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Abstract

The goal of Lower Limb Rehabilitation Exoskeletons is to provide active and passive
support to the user for rehabilitation goals focused on the restoration of function and
independence to the user. In circumstances where rehabilitation is not possible, many of
these devices can be utilised as fully assistive wearables. The target populations for these
devices vary, but often include individuals with varying degrees of mobility impairment.
A critical component that defines and governs the relationship between user and device,
and often remains ignored in study, is the exoskeleton coupling interface. The interface
imparts forces to the user, and as a result, directly influences the safety and performance of
the exoskeleton. An optimized balance between user safety and performance must be met.
This thesis is focused on and motivated by assistive rehabilitation robotics, with many of
the concepts introduced here extending to wearable interfaces.

Injury risks include interaction forces creating joint misalignments that cause unde-
sirable loading and high, prolonged surface pressures. The current tools for evaluation,
sensors and models, are adequate at estimating the basic components of user safety but
do not readily inform design for newer exoskeleton coupling surfaces. This is a result of a
lack of standardisation and transferability in analysis. Lack of baselines, difficult to utilise
metrics, relatively simple models, and inadequate methods for evaluation currently limit
evaluation and innovation of new exoskeleton coupling interfaces.

The focus of this thesis is to build upon the groundwork laid by prior academic re-
search to identify the drawbacks of existing exoskeleton coupling surfaces, and to improve
upon them. This is done by investigating the most commonly approached and evaluated
subtopics of exoskeleton coupling design: 1) iterative and sensor based design processes and
2) modelling based evaluation. To improve upon the sensor based processes, a highly cus-
tomised fully conforming surface inspired by orthoses and prostheses design was developed
to introduce new baselines for coupling interface design as a “best case scenario” supported
by pressure and joint misalignment related metrics. Modelling of the exoskeleton coupling
surface was investigated by first evaluating commonly used models, then developing two
novel models with the express intent of addressing initial strapping conditions and esti-
mating pressure conditions prior to manufacturing. The second of these two models, based
on elastic foundations, indicated that strapping conditions could be estimated within 10%
accuracy of real conditions without a manufactured surface.

Contributions to both of these subtopics made in this thesis were with the goal of devel-
oping better standards and transferability of information in mind. With these tools, better
comparison of the exoskeleton coupling interface can be accomplished that is informed by
established baselines, models, metrics and methods for evaluation.
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Chapter 1

Introduction

In Canada alone, roughly 9.6 percent of the population (2.7 million) people over the age of
15 have some form of mobility impairment [1{3]. Of that group, 80,000+ people are a�ected
by spinal cord injury (SCI, Complete or Incomplete), a severe sensory-motor impairment
that vastly reduces the individual's capabilities for upright independent mobility. While
solutions do exist for some mobility impairments, the majority of tools or strategies are
designed to mitigate the symptoms of, and help rehabilitate or recover, mobility capabili-
ties. Instead of completely solving, or removing the source of injury (i.e., damaged spinal
circuits), these tools and strategies seek to alleviate impairments and bring independence,
con�dence and mobility in some fashion back to the individual. Tools such as walkers,
wheelchairs, crutches and assistance bars provide users with independent mobility that
increases their quality of life. Rehabilitation strategies provided by clinicians are focused
on restoring mobility to individuals, and/or providing strategies to improve their inde-
pendence when mobility is lost completely [4, 5]. Supervised strategies involving assistive
devices and rehabilitation regimens are common for individuals with mobility impairments,
such as individuals with SCI [7{9]. Rehabilitation goals are tuned and designed by teams
of rehabilitation clinicians and caregivers to aid in individual in regaining mobility, but
also independence and for improving quality of life. For individuals with chronic mobility
impairments without the potential for regained mobility, clinicians may instead focus on
alternative strategies tailored for quality of life [10].

With the rise of an aging population, and a decline in individuals trained as clini-
cians for rehabilitation (e.g., occupational therapy, physical therapy, nursing), there are
fewer workers to deliver acute and chronic care rehabilitation [11]. To compensate, new
strategies and devices are researched to reduce the demand on clinicians required to pro-
vide quality rehabilitation care. Active rehabilitation tools, such as devices which provide
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active actuation assistance or sensing, are at the forefront of rehabilitation care and en-
gineering [12{15]. These devices are designed to reduce the physical work clinicians are
required to perform, and improve the e�ciency and quality of care. By relieving clinicians
of physical components of therapy, active devices can free up more time for clinicians and
patients for additional therapy time and reduce injury risk on either individual [16, 17].
For activities of daily living (ADL), active assistive devices o�er a greater opportunity to
bring independence to the user by aiding or fully replacing a necessary function, providing
increased safety to the individual, and/or reducing energy cost. Recently, the use of lower
limb exoskeletons have been proposed as one such device. The intent of these devices are
to aid and alleviate many of the struggles and complications of the rehabilitation pro-
cess, o�ering gait assistance to individuals with mobility impairments in clinic and ADL
settings [18{20,39].

Lower limb rehabilitation exoskeletons are active and passive wearable devices that
augment, or replace, the gait and muscular activity of their user [37,47,76,77,135]. With
a multitude of designs and applications based on the needs of the user, or the problems
the device seeks to address, the use cases and design scope of these devices is wide. From
exoskeletons designed for a singular joint or section of the leg, to those that span multiple
joints and/or limbs, there are a number of design approaches to mitigate targeted mobility
impairments. The primary goal of most lower limb exoskeletons is to augment or replace
the capabilities of the lower limb. By doing so, the goal is to assist in generating required
joint moments for movement, reduce energy consumption, improve independence, reduce
pain and risk to the individual, and aid in the rehabilitation process. This process can
occur under supervision in clinics, hospitals, and in the home.

While not (yet) widely adopted, the perception of exoskeletons as rehabilitation tools
is generally positive [12, 16, 17, 21{27, 33, 39]. The prospective opportunities these devices
bring as tools for rehabilitation, autonomy and empowerment to individuals with mobility
impairments drives the interest in utilising and implementing these devices in clinic and
home settings.

Additionally there is evidence that exoskeletons perform at parity to traditional re-
habilitation techniques when observing independent gait rehabilitation in controlled clini-
cal/hospital task spaces, evidenced by the Lokomat system and other exoskeleton systems
in training [20,22,28,29,34]. The proof that these devices are at least as e�ective or per-
form better than traditional rehabilitation metrics does exist, and helps justify their use
as tools to assist rehabilitation specialists by reducing the manual load tasks common in
rehabilitation [18{20,23{27,30{32,35].

There are many challenges in designing and fabricating exoskeletons that hold back
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their potential as rehabilitative and augmenting wearable devices. The focus of this thesis
is on identifying and characterising the exoskeleton coupling interface.

1.1 Research and Challenges in Exoskeleton Design

The conceptual design of lower limb augmenting exoskeletons has been around since the
early 20th century, with designs dating back even further [36, 37]. While the concept
of human augmentation for able-bodied (and impaired) individuals has been a topic in
science �ction and popular media for decades, only recently have designs, components,
and fabrication methods that mimic or reach the point of �ction been realizable. Fully
assistive and augmenting lower-limb exoskeletons with active actuators for any number of
applications, such as the H3 Exoskeleton (Technaid, Spain), Twiin (IIT, Italy) and the
Indego (Parker Hanni�n, United States), are relatively recent advancements made to the
space. These kinds of exoskeletons are fully actuated at multiple joint centres, providing
torque and power for complete and partial assistance strategies. Alternative designs exist
that target a single joint, provide active or passive (i.e., stored elastic energy) actuation,
and/or dampen the potential for injury to the user during a speci�c task. Regardless, these
designs have only been seen in the last 20 years, with the BLEEX (Berkeley, United States)
[38], a load bearing able-bodied assistive exoskeleton, laying the initial groundwork early on
for full wearable devices. As a new and active �eld with potential for reducing rehabilitation
cost, improving independence for users with mobility impairments and reducing clinician
and user-patient load, there has been a resultant increased focus in academic, and industry
research to develop them.

