the application for the suit. The configuration tests compare if there were any differences
between the configuration of the elastomer specimens between using multiple pieces in parallel or using
a single piece folded. The elastomer width test was conducted to determine if there was any effect of
the initial specimen width on the peak force generated. Upon completion of the four tests, a final test
was conducted to determine the configuration for the suit.
Method:
Elastomer specimens were measured and cut from the stock material using a pair of shears. The
specimens were secured to a 6-axis transducer (Mini45, ATI Industrial automation, Inc.) using a set of
custom clamps. Each specimen was clamped to maximize the deflection area between the ends. For
inter-specimen comparisons, the distances between the clamps was held constant for each specimen.
Length measurements were made using a standard measuring tape or digital calipers.
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The transducer was setup following manufacturer’s specifications and data were recorded using
the BNC-2120 DAQ (National Instruments, Co.) with a custom MATLAB Simulink (MathWorks, Inc.)
model. The setup was calibrated using known calibration masses and cross validated by measuring the
masses using a 5kg scale (Taylor, model: 3865BL). The resulting uncertainty error under a zero-loading
condition in the experimental setup was within ~±1N which was below the manufacturers stated
measurement uncertainty of 1.00% at 95% confidence of full scale load (Fz = 1160N). To account for
any off-axis loading, not along the Fz axis, the product of the forces acting along the three axes of the
loadcell was computed. The initial bias due to the mass of the specimen and clamps was zeroed prior
to loading. Relative change in distances between the clamps and references lines on the specimen as
well as stretched width were calculated as percentages of initial values. For each set of experiments the
specimens were stretched by ~100% of their initial lengths (% Elongation) which was computed prior
to stretching, e.g. the specimens were stretch to double their length. The initial condition was set such
that the force was 0.5N. The specimens were held in the stretched length for 300s. A zero load
calibration of the loadcell was performed prior to testing each specimen. The hardware used to secure
the specimen was adjusted in the width experiment in respect to the specimen width, i.e. wider
specimens required wider hardware.
Specimens:
A total of 12 specimens were tested in the bench test. The following figures present the
specimens used in the experiments.
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Figure C 16: The two specimens prepared for configuration experiment. The two narrow pieces
are placed in parallel (specimen 1) in the configuration test while the larger piece is folded in half
(specimen 2) such that the final width and thickness is the same as the two pieces in parallel.

Figure C 17: Five specimens tested in the width experiment. Each specimen was cut to the same
length (15cm) while the width used were 1cm, 2cm, 4cm, 5cm, and 6cm. The 3cm width was tested
in the clamp configuration experiment and the length experiment. The data from these two
experiments were used to examine the fit of the regression from the width experiment.
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Figure C 18: Top three specimens were tested in the length experiment. The lengths tested were
15cm, 20cm, and 30cm while the width was 3cm for each specimen. The bottom two specimens
were the same two specimens shown in Figure C 16. Reference lines were used to mark the
clamping and measurement locations.

Results:
Initial length comparison
This experiment compared the peak force resulting from 100% elongation of the specimens with
differing initial lengths. There was no clear difference between the specimens when deflected to 100%
of their length.
Specimen

Configurations

3
4
5

1 piece
1 piece
1 piece

Cut
Length
(cm)
15.0
20.0
30.0

Cut
Width
(cm)
3.2
3.1
3.0

Thickness
(mm)

%
Elongation

%Width

Forces
(N)

0.75
0.74
0.75

63%
73%
99%

25%
29%
30%

13.770
15.936
15.755

Clamping Configuration
This experiment compared the peak force resulting from 100% deflection of the same test
specimen using two different clamping configurations to form a continuous loop between the loop ends.
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The first specimen was clamped such that the ends of the elastomer loop were connected to form a
single loop while the second specimen was clamped across the entire loop such that it resulted in “2
smaller loops in series”. This investigates whether the clamping configuration changed the behavior of
the spring, i.e. configuration 2 would behave as the spring in series while configuration 1 would behave
as springs in parallel. The difference between the two configurations is illustrated in Figure C 19

Figure C 19: Clamp configuration experiment. The clamping apparatus is shown in black while
the ends of the loops are mounted to buckles (dashed boxes) which will elongate the elastomer
specimens.
Both specimens were identical in preparation and they both experiences a similar loading
profile (% Elongation). The clamping configuration has no effect on the peak force generate by
elastomer as shown in Table C 24.
Table C 24: Results of the clamp configuration experiment.
Specimen

Configuration

6
7

1
2

Cut
Length
(cm)
30.0
30.0

Cut
Width
(cm)
3.0
3.0

Thickness
(mm)

%
Elongation

%
Width

Peak Force
(N)

