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Abstract

Modular Cable-driven Leg Exoskeleton Designs for Movement Adaptation with Visual Feedback

Rand Hidayah

Exoskeletons for rehabilitation commonly focus on gait training, despite the variety of human
movements and functional assistance needed. Cable-driven exoskeletons have an advantage in
addressing a variety of movements by being non-restrictive in their design. Additionally, these
devices do not require complex mechanical joints to apply forces on the user or hinder the user’s
mobility. This accommodation of movement makes these cable-driven architectures more suitable
for everyday movement. However, these flexible cable-driven exoskeletons often actuate a reduced
number of actuated degrees-of-freedom to simplify their mechanical complexity. There is a need
to design flexible and low-profile cable-driven exoskeletons to accommodate the movement of the
user and be more flexible in their ability to actuate them.

This thesis presents cable-driven exoskeleton designs that are used during walking and or squat-
ting. These exoskeletons can be reconfigured to apply forces that are appropriate for these func-
tional tasks. The three designs presented in this thesis are non-restrictive cable-driven designs that
add minimal weight to the user. The first design shown is the cable-driven active leg exoskeleton
previously developed by the Robotics and Rehabilitation Laboratory (C-ALEX, 10kg). The second
and third designs are novel cable-driven architectures: (i) the modular C-ALEX (mC-ALEX, 3kg)
and (ii) the soft C-ALEX (SC-ALEX, <1kg). A preliminary evaluation of the latter two devices

was performed, and the results of these studies are presented to better understand the limitations



and abilities of each design. The functionalities added to the latter two designs include the ability
to reconfigure the robot’s cable routing and attachment geometry, allowing the devices to apply
torques through cables in the non-sagittal plane. These features will enable the robot to assist in
tasks other than gait while still using the original C-ALEX design methods. Another feature added
to the exoskeleton controller is to allow visual feedback through an Augmented Reality headset
(the HoloLens) to incorporate visual feedback during tasks better. This feature is currently missing
from the rehabilitation field using exoskeletons.

The effects of using the C-ALEX with post-stroke participants were carried out to ascertain
the efficacy of using a cable-driven system for gait adaptations in persons with gait impairments
and compare their effectiveness against rigid-linked exoskeletons. The C-ALEX was assessed
to induce a change in the walking patterns of ten post-stroke participants using a single-session
training protocol. The ability of C-ALEX to accurately provide forces and torques in the desired
directions was also evaluated to compare its design performance to traditional rigid-link designs.
Participants were able to reach 91%  12% of their target step length and 89% 13 % of their
target step height. The achieved step parameters differed significantly from participant baselines
(?  005). To quantify the performance, the forces in each cable’s out-of-the-plane movements
were evaluated relative to the in-plane desired cable tension magnitudes. This corresponded to an
error of under 2Nm in the desired controlled joint torques. This error magnitude is low compared
to the system command torques and typical adult biological torques during walking (2-4%). These
results point to the utility of using non-restrictive cable-driven architectures in gait retraining, in
which future focus can be on rehabilitating gait pathologies seen in stroke survivors.

Visual and force feedback are common elements in rehabilitation robotics, but visual feedback
is difficult to provide in over-ground mobile exoskeleton systems. A preliminary study was carried
out to assess the effects of providing force-only, force and visual, or visual-only feedback to three
independent groups, each containing 8 participants. The groups showed an increase in normalized
step height, (force and visual: 1.10 .13, force-only: 1.03 .23 visual-only: 1.61 .52) and

decreased normalized trajectory tracking error (force and visual: 42.8%  23.4%, force: 47.6%



18.4% , visual-only: 114.2 % 60.0 %). Visual normalized step height differed significantly from
force and visual and force-only normalized step height (? 0 005). Lap-wise normalized tracking
error differed significantly (? 0 005) within participants.

The mC-ALEX and the HoloLens were used to test the effectiveness of robot force feedback
compared to visual feedback with a squat task. The squat task aimed to have the user reach targets
of 25%, 75%, and 125% of baseline squats depths through each feedback modality. The kinematic
and foot loading effects were considered to establish the differences in user behavior when receiv-
ing both types of feedback. The results show that visual feedback has lower errors from targets
with similar lower variability in user performance. The force feedback changed joint flexion pro-
files without changing foot loading biomechanics. When looking at the sessions in sequence, both
feedback modalities reduced depth error magnitudes further along with the sessions time-wise.
This is the first study where augmented in-field-of-view visual feedback and robotic feedback are
used with the aim of changing the kinematics of a squatting task.