Lower limb rehabilitation exoskeleton research has focused on mechanical and actuator
design, controller development, and multi-body system modelling, due to their impacts on
performance [36,37,40{54]. As active rehabilitation tools, they are designed to follow pre-
determined or calculated trajectories, provide torques, and predict intent to drive or assist
gait. Mechanical structures hold actuators together and provide a link between actuators
and joints, allowing transfer of forces and torques. Actuators provide the necessary torque
and speed relationship to generate desired trajectories, and provide complete or partial as-
sistance. Controllers are designed to determine control signals to the actuators given state
information, trajectory, and rehabilitation goals. Simple dynamic or kinematic models, and
multi-body system modelling is used to inform exoskeleton and controller design by provid-
ing simulation data, including kinematic and kinetic data for desired trajectory goals, and
locations for the placement of mechanical structures and actuators. The �elds of mechani-
cal and controller design for lower limb exoskeletons are the most popular in academic and
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commercial research, as they are both key requirements for an exoskeleton to function, and
at present have the most evident e�ect when developed and implemented, on the function
and performance of the device as an assistive or augmenting tool [37, 40, 46, 53, 56{62].
These components are fundamental to the performance and success of exoskeletons, and
warrant the e�ort and research into them.

Despite the aforementioned advancements in controllers, actuators and modelling, ex-
oskeletons are still limited in their performance, with issues that are not speci�c to any
one sub-�eld of research. This includes seeing relatively low performance for energy re-
duction, and high variability in gait rehabilitation outcomes (compared with traditional
rehabilitation) [15, 32, 35, 63{68]. In some cases, performance improvements are met, but
only in highly limited testing scenarios (e.g., steady-state gait only). Models and simu-
lation still su�er inaccuracy when it comes to tracking and estimating device e�ects on
users [69{72, 75]. User injury and safety concerns remain a challenge, despite the imple-
mentation of physical stops in actuators, or fail safe controllers designed to minimize the
risk of accidents or injury [37,40,63,68,76,77].

User safety studies focus primarily on two modes of injury: falls and musculoskeletal
injuries as a result of over-torquing [68, 76, 78{89]. Other modes of injury still occur,
including the potential for pressure injuries forming as a result of interaction forces from
physical human-robot interactions (pHRI). Even in highly advanced exoskeletons, joint
and segment misalignment as a result of internal relative movements still occur, reducing
the e�ectiveness of the device and raising the potential for musculoskeletal and/or skin
injury [76].

The e�ectiveness, modelling, control and safety of the exoskeleton are critical in the
performance of the exoskeleton. Until recently, the physical exoskeleton-user interface cou-
pling the device to the user the individual utilising the device has received little attention
or focus [76, 77, 89{92]. While it is technically necessary for there to be a coupling point
for an exoskeleton to function, it is often overlooked and underrepresented in literature
and industry due to its inherently passive and (on the surface) simplistic appearance. As
a result, designs for interfaces are not well de�ned. Considering the interface directly con-
tacts the user and transmits forces and torques while securing and keeping the individual
strapped inside the device, it has the potential to a�ect many aspects of exoskeleton de-
sign [76, 77, 82, 89, 93, 94]. This includes, but is not limited to: how the user experiences
forces transmitted to them, the potential for injury ranging from skin to musculoskeletal,
and the performance of controllers and simulations.

4



1.2 The Physical Exoskeleton-User Interface

The exoskeleton coupling interface consists of a series of points and surfaces by which forces
and torques are transmitted from the exoskeleton to the user, and vice versa [76, 77, 89].
These surfaces are typically designed as cu�- or orthotic-like structures that provide sup-
port through tension and rigid body contact mechanics. A number of design approaches
have been applied in the fabrication and manufacturing of coupling interface surfaces. Fully
soft cu�-like structures are more popular in soft exoskeletons [89, 95], while combinations
of hard and soft surfaces are seen in the likes of fully assistive exoskeletons such as the H3
(Technaid, Spain) or the Indego (Indego, United States). The exact composition of inter-
face surfaces may vary, but in order for the exoskeleton to function it must meet minimum
requirements. Each surface must: 1) provide a point of contact coupling to transmit force
from device to user, and 2) cannot allow for the complete separation of contact or removal
of the device resulting in the user falling out of the device and risking injury. These require-
ments do not de�ne how to optimize or make the device e�ective; in fact only considering
these two components are likely to result in an ine�ective and painful device [89]. The
exact composition, position, surface area and other design criterion that de�ne the �nal
appearance and function of the device are topics in exoskeleton design research with the
goal of ultimately delivering optimal force-torque interactions while keeping the user as
safe as possible. The goal is to design an optimal surface that maximizes user safety while
optimizing the transference of force in a smooth and e�ective way without pain or injury.
The functionality, safety and gait assistance performance of the exoskeleton as a whole is
dependent on the device's ability to optimize the transference of force, such that [89,90].

As the point where the user directly interfaces with the device, it is clear that there
is potential for the exoskeleton coupling interface to inuence the performance of the ex-
oskeleton. The �rst, and most prevalent inuence that coupling surfaces have on the user
is safety. The forces transmitted from exoskeleton to user for the assistance of kinematic-
kinetic movement are of those at the physical exoskeleton interface, and those experienced
as a result of dynamic reaction(s). These types of interactions are necessary and vital to
the function of the device as a whole, and without them the device is not assisting, merely
following or predicting. As a result of this interaction, forces need to be imparted to the
individual in the form of surface pressures and joint load. The goal, ultimately is to �nd
the optimal combination of pHRI, that minimise user injury, and optimize functionality.
Problems arise when describing or characterising these interactions cannot be known or
performed reliably. If the forces transmitted through the interface are occurring in unpre-
dictable directions and magnitudes, high forces, shear stresses, and joint misalignments can
occur and increase injury risk. These unpredictable components are in excess, and while
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their baseline components are necessary for force transmission to occur properly for the
exoskeleton to be assistive, any additional, extraneous components will a�ect performance
and user safety.

Joint misalignment and o�set injuries primarily pertain to the resultant reaction forces
and moments that occur at an individual's limb segments as a result of the elastic force-
position relationship. When joint axes (both robot and user) are aligned, reaction forces
are minimised, but still occur. Small misalignments can cause large reaction moments
and normal forces to arise in the joint that are not the desired imparted ones. This issue
is only more recently addressed (in the last 10 years). However a good understanding
of misalignment has been established as a result of robust kinematic analysis framework
relating the resultant o�set to the forces that may result in injury. Joint misalignment
occurs as a result of natural initial o�set during initial donning, as well as the \o� radius"
movements that occur due to kinematic constraint design during use, and any elastic
or frictional that may cause sliding [81, 82, 89, 96{100]. Joint o�sets occur when elastic
components of contact cause the joint centers to misalign similar to joint misalignment,
but not as a result of kinematic holonomic constraints. The characterisation of this o�set,
or slippage, is much more recent and is highly dependent on the interface's initial strapping
pressures and elastic mechanics [69, 93]. The resulting e�ects, however, are similar and
are primarily dependent on the coupling interface design. The design, speci�cally the
elastic and strapping pressures, of the coupling interface directly inuence the risk of
musculoskeletal injury from unwanted o�sets and misalignments causing excess load in
joints and segments [70,89].