1.48
1.48

98%
92%

28%
28%

29.803
29.107
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Parallel Configuration

This experiment compared the peak force resulting from 100% deflection of the test
specimen for different configurations of obtaining two springs in parallel. The data from the
two specimens used in the clamping configuration experiment were also included in the
analysis of the parallel configuration experiment. To confirm that the configuration achieved
the parallel configuration, the data was comparted to a single spring specimen (Specimen 5).
There were no significant differences between the parallel configurations tested in generating
the peak force at full elongation as shown in Table C 25. The peak force of the parallel
configurations was double that of the single specimen (specimen 5). Specimen 2 had the
highest peak force despite the second lowest % elongation. This due to the width of the
specimen which was the largest (6.6cm/2  3.3cm).
Table C 25: Results of the parallel configuration experiment.
Specimen

Configurations

1
2

Parallel 2 pieces
Folded 1 time
clamp
configuration 1
clamp
configuration 2
1 piece

6
7
5

Cut Length
(cm)
30.5
30.5

Cut Width
(cm)
2.9
6.6

Thickness
(mm)
0.75 x2
0.75 x2

%
Elongation
83%
84%

21%
30%

Forces
(N)
27.442
30.180

30.0

3.0

1.48

98%

28%

29.803

30.0

3.0

1.48

92%

28%

29.107

30.0

3.0

0.75

99%

30%

15.755

%Width

Width Comparison

This experiment compared the peak force at full elongation of test specimens with
differing widths but the same lengths. A linear regression was performed on the data to reveal
the relationship between the peak force at ~100% elongation and the initial specimen width.
Data from specimen 3 from the initial length experiment was used to validate the linear
regression from specimens 8-12. The peak force was corrected for each specimen such that the
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force was normalized to 100% elongation. The results from the width comparison experiment
are presented in Table C 26. The linear regression is shown in Figure C 20.
Table C 26: Results of the width comparison experiment.
Specimen

Configurations

8
9
10
11
12
3

1 piece
1 piece
1 piece
1 piece
1 piece
1 piece

Cut
Length
(cm)
15.0
14.9
14.9
15.0
15.0
15.0

Cut
Width
(cm)
1.0
2.1
4.1
4.9
5.8
3.2

Thickness
(mm)

%
Elongation

%Width

Forces
(N)

0.71
0.72
0.74
0.75
0.75
0.75

93%
89%
93%
95%
96%
63%

40%
34%
34%
32%
31%
25%

5.959
12.641
27.922
32.084
38.977
13.770

Width
45.0
y = 6.895x - 0.901
R² = 0.997

40.0

Peak Force (N)

35.0
30.0
25.0
20.0
15.0
10.0
5.0
0.0
0.0

1.0

2.0

3.0
4.0
5.0
Specimen Width (cm)

6.0

7.0

Figure C 20: Linear regression of the peak force at 100% elongation in relation to the initial
width. The data from specimen 3 (width: 3cm, triangle) was plotted to visually validate the linear
regression of the data from specimens 8-12 (circles).
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Outcomes:
The experiments showed that the elastomers had a linear relationship between the force and
strain (ΔL/L, % elongation). Therefore, the same elastomeric material will result in different ForceDeflection (N vs.m) depending on initial length of the elastomer. This may prove beneficial for in
application for the suit as different loading profiles can be achieved by adjusting the clamped distance
of the elastomer. The second finding of note is the linear relationship between force at 100% elongation
(ΔL/L = 1) and the initial width. This provides an additional dimension that would be used for adjusting
the desired loading profile of the elastomer. Finally, it is important to note that the clamping
configuration had no significant impact on the peak force at 100% elongation. This allows more
freedom with various clamping setups without compromising the peak load. The final setup used in the
bench test was comprised of 3 elastomer regions, the ends were looped around the hardware buckles
and clamped to the center section which spanned between the loops (Figure C 22). Based on the results
of the bench test, the final configuration of the hip elastomer was developed to achieve the desire peak
force in the hip elastomer (see previous section Design iterations).

Figure C 21: Elongation of specimen 5.
The strain rate for each specimen was not controlled across each experiment was but was
consistent within the experiments. Although strain rates may influence the loading profile of the
elastomer material, the variability in the strain rate had no effect on the results of the bench test. It is
possible that the strain rate applied during the bench test was relatively low in comparison to the rate
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applied during the experiment with subjects. The elongation and contraction period during subject
testing is ~1s while the elongation period during the bench testing was >>1s. A more detailed testing
could be conducted in the future to evaluate the performance of the elastomer material as a spring.
Cyclic loading was not examined in this bench test, however previous bench testing with a similar
material indicated that the material behaved consistently between each cycle.
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