Overall, this thesis contributes to expanding the capabilities of cable-driven exoskeletons in
lower limb rehabilitative tasks. Three designs are evaluated to understand their on-user perfor-
mance, with the latter two devices being novel designs. The devices are used in protocols that
include visual feedback to ascertain their effects on movement adaptation through the two feed-

back modalities.
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Chapter 1: Introduction

This work explores the feasibility of using cable-driven exoskeleton designs for the lower limb
to provide force feedback in the functional tasks of walking and squatting. This thesis uses one
existing design and two novel designs developed using new cable routing con gurations. The
exoskeleton designs can continuously apply forces on a user, using controllers that can be adapted
to suit the task space of different functional movements.

Human movements can be highly varied and complex. A category of human movements, func-
tional movements, are exercises based on real-world biomechanical tasks often involving multi-
planar and multi-joint coordination that places a demand on the body's core musculature. Activi-
ties such as lunges, squats, walking, pushing-up, and reaching can be functional exercises. These
exercises can be used in the rehabilitation of a person after an adverse event [1, 2].

Exoskeleton technologies are increasingly adopted in clinical and rehabilitative applications
[3]. Examples of clinically trialed lower-limb rehabilitative exoskeletons are: the ReWalk ReStore
[4], and the Hocoma Lokomat or Hocoma Andago [5, 6]. The former is an overground device, and
the latter two are in-clinic tethered devices. The tethered systems provide assistance continuously
to the user and track all aspects of kinematic improvement. This feature lends itself to advancing
scienti ¢ knowledge about the timing, accuracy of force application, and repetition of training
required for improving gait for people with pathologies [6, 7]. These systems are usually tethered
to a treadmill and are typically designed for gait-speci c tasks. Most robotic devices only focus
on the degrees-of-freedom in the sagittal plane and impose geometric constraints on users due to
their structure. Typical robotic designs provide sagittal plane assistance as most movements within
healthy gait occur in this plane, but there is some natural abduction of the hip and pelvic rotation
[8]. During other movements such as the squat, stoop and lunge, we get more joint movements

such as ankle eversion, hip rotation, and hip abduction during [9, 10, 11]. The rigid designs



typically hinder out-of-plane movement and may not align with anatomical joint centers [12, 13].
Rigid-link robots can be designed to accommodate multi-planar functional tasks. However, to
attain this functionality and preserve the user's range of motion, complex mechanisms must be
added, increasing weight and inertia [12]. An alternative device type is a fabric-sleeve exoskeleton
built out of softer materials and actuated by cables or uid pressure [14, 15]. These devices do
not constrain the range of motion but lose the capabilities that rigid link robots provide. Soft
wearable exoskeletons can typically only provide simple assistance pro les. For example, the
ReStore device only applies exion torques on the ankle at specic times in the gait cycle [4].
There is a need to design soft exoskeletons that accommodate the degrees-of-freedom of the user
and are more exible in their ability to actuate them. For example, a soft hip exoskeleton [16, 17]
can only provide hip exion assistance while the hip has three degrees-of-freedom that are used to
some extent in walking and more so in other movement tasks [18]. These exoskeletons would not
be able to provide adduction torques to counter post-stroke compensatory lateral movement during
walking [19]. There is a need for better designs of lightweight and non-restrictive exoskeletons
and controllers that can address movements seen in speci ¢ pathologies. These designs must also
maintain the exibility and recon gurability in their structure to apply to a wide range of people
and movements [20].