As a result of pressure at the interface, and the geometry of the coupling interface,
skin injury is also a potential risk to the user. The modes of skin injury occurrence vary,
typically presenting as some form of capillary collapse and resulting tissue deoxygenation,
or damage done to the tissue from super�cial friction wear, or deep tissue shear [101,
102,154{160]. With such a wide variety of potential sources for skin injury, consideration
of how the interface applies both normal pressures (magnitude and area), as well as the
shear and frictional components interact with the individual is crucial for preventing injury
[89, 101, 102]. Currently, most methods of evaluation involve evaluating existing surfaces
for both normal and shear pressures, but not alternative methods of reducing interface
pressures [89,93,103{107]. High pressures are not necessarily the only cause for formation
of pressure injuries, and therefore designing away from high pressure is not su�cient.
High, but radially uniform pressure in areas with high capillary oxygenation, still allows
for tissue oxygenation as a result of ow rate being uniform if applied uniformly and
appropriately [108,109]. These considerations are critical in the design of the interface, as
simply minimising the interaction forces entirely will reduce the transferred assistance from
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device to user. Instead these interfaces must be designed so that the required forces can
be transferred safely, uniformly and ideally distributed in a way to minimize excess shear
and peak pressures. Without proper design considerations of how the force is transmitted
to the user, and how to properly manage forces and misalignment, the individual will be
at a heightened risk of coupling-related injuries.

While user safety is a critical component, there are additional inuences that the cou-
pling interface has on the performance of the exoskeleton. The second is the inuence
of the exoskeleton coupling surface on the kinetic, kinematic, simulation and controller
performance of the exoskeleton. For kinematic and kinetic performance, if the exoskeleton
coupling surface is poorly designed, relative internal movements or unwanted kinematic
con�gurations may occur. These unwanted con�gurations may be caused by a number of
sources, but likely arise from elastic contributions of both the surface and user and the
stored energy as a result of the overlapping geometry [70]. For example, two surfaces made
of the same materials, with varying surface area will have di�erent total compliant prop-
erties, and di�ering kinematic-kinetic trajectories during use that may be non-linear as a
result of complex user-exoskeleton interaction geometry.

Additional errors may arise as a result of user input, or actuator torques exacerbating
those compliant interactions. For the exoskeleton as a whole, models of the coupling
interface acts as the governing model predicting the relative position between user and
device, as well as forces transmitted at each point. If modelled inaccurately or without
the required complexity, particularly the compliant interactions, predicted interactions are
likely to be inaccurate to real world scenarios, and may limit the e�ectiveness of simulations
and controllers. The highly elastic and non-linear interactions of material indentation make
modelling and evaluating challenging for the simple approximation methods that exist for
the coupling interface. As the �eld currently exists, only the simple characterisation of these
elastic components is possible, meaning determining the elastic response of these systems
(or designing towards a desired one) is nearly impossible prior to fabrication [89,116].

In similar �elds of study for passive wearable devices (e.g., orthotics), the ideal solution
is a device which conforms exactly to the anthropometric and ergonomic needs of its
user, tuned and re�ned by clinical specialists [110{115]. To support this practice, study
and comparison on the importance of �t with quanti�able metrics in pressure and force
distribution, energy consumption and rehabilitation goals have been used to reinforce their
use [110{115]. While this design may be optimal for exoskeleton users, a combination of cost
restrictions and infeasibility has limited their uptake in academic study [89]. Furthermore,
there is no available evidence examining customized �t approaches on active lower-limb
exoskeleton performance, and whether the same bene�ts would be prevalent in fully active
systems.
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Review and perspective studies on lower limb exoskeletons have addressed the impor-
tance of the interface, and its potential inuence on the e�ectiveness of the exoskeletons
performance, user safety and satisfaction, but it has not been able to quantify or explain
these inuences in a generalised and reproducible manner [76, 77, 89]. This lack of stan-
dardization has resulted in a wide range of information, perspectives, metrics, sensors, and
design approaches on exoskeleton coupling with little quanti�able evidence (e.g., compar-
ative studies). The general perspective and understanding of how exoskeleton coupling
interfaces inuence safety, control, kinetics, and kinematics is di�cult to assess. The
understanding of how these coupling interfaces directly inuence the user, and how their
design can be improved and innovated upon is crucial in further exploring their quanti�able
inuence and capabilities as components of the exoskeleton system as a whole.

To estimate the impact that exoskeleton coupling surfaces, and the underlying design
rationale have on the performance of the exoskeleton is challenged by a lack of available
evaluation methods and models. As a result, explaining how new surfaces can be developed
to address or mitigate those issues compared to older designs, or how they can be used to
improve exoskeleton performance, is also di�cult. There is a lack of standardization and
understanding of why certain decisions are made in the coupling surface design process.
Many processes, designs and models are built upon ease of access for simplicity (to the
designer), and metrics which utilise thresholds that are better for preliminary evaluation
than to inform design. As a result, justifying new and novel designs is di�cult, and
comparing or building upon others is nearly impossible. Baselines (or standards) help
our understanding of what we should be comparing against for all facets of evaluation.
Currently, there are no baseline standardization known to the author, making it di�cult
to compare candidate designs against each other. While the individual studies contribute
to preventing injury, and identifying points of injury, it is di�cult to assess and compare
new surfaces against them. There are a number of di�erent approaches to designing and
evaluating the coupling interface, including using di�erent metrics, methods for evaluation
and models for simulation.

Metrics de�ne what is measured and how sensors are implemented into testing. The
majority of metrics that de�ne exoskeleton coupling interfaces rely heavily on explicit
thresholds based on reported values such as pain pressure threshold, maximum pressure
tolerance and pressure discomfort threshold [89,90,92,120]. These tools for evaluation are
useful, but are limited as a result of requiring contextual clues regarding the local geometry
of the environment and location of the pressures. Utilised somewhat recently, kinematic
o�sets and joint misalignments are implemented as metrics for evaluating the potential
injury as a result of undesired torques and forces [81,89,94,97,98,117{119,121,135]. While
still threshold based, these type of metrics are more desirable in study as they can be
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transferred easily between exoskeletons.

Methods for evaluation are the conditions by which test procedures are executed pri-
marily focusing on the participants, constraints and tasks. For most exoskeleton testing,
the procedure involves the recruitment of either entirely able-bodied individuals, or in-
dividuals with mobility impairments. Participant studies are the most common type of
exoskeleton evaluation, and are useful in evaluating and determining the potential bene�ts
and drawbacks of exoskeletons in real use cases [53, 68, 76, 77, 89, 122]. These test condi-
tions are useful for evaluating the performance of the exoskeleton's gait augmentation and
rehabilitation capabilities, but less so for safety. Without testbench evaluation information
(under highly controlled conditions), the knowledge of what components of the coupling
interface are actually inuencing safety, and what is the user compensation e�ects, is dif-
�cult to parse. Some studies have employed mannequins for coupling interface evaluation
prior to implementation which allowed for the identi�cation of \inherent" high pressure
locations induced by the design and adjusted accordingly [103]. Without a testbench eval-
uation with controlled conditions, isolating where sources of injury may occur from is much
more di�cult, and risky for the individual if testing is required for basic characterisation.

Modelling provides information for simulation and control of the relative positions and
interaction forces that occur between user and device without the need for sensors. There
are few established analyses that explicitly look at and evaluate the bene�ts, drawbacks and
concessions of the most commonly used models. The baseline information of how accurate
these models are and their drawbacks or inaccuracies in controlled scenarios is only now
being investigated, with publications considering the e�ects of initial securing inuencing
parameter coe�cients, indicating there is a potential for high variability based on initial
conditions [69,93]. Studies which put in considerable e�ort for robust estimation still see
error around points with high acceleration indicating unmodeled non-linearities [70].

1.3 Problem Statement and Objectives

This section contains a distilled and focused problem statement on the �eld of coupling
surfaces. The objectives of this thesis are described in this section, as well as the overarching
goal and purpose of the thesis.

The �eld of exoskeleton coupling interfaces is still relatively under-investigated com-
pared to advancements in mechanical linkages, actuators, controllers and multi-body sys-
tems. There are a number of di�erent design questions related to exoskeleton coupling that
are relatively unaddressed due to the lack of research that may have a major impact on the
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performance of the exoskeleton. To name a few, unaddressed design questions range from
how the interface should be shaped, what materials should be used, where the interface(s)
are placed for optimal force transmission, surface area (maximal) considerations, interface
modelling in controllers and simulations, acceptable donning and do�ng methods, securing
sti�ness limits, and shear and normal forces limits. The focus of this thesis is not only on
addressing some of these design questions, but primarily on developing new tools for their
assessment.

Problem statement: There is a need for novel methods to evaluate and model the
exoskeleton coupling interface to better understand why and how we can create better
surfaces. For the purpose of this thesis, this will be approached through heuristic and
iterative design processes, and modelling frameworks.

The focus of this thesis is expanding the tools and means by which exoskeleton coupling
interface evaluation occurs. Two \sub-topics" of coupling interface design are the focus of
this thesis. The �rst of these �elds, comprising the proceeding three chapters after this
introduction, is the iterative and sensor based evaluation of the exoskeleton interface. The
second is the modelling of the interface for estimating interaction mechanics, kinematic-
dynamic relationships and interface forces. Both of these sub�elds are used as tools to
evaluate exoskeleton interfaces, and in some capacity inform design. What they lack,
however, are the tools and baseline methods and metrics themselves to create new surfaces
when compared to older surfaces. Currently the focus of these topics is either on direct
evaluation of a design for safety (and not comparison between designs), or on the e�ects
of the exoskeleton kinematics and dynamics as a whole.

With many di�erent potential sub�elds that require investigation, the scope of this
thesis is to investigate the iterative and sensor based design processes of coupling surfaces
(including pressures, kinematic o�sets, kinetic o�sets, shears, torques), and the modelling
equations of surfaces for simulation and control. These two subtopics of coupling interface
design are the most prominent and forward facing approaches to the design and evaluation
of coupling interfaces [71,89,91,93,95,96,107,113,117,123{125,129].

The iterative and sensor based design of interface surfaces is the process by which
most commercial, and research, exoskeleton surfaces are evaluated [89,92,100,103,106,123,
126{128, 130]. Whether or not interfaces are actually designed or iterated upon through
structured methods to develop new or better interfaces is rarely reported, and actual
processes to improve or manufacture surfaces is relatively non-existent [89, 103, 123, 183].
The processes highlighted here, are primarily for the characterisation of interfaces, which
can be used to inform future design. Most evaluation relies on sensorization to quantify
how the exoskeleton interacts with the user through metrics, including pressure, forces,
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kinematic o�set and qualitative survey. The introduction of this information, how the user
interacts with the exoskeleton is critically important to identifying where sources of injury
might occur and their modes of occurrence [89]. However, utilising them for developing
new interfaces is di�cult due to a lack of established common baselines (a singular design
to reference back to), metrics which can be used to interpret past threshold values and the
complications that naturally arise when utilising human participants. Comparing between
surfaces utilising the current methods is di�cult, but evaluating the performance of one
surface alone can be done [89, 105, 106, 124, 125]. If we wish to innovate new coupling
surfaces then simpler, easier to use testing conditions need to be developed that address
appropriate metrics that can utilise more nuance and inform each other, all under testing
conditions that remove as many variables as possible, and provide a reference for best
practice standards. If interpretation of results can reasonably eliminate variables to address
safety and surface e�ectiveness by comparing it to a common design or baseline metric,
then all new designs can be compared much more easily than what is currently capable.

The modelling of exoskeleton surfaces is used as a tool in simulation and control to de-
scribe the governing relationships of force and position between user and the exoskeleton.
The most commonly implemented models rely on simple assumptions regarding the gov-
erning equations to describe the position and force relationship between exoskeleton and
user. Modelling is incredibly important in characterising the coupling interface for identi-
fying the potential e�ects of the exoskeleton on the user by calculating interaction forces,
joint misalignments and followed trajectories. The models implemented are predominantly
linear, requiring already fabricated coupling surfaces to approximate their governing coef-
�cient values [70{72,75,129,131{133]. Due to the linear nature of most employed models,
the predicted results of simulations trend towards inaccuracies in conditions where large
state derivatives are seen [70], an unavoidable consequence. Poor simulation and control
models can cause injury for the individual utilising it if the predicted positional relation-
ship and desired trajectories do not match reality. Crucial advancements are being made
in acknowledging the initial conditions that may inuence the trends of these models, as
well as alternative methods for characterising the surfaces, but the trend of error as a result
of linearity still exists [70, 75, 129]. Additionally, there is currently no simple method of
moving from the desired patterns and behaviours of a simulated model to that of a phys-
ical coupling surface without the need of fabrication and similar tools utilised in iterative
design.

These two sub-topics, until more recently, have been treated separately due to a lacking
ability to evaluate the elastic simulation, and safety components of the exoskeleton coupling
interface at the same time [89]. This is partially due to the lack of tools which allow for the
evaluation and rational analysis of the coupling interface past basic safety requirements,
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and the fact that the design of a speci�c geometric interface for user safety and exoskeleton
performance before manufacturing is complete is still di�cult to perform [69,70,75,89,93,
100,116,120,129,134].

The objectives of this thesis are predicated on the problem statement and the concept
of creating better tools and models for rationale as to why design is undertaken. As a
result, the thesis is split in two parts. Each section is led by a short literature perspective
that lays the groundwork for each section's speci�c objective. It is then proceeded by an
evaluation or design perspective on existing testing, modelling and experiment standards.

The overarching objective of this thesis is:

To evaluate existing coupling interface evaluation, modelling, and simulation approaches
to advance methods and establish baselines towards the goals of maximising user safety
without sacri�cing the performance of the exoskeleton by over designing or removing com-
ponents entirely. This is performed through the speci�c objectives.

Part 1: Evaluation and Design Process of Coupling Interfaces:

ˆ Review the currently used and evaluated baselines and conditions for iterative design
evaluation

ˆ Develop a new baseline to remove human interference for better preliminary evalua-
tion

ˆ Propose and evaluate a new baseline of surface design comparison that draws on tra-
ditional wearable device �elds (orthoses, prostheses) so new designs have a common
supporting reference

ˆ De�ne appropriate metrics for evaluation which aid in supporting or making clearer
the contributions of coupling interface design than current standards

Part 2: Modelling and Simulation of Coupling Interfaces:

ˆ Investigate the commonly implemented and evaluated coupling interface models

ˆ Evaluate the performance and accuracy of the commonly utilised model under highly
controlled testbench scenarios

ˆ Develop new models that more accurately represent the interaction mechanics at the
user interface for use in simulation or coupling interface design
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1.4 Thesis Organization

The remaining chapters of this thesis is organized as follows:

ˆ Chapter 2: Evaluation and Design of Exoskeleton Coupling Interfaces for Perfor-
mance and User Safety

ˆ Chapter 3: Evaluating the E�ects of Customised Versus Generic Surfaces on Lower-
Limb Exoskeleton Kinematic Performance: An In Vitro Mannequin Test Bench Eval-
uation

ˆ Chapter 4: Impact of Customized Coupling Surfaces on the Performance of Lower
Limb Exoskeletons: A Pilot Study

ˆ Chapter 5: Contributions to the Methods, Metrics and Baselines of Exoskeleton
Coupling Interface Design

ˆ Chapter 6: A Brief Review on Modelling Approaches for Lower Limb Exoskeletons

ˆ Chapter 7: Validation of Common Models: Perfectly Coupled and Linear Spring-
Damper Approaches and a Simple Extension of the Linear Spring Damper

ˆ Chapter 8: Developing a New Algorithm and Model for the Physical Human-Exoskeleton
Interface

ˆ Chapter 9: Conclusions and Contributions to the Modelling of Exoskeleton Coupling
Interfaces

ˆ Chapter 10: Conclusions and Future Work
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Chapter 2

Evaluation and Design of
Exoskeleton Coupling Interfaces for
Performance and User Safety

This chapter highlights and explores the currently used and evaluated baselines and condi-
tions for iterative design evaluation. Discussed here is also an introduction to proceeding
chapters to address the remaining objectives for Part 1. These are: developing new base-
line methods to remove human interference, proposing a new baseline surface designs, and
developing new design criteria/metrics for comparative and iterative design.

The exoskeleton coupling interface is crucial in the performance and function of the
exoskeleton as a whole. For lower limb exoskeletons, coupling interfaces transmit generated
forces and torques from the actuators to the user's limbs. Designs for the coupling interface
range from a purely rigid body design to a combination of soft and hard elements [89{91,
130]. Regardless of design, the exoskeleton coupling interface must provide support and
points to transmit force, shear and torque loads between the user and the device, while
keeping them coupled and in the same relative position and orientation. With that support
brings risk to the user, including high loads, shear forces and joint misalignments that can
cause skin and/or musculoskeletal injury [24,76,77,81,89,90,94]. Pressure injury formation
has occurred during exoskeleton use, resulting from excessive non-uniform normal forces,
shear forces causing deep tissue injury or relative movement causing skin irritation [24,37,
68,76,77,87,89{92,100,107,118,136]. Musculoskeletal injuries arise when large undesirable
torques or forces are applied to the user, damaging joints, segments and musculature.
The motivation and goal when designing exoskeleton coupling interfaces is to balance the
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capability to deliver forces for functional movement, while minimising the risks to the
individual.

Most exoskeleton coupling interfaces take the form of a combination of a hard thermoset
plastic lined with a soft foam material to provide padding, and �xed with a soft malleable
and adjustable \strap" (e.g., velcro, cable tie) to secure the limb in place. Exoskeletons such
as the H3 (Technaid, Spain), the Indego (Indego, United States), or the Keeogo (B-Temia,
Canada) all employ these interfaces, with one of the H3 Straps shown in Figure 2.1. These
interfaces are \semi-rigid", with a combination of hard aluminum surfaces Completely soft
designs exist, such as the Suitx range of exoskeletons (Suitx, United States), relying only
on soft strapping components to provide resistive forces through tension applied at the
surface. Exoskeletons with fully enclosed coupling interfaces are far fewer in number than
the alternatives, often appearing in research papers such as the QPRESA (IIT, Italy).

Figure 2.1: Example of the H3 exoskeleton strap: hard-body aluminum surface covered
with an EVA foam layer (top), with accompanying hook and loop securing surface (bottom)
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These designs serve the function of imparting assistance through stored or active energy,
focused usually on supporting the limbs at their attachment points. Oftentimes, they are
designed to �t as wide a range of individuals as possible to maximize the potential user base
of the device. This tolerable range changes from exoskeleton to exoskeleton. For example,
the H3 Exoskeleton claims to have a wide range of usability from 40 to 100 kg and 110 to
210 cm in height. Understanding which of these surfaces provide the most bene�t to the
user, and perform the best during standard use cases, is not well understood [63,89,100].
Furthermore, the process of how to improve upon them and design better interfaces su�ers
similar issues in a lack of common knowledge base.

Discussion and evaluation of the design of exoskeleton coupling interfaces is relatively
under-reported compared to actuator, mechanical structure, controller design and walk-
ing function studies. To the author's knowledge, no comprehensive design strategy or
guides have been published to draw on when designing new coupling surfaces for exoskele-
tons. Most studies instead rely instead on heuristic based support or threshold values
as indicators for interface safety [89, 103, 107, 123]. Heuristics de�ne common practices,
such as interface placement or material composition, that drives design. Current interface
designs combine hard supporting interface and securing strap(s) that many exoskeletons
possess [37,47,89,90,130,135]. Based on physiological studies, threshold values (e.g., pres-
sures, forces) have been de�ned as maximum tolerances and limits for avoid injury to the
user [37, 89{92, 94, 130]. These are good indicators of the baseline safety of the device,
but are di�cult to compare against other designs. Due to the general lack of comparison
between exoskeletons, their performance and safety, evaluating how one design performs
relative to another is limited by both the users tested on, the conditions of testing, and a
lack of common ideal goals or metrics [63,89].

Considering commercial designed exoskeleton surfaces are commonly designed with the
intent of �tting as many users as possible, many of their designs appear similar both in
function and form. While anthropometric design is a well-established goal, there has been
little innovation in coupling interface designs.

A recently conducted literature review compiled and evaluated the techniques, meth-
ods, and models used to evaluate the physical exoskeleton-human interface [89]. This paper
comprehensively covers, and highlights, the means by which researchers evaluate the per-
formance of the coupling interface. While this review is not fully comprehensive on all
literature surrounding the design, function and evaluation of coupling interface surfaces it
does highlight the most common methods and means of fabrication. Common designs are
mentioned, as well as the importance of the analysis framed by user safety and the perfor-
mance of the exoskeleton as a whole. Some commentary is made on the direction of design,
but primarily focuses on the variability in testing and drawbacks in approaches, and the
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variability and lack of consensus on how individuals should interface with the device [89].

The vast majority of publications rely on \threshold metrics" of pressure, shear or in-
teraction torques to measure performance. These thresholds are used to compare metrics
(e.g., maximum or average forces, pressures or torques) against published biomechanical
and physiological limits as a means of evaluating physical interactions. The most common
approaches are maximum tolerable point load and maximum joint torques, the latter of
which is not directly linked to interfaces. Maximum tolerable point load, or pain pressure
threshold (PPT), indicates the maximum pressure at which intolerable pain occurs from
an applied static load [89]. Tested by algometry, results are highly dependent on location,
and a wide range of factors including diet, age, gender, and comorbidity. Considering
the subjectivity and inherent variability associated with pain thresholds, allowable values
remains unclear. Testing condition were also inconsistent with physiological PPT testing
conducted under static conditions, and generalizability to mobility conditions (i.e., gait) is
also unclear. Furthermore, exoskeleton interfaces distribute over large surface areas, and
the generalizability of point-based tests used in PPT evaluation is unclear [89]. Addition-
ally, point-based tests have been shown to vary under shear, combined loading conditions,
and time something that most studies do not account for [89]. The general takeaway from
this review is that user variety, task, device greatly inuence the interaction between user
and device, while the metrics and available methods for analysis make generalisation and
evaluation di�cult [89].

In some cases, pressure distribution was analysed to identify high pressure locations and
explain their phenomena, but was not utilised as a metric for describing improved design
or iteration within the same publication [89]. Shear forces, misalignment and relative
motion were also analysed, but were far less common as the requirements for measurement
and sensorization were much higher. Many of the studies which covered forces, torques,
pressures, misalignments and relative motion focused on identifying and characterising
these phenomena. Few, if any, studies included in the review proposed and executed
means of mitigating these components [89]. However, many of the studies reviewed were
focused on identifying threats. Many of the measurements performed on potential error,
drawback or injury are one dimensional, limiting analysis [89]. One dimensional analysis
are those threshold values not informed or accompanied by additional analysis.

As an inspiration for improving upon or creating \dimensionless" metrics, joint mis-
alignment is a prime example [81,89,93,94,98,117{119]. Joint misalignment is quanti�ed
by absolute position, and is used to calculate extraneous applied force and torque to joint
centers [89,98]. This value is useful for evaluation of the potential risk for exoskeleton com-
ponents due to it's relative ease of explaining how to eliminate the source of error. The
tools for identifying and mitigating the sources of misalignment only exist for kinematic
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misalignment however, and not o�set generated by elastic components, but the bene�-
cial groundwork can be used as inspiration when developing and investigating appropriate
metrics for evaluation. One study, conducted by Langlois et al., lays the groundwork for
analysing and identifying the potential sources of elastic o�set by comparing a generic
exoskeleton to a fully customised orthosis and observing kinematic o�set [136].

Issues identi�ed within literature on testing and evaluating the coupling interface can
be boiled down to one word: standardisation. Prior studies often focus on singular values
and thresholds, from forces and pressures, as a means of evaluating or characterising ex-
oskeleton interfaces, or the utilisation of questionnaires for performance. Implementation
of values such as joint misalignment, however, have been used as additional tools for in-
vestigation. As mentioned prior, they can be useful as inspiration for dimensionless and
transferable evaluation as the sources of potential injury are clear and easily mitigatible as
kinematics are simple to use. Kinematic joint misalignment remains relatively simplistic,
however, as it does not inform other safety criterion when analyzed alone. These stud-
ies lay the groundwork on interface surface e�ects, particularly safety and performance of
the exoskeleton. Considering these characterisation studies investigate distinct exoskele-
tons, conditions, users and experimental procedures that make transferring knowledge
from one study to another is challenging. Likewise, studies investigating improvements or
building new sensor systems and devices to assess often do not compare against existing
designs [63,87,89,100,125,130,135,137]. The current issues are both a lack of tools and a
lack of transferability between designs, that contribute to a heterogeneous analysis space.

Currently, no clear guides exist to innovate interface coupling design. While many
metrics have been studied and evaluated with new designs, few tools to synthesize or in-
terpret that information to truly justify a design choice have been proposed. Considering
the inherent complexity of the coupling surface inuenced by multiple factors (e.g. gait
strategies, mechanical structure, coupling location, users), there is a de�nite need to es-
tablish new methods to implement identi�ed metrics into the design process. Ideally, there
would be a clear and distinct path between every type of coupling interface, with each
modi�cation or design having an explicit, reasoned need to be implemented.

In the established �elds of orthoses and prostheses design and manufacturing, many
of the issues listed above are solved by common knowledge in the �eld. The importance
of conformity to body shape is well understood as a value in assessing whether or not a
rehabilitative device will be e�ective at the physical interface [111{115]. In passive reha-
bilitation devices, the more conforming a surface is to the individual, with proper pressure
distribution, the risk to the user is lowered, and e�ciency and comfort increase. This un-
derstanding is often the \gold standard" in designing prosthetic and orthotic devices, and
is used as justi�cation in many socket or surface design studies [111{115]. While it is not
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proven as of yet for active assistive devices, it would be useful to explore fully conforming
surfaces as an alternative to traditional surfaces, and others have hypothesized that the
same bene�ts could be seen for rehabilitation surfaces.

The objective of my work on the iterative and sensor based evaluation and design of
coupling surfaces is to establish better means of comparing surfaces between each other,
and for evaluating new surface designs. This is performed by concurrently investigating
methods of evaluation, including appropriate metrics and baselines, towards developing
standards.

Methods of evaluation include conditions and subjects selected for testing. The most
common and prevalent method for testing involves studies with human participants. User
inuence and the complicating factors associated with participant pools, sizes and use
cases may lead to a design appearing to be safe or e�ective in transmission of force. While
in reality, among a much larger sample size, designs often demonstrate poor performance
[76, 77, 81, 82, 85, 86, 89, 138]. To the best of my knowledge, and authors of recent reviews
, no replication studies on the performance of interfaces has been conducted to validate
reported safety criterion [47, 85, 87, 89, 92, 125, 130]. While completely removing human
testing from the design process is not an option, introducing intermediary steps that allow
for characterisation is proposed through the use of mannequins.

Used in testing controller designs, mannequins have yet not been actively used as a
means of evaluating the performance of di�erent surfaces to existing designs [89, 103].
Mannequins have many bene�ts when utilised in controller or exoskeleton mechanics and
simulation based testing. While no comprehensive review or rationale of why the man-
nequins are used, they are utilised primarily as a tool for validation and evaluation under
controlled conditions. Typically they are used as user proxies allowing for the removal
of unknown, unmeasurable or uncontrollable factors, while increasing safety [99,139{149].
With a fabricated segment chain for a speci�c location, all mass and inertial properties can
be known for simulation which is much more di�cult to guarantee in user testing. User
torque is removed by design, with joint properties being easily controlled. Translating
dynamics can be removed by securing the base, limiting kinematics and kinetic relation-
ships to just those created by the exoskeleton actuators themselves. These constraints
and controls allow for simpler and easier to justify governing equations, while allowing for
high repeatability without putting risk on the user [?,58,106,139,142,150,151,153]. While
the papers cited here are primarily for control and initial performance evaluation, the
same principles can be extended to use in isolating and evaluating physical human-robot
interactions [99,103,123].

First, evaluating against a mannequin removes many inconsistencies and variability
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associated with human participants. Second, safety risks associated with human testing are
well-mitigated with a mannequin. If a design cannot exhibit a physical safety performance
improvement in a rationalised manner on a mannequin, it will likely not show improvement
on a user. As an intermediary step in the design process, providing early results prior to
major studies involving user participants may allow for replication and validation of results.

The focus on appropriate metrics for evaluation is mainly on expanding and introducing
new tools for evaluation that require context based evaluation, to complement threshold
based ones. \Context based evaluation" in this thesis refers to the multi-dimensional and
focused approach which considers context for analysis in addition to values. Multiple facets,
such as force, pressure, surface area, distribution and o�set can be considered together to
highlight both low risk and high performance design. Limiting average or peak pressure and
force values (or any other of the kinetic related variables) are useful approaches to promote
safety, but may not inform design for exoskeleton coupling surfaces for performance. Single
linear threshold values cannot account for the previously highlighted components which
may inuence skin injury, which requires extensive knowledge and analysis to investigate
and diagnose (e.g., pressure distribution, shear, maximum pressures, friction etc. [155{160]
). A high surface pressure compared to a low one may indicate a simple increase in risk,
but cannot account for whether or not the low surface pressure is a result of the interface
not providing support. This context based evaluation, with supporting appropriate met-
rics, aims to indicate coupling interface design performance. Relying less on thresholds,
also allows for more transferability between users, instead comparing whether one design
performs better than another, supported by many metrics, as opposed to one.

While analysis does occur on the pressure distribution side, it is not based on met-
rics, and relies primarily on visual analysis to highlight trends in di�erences [89,103,123].
This analysis is common in surface evaluation that employs distributed approaches, com-
menting on location based high pressure occurrences and potential methods to solve them,
but often does not evaluate alternatives, or potential optimisation approaches to mitigate
pressure. Additionally, the focus is primarily on high point locations and not time based
or distribution based [89, 92, 103{106, 123, 125, 161, 162]. Taking inspiration from existing
metrics, we look at joint misalignments and o�sets for �nding new appropriate metrics.
This metric, when isolated properly, has easy to explain correlation to the kinematic and
kinetic properties of the surface, and it's inuence on performance and control. The objec-
tive is to identify other metrics which can be used similarly to misalignment as a means of
comparing the relative performance of coupling surface design both for safety and to relate
it to performance.

The next issue addressed is the lack of baseline comparison tools when designing new
surfaces. Other components of exoskeleton design (e.g., controllers, actuators) may report
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improvements in design by comparing new algorithms or mechanics to a simpler or well
reasoned and reported on implementation. Taking inspiration from those �elds, as well as
the design of custom orthoses and prostheses, a goal was set to establish a set of baseline
surfaces which could be easily used and implemented for improvements in the design of
interfaces. This was done with the primary intent of reporting on the e�ects of fully cus-
tomised coupling interfaces compared against both existing metrics and means, as well as
proposed metrics. A secondary motivation was establishing the baseline bene�ts of a fully
customisable surface, and how it can be used as a defacto reference when evaluating new
designs. If a fully conforming surface is the currently best performing interface, creating
new interfaces can use the metrics to evaluate the performance bene�ts of a new surface
to the best possible result. If each individual is likely to bene�t greatly from a customised
surface, then utilising it as a reference tool may be more e�ective when compared to a
generic one. Each generic interface may perform relatively di�erent for each individual,
which may generate a much wider range of variability in performing an engineering anal-
ysis for new custom interfaces.This hypothesis has been approached by one other group,
indicating bene�ts in reducing kinematic o�set when utilising an actuated ankle-foot or-
thosis [136]. Partial inspiration was taken from this protocol and extended to full lower
limb exoskeletons, and investigation was extended past kinematic o�set.

This �rst section of the thesis focuses on developing the tools necessary for sound and
justi�able design of new exoskeleton interfaces, by investigating new methods, appropriate
metrics and baseline surface designs. The next chapter provides a brief perspective on
mannequin use in various applications, and describes development and testing using a
novel mannequin towards support surface evaluation of lower-limb exoskeleton.
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Chapter 3

Evaluating the E�ects of Customised
Versus Generic Surfaces on
Lower-Limb Exoskeleton Kinematic
Performance: An In Vitro
Mannequin Test Bench Evaluation

This chapter is aimed at the objective of developing a new baseline to remove human inter-
ference for improved preliminary evaluation, a new interface design baseline for comparison,
and de�ning appropriate metrics for exoskeleton safety evaluation. This was performed by
investigating the design and fabrication of mannequin testbench systems in academic ex-
oskeleton studies, and implementing a functional mannequin to replace user interactions
on a secure testbench. The mannequin was then utilised in a preliminary study to simplify
the measuring of kinematic o�set as a means of evaluating exoskeleton coupling interface
performance.

The design of the mannequin was initially formulated as a new method of evaluation in
the approach of the iterative and sensor evaluation design of exoskeleton coupling surfaces.
With a mannequin, user inuence could be removed in the calculation of surface pressures
and kinematic o�sets/joint misalignment. The main advantage of mannequin use is in
isolating and identifying components of exoskeleton use that cannot be measured exactly
with human participants (e.g. joint torques, misalignments, forces, weight distributions
and inertial matrices). The design of this mannequin was entirely passive, while testing
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implemented external sensors and vision systems to calculate interaction mechanics.

Joint misalignment occurs when the joint center axes of the exoskeleton and user are not
aligned as a result of segment length inequalities, complex joint motion, and/or kinematic
trajectory di�erences. Kinematic segment o�sets occur as the result of elastic interaction
between user segment and exoskeleton segment that cause leading, or lagging, angular
o�sets during motion. Both are related, and if one occurs, the other is likely to as well.
An able bodied individual is likely to compensate against this o�set, and removing user
compensation would allow for the full characterisation of a surfaces elastic and natural mis-
aligning tendencies. Both are analysed together in this section as preliminary investigative
tools used as means to evaluate the e�ectiveness of custom interfaces, and to evaluate
whether they can be used as e�ective tools themselves.

3.1 Introduction and Background

Lower-limb rehabilitation exoskeletons (LLREs) are powered or passive devices that pro-
vide support and ambulation assistance for individuals with lower-limb mobility impair-
ments. Rigid exoskeletons provide support directly through torques and forces applied by
actuators according to trajectories designed through optimization, inspection, or tracking
of non-a�ected gait [36, 37, 40, 46, 47, 49{52, 54, 57, 60, 135]. The potential applications of
LLREs are wide-ranging and new designs are constantly being explored in rehabilitative
or augmentative capacities in clinical and research settings.

The assistance and control of exoskeletons is regulated through actuators and the forces
and torques provided through them. Regardless of design, the exoskeleton coupling inter-
faces act as the points where forces and torques are transmitted from exoskeleton actuators
to the user. Without a coupling interface, the transference of energy and motion from de-
vice to user is not possible. While the interface is critical and necessary to the function
of the device focus on how the interface is designed, its characteristics and models remain
relatively unexplored [89]

The coupling surface brings the user into contact with the exoskeleton by strapping
and holding the individual to the exoskeleton through securing and binding forces. The
design of these coupling interfaces may vary based on the function and actuation of the
exoskeleton, usually some combination of soft and rigid elements together to interact with
the user. The more e�ective the design of the interface, the better these forces and torques
are transferred to the individual without sacri�cing their comfort and safety. The under-
standing and investigation of what makes an exoskeleton interface e�ective, however, is
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relatively unexplored. Pinpointing what design features and decisions make an interface
e�ective is di�cult, and designs which identify and quantify design inuence are few and
far between [89, 136]. One approach that is employed is taking inspiration and cues from
established works in passive rehabilitation devices.

In the development of lower limb rehabilitation devices (e.g. prostheses, orthoses),
consideration of the interface surface between the user and device is critical. In particular,
certi�ed clinicians (e.g. orthotists, prosthetists) design interfaces to maintain an e�ective
\quality of �t" to minimise risk of skin and musculoskeletal injury while controlling joint
motions, allow for long term use, and ensure e�ective rehabilitation [115]. For Lower-Limb
rehabilitation exoskeletons there has been little focus in literature on interface design, the
risks they pose to the user, and their inuence on the e�ectiveness of the device in short
and/or long term use in the same ways they have been explored in traditional devices [77].

In order to more accurately de�ne the bene�ts of a coupling interface, the use of a highly
controlled mannequin testbench was implemented. The use of mannequins { inanimate
proxies for human subjects { has been taken up as an alternative method of benchtop
testing that removes the risks to users, without sacri�cing components of interaction [64,
139, 148, 149]. In vitro testing where the exoskeleton has no participant inside the device
can be performed to analyse basic actuator and mechanical components but is limited in
use as it removes the complex interactions that occur between user and device, making
it better suited for robotic characterization [64, 121, 139, 148, 149, 164]. Many di�erent
examples exist of characterization, but are often relegated under actuator \test-benching".
Mannequins solve this problem by adding mass loads and complex interaction mechanics
(e.g., limb segment cross-sectional geometry) to the evaluation. This testing can also be
conducted with the physical exoskeleton system without the risk of harming participants,
avoiding delays in acquiring research ethics board (REB) approval.

Measuring and evaluating the e�ectiveness and safety of exoskeleton interfaces is fo-
cused on the interactions between user and device at the skin and joint interfaces. Kine-
matic joint and segment misalignment results in unwanted reaction forces occurring in
the joints that may cause injury as a direct result of poor interface design. Misalignment
and o�set may cause any number of injuries, those mostly prominent and evident being
joint overloading, with other e�ects such as excess shear at the interface as a result of
o�set forces [98]. Joint load could not be measured directly in this study, however it has
been proven from simulated static mechanical analysis that reducing angular o�set and
misalignment directly reduces joint load [94,98].

The present study aims to evaluate a generic strapping interface against custom surfaces
in LLREs in a controlled mannequin testbench environment, to aid in identifying how
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well custom interfaces perform in reducing musculoskeletal injury risk. From testing and
analysis, we can then identify how certain decisions for interface design directly inuence
safety and performance under controlled conditions. This process is performed through the
evaluation of a strongly supported baseline with precedent (e.g., fully conforming surfaces),
a testbench environment that simpli�es the interactions between user and exoskeleton
framed by a novel approach to analysing how interface design directly inuences user
safety and exoskeleton performance (i.e., kinematic o�set and misalignment).

The H3 exoskeleton (Technaid, Spain), was employed as the testing platform for eval-
uating the inuence of custom and generic interfaces on kinematic o�set. The H3 has 6
degrees of freedom, bilaterally at the hips, knees, and ankles, limited to the sagittal plane.
The mannequin proxy designed for the H3 was created with similar rotary joint constraints
to match the device and simplify the relative mechanics. Additionally, the mannequin was
fabricated as a passive mannequin system, and as a result, evaluating the design decisions
taken to reduce injury will be easier to identify when limiting mechanics to solely the
exoskeleton.

The two major segments of the H3 (Shank, Thigh), have two coupling interfaces each.
These surfaces consist of a rigid aluminum body layered with a soft EVA foam layer to
provide padding. Designed to �t a wide range of individuals, ranging wider than 5th
percentile female to 95th percentile male anthropometry, these interfaces were treated as
the ideal generic interfaces.

A set of customised surfaces, modelled and designed after the same processes utilised
by prosthetists and orthotists, with the aid of an external expert (Orthopaedic Bracing
Solutions, Kitchener, Ontario) were fabricated as our custom interfaces. The interfaces
themselves were de�ned to be our customized surfaces, as they were designed to �t a single
surface curvature: the mannequin.

The methods of assembling both the testbench with mannequin and the customized
straps, and the basic rationale behind the design decisions made for testing are presented
�rst. Additionally the testing, capture and processing methods utilised to gather the kine-
matic o�set data between mannequin and exoskeleton are detailed. The results presented
focus on the kinematic angular o�set, and the �nalised custom interfaces, compared to
those of the H3 Exoskeleton's generic interfaces. Lastly, the impact and design rationale
are more thoroughly discussed on the testbench conditions and customized interfaces. The
main focus of the discussion is placed on analysing the custom interfaces design and their
inuence on kinematic o�set and user safety when compared to generic interfaces. A sec-
ondary focus is placed on the bene�t of the testbench design in clarifying and simplifying
results for analysis.
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3.2 Methodology

The H3 exoskeleton (Technaid, Spain) has 6 degrees of freedom, bilaterally at the hips,
knees, and ankles. Each major joint center is controlled by a fully assistive rotary actuator.
The H3 exoskeleton is accompanied by a proprietary controller app which can command
full, or partial, torque(s) to assist with gait. The gait cycle speed can be controlled and
are modelled after standard straight-line walking cycles. A mounting frame was assembled
to suspend the exoskeleton by the hips to isolate sagittal plane motion without ground
reaction forces or translational dynamics.

A simple two joint mannequin was fabricated consisting of thigh, shank and feet seg-
ments. These segments were made utilising 3D printed polylactic acid (PLA) segments,
designed and fabricated matching the shape and curvature of a 95th percentile male, with
height of 183 cm, and mass of 86kg volunteer scanned into CAD software. The mannequin
is designed as a simple unilateral, 2 degree of freedom proxy that allows for accurate and
consistent collection. The mannequin was split into three segments: thigh, shank and foot,
connected by two simple rotary joints. The focus of this test was on evaluating simple elas-
tic interface reactions of a supporting surface. To ensure that the driving elastic factors of
the support surface were the driving force-position relationship, the mannequin limb was
manufactured as a rigid contact surface, sti�er (PLA) compared to the EVA foam and
polyurethane supporting surfaces. Surface curvature was scanned to match the volunteers
leg to simulate a custom surface contact interaction without highly elastic or compliant
components, characteristic of tissue. Additionally, to support the surface as the driving
interaction, the mannequin joints were constrained to rotary motion to ensure interactions
associated with joint axis translation as a result of shifting radii did not occur further
complicating already nonlinear interactions. The �nalised mannequin with nylon surface
covers is shown in Figure 3.1.
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Figure 3.1: The 2 DoF mannequin leg fabricated of PLA segments with nylon sheath cov-
ering. Each joint is a rotary pin joint fabricated and designed to match the H3 exoskeleton
joint actuators.
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Two sets of interface surfaces were evaluated. The \generic" surface is designed with a
curvature intended to �t across a wide range of individuals. The H3 exoskeleton interfaces
�t a range of individuals, including 5th percentile females to 95th percentile males. The
backing material is a thin aluminum shim (5mm thickness), layered by a piece of EVA
foam. The curvature of this surface resembles a series of curved semi-circular surfaces,
with a hook and loop securing strap. The hook and loop strap secures the user to the
generic surface, consisting of a thin fabric webbing surface with an additional EVA foam
pad for pressure distribution. The generic interface is shown in Figure 3.2.

Figure 3.2: H3 Exoskeleton generic interface with aluminum backing and EVA foam com-
pliant surface.

The \custom" surface was designed with a curvature intended to �t a singular indi-
vidual (i.e., mannequin). The curvature of this interface was designed with the aid of a
certi�ed orthotist (Orthopaedic Bracing Solutions, Kitchener), to match the curvature of
the mannequin surface. Utilising the CAD model of the mannequin leg, an o�set surface
was generated with added additional surface area (compared to the generic surface area)
in radial and height of surface directions. Additionally, a thicker padding base was added,
consisting of EVA and polyurethane foams to increase dampening and compliance. An
alternate clamping form was designed to hold the user by creating a conforming clamping
interface shell. The general form of this interface takes heavy inspiration from the H3 in-
terface with an emphasis on increased surface area, conformity and increased compliance.
The exoskeleton's �nal custom surfaces are shown in Figure 3.3.
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