Robotic devices can also be more effective for physical rehabilitation when paired with biofeed-
back, either as visual or aural information provided to the user concurrently in training [21]. Visual
feedback is simple to provide in tethered and location-bound robotic devices. Still, it poses a chal-
lenge in unstructured environments or when carrying out motion that requires spatial or rotational
displacements, such as walking overground or squatting. Visual feedback develops a more accu-
rate concurrent reduction of movement errors [22], but does not necessarily lend itself to general
long-term retention of movement patterns [23]. However, robotic therapy paired with visual feed-
back is novel in motor learning interventions. It has been used to uncover differences in sensory
and motor rehabilitation in reaching tasks [24] and to understand the dynamics of motor recovery

in reaching tasks [25]. Visual feedback has also been used to improve knee joint kinematics to



reduce pain in athletes [26]. Examples from the literature show that most systems using visual
feedback are limited to in-place protocols, requiring the user to use a posture to look at the visuals
continuously. There is an opportunity to provide this feedback continuously in- eld-of-view with
modern, portable augmented reality headsets, which are easy to don and can constantly provide
visuals without interfering with a user’s task.

The review done by Fernandez et al. [27] shows that most state-of-the-art exoskeleton devices
are designed and evaluated for overground gait and are not used in protocols that address other
functional tasks as frequently. This emphasis on gait leaves out several critical rehabilitative activ-
ities that are not addressed by exoskeletons in literature. Gait-assistive exoskeletons may dominate
as it is challenging to design non-restrictive devices. Multi-planar and non-cyclic movements re-
quire complex mechanisms to accommodate a user's movement within them. The work done in
this thesis attempts to address this discrepancy by presenting designs that are non-restrictive to
the user and are recon gurable to apply forces for a wide range of functional movements. The
ef cacy and performance of the designs are examined through tests of the robotic device itself
and by assessing the effects of using robotic feedback on user strategies and changes in functional
movements.

1.1 Proposed Systems and improvements on previous Cable-driven designs

The cable-driven active leg exoskeleton (C-ALEX) is a non-restrictive device that transfers
power and torques to the user rather than imposing motion on the user through a rigid-link. This
design is the rst device evaluated in this thesis and was previously tested for ef cacy in adapting
on-treadmill gait of healthy individuals [28, 29, 30]. The potential of this exoskeleton design
comes from both its lightweight construction and the potential for adapting the design to non-
sagittal movement tasks, as it does not require complex mechanisms to accommodate the degrees-
of-freedom of the leg.

This thesis further tests the ef cacy of this system with overground gait and for individuals
with impairments to examine the feasibility of using this system with varied environments and

users. Testing the system in these real-world contexts reveals the design’s limitations and areas for
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improvement. The incorporation of visual feedback with the device in untethered contexts is also
studied, as combining the two feedback modalities may provide better interpretation of the force
feedback provided by the robotic systems [31, 32, 22].

After evaluating the C-ALEX system, areas of improvement were identi ed, and the design
was further simpli ed. The system was improved by introducing a new mechanism design and
a controller that applies torques at the joints without requiring cable routing over multiple limbs.
This new design routes directly to the desired limb, which results in a lower pro le and a lighter
device. Using this approach, a fabric-based, extremely lightweight (<1kg) soft cable-driven active
leg exoskeleton was developed (the SC-ALEX) and was evaluated on a user. Due to the change
in the base material and lower pro le, the torque magnitudes and allowable cable frequencies
that could be achieved were decreased with this design. A third device, the modular cable-driven
active leg exoskeleton (mC-ALEX), was designed and assembled to address these limitations. The
mC-ALEX was evaluated with a new functional task - the squat and was compared against visual

feedback provided to users in a protocol that targeted squat movement adaptation.

1.2 Augmented Reality and Robotic Feedback

Augmented Reality (AR) is an enhanced version of the real physical world that is achieved
through the use of digital visual elements, sound, or other sensory stimuli delivered via technology.
AR in the context of robotic rehabilitation has mainly been used in studies focusing on rehabili-
tation of the upper limb. Partially, before the HoloLens and MagicLeap devices released in 2016,
previous generations of AR technology are typically tethered to a computer or location [33, 34,
35]. The advances in AR technology have allowed these to be used as a biofeedback tool. While
suitable for overground robotic platforms for biofeedback, this functionality of AR has not been
explored, with studies typically examining the effects of performing assembly or tool-use learning
tasks [36, 37, 38, 39].

The literature combining AR with upper limb rehabilitation typically uses screens or projec-

tions that do not remain continuously in the eld-of-view of the user. Most of the literature utilizing



AR with robotic or haptic feedback focuses on upper limb training. Insights from this literature are
used to guide the incorporation of AR into overground training in this thesis. The literature shows
that simple representative feedback is useful for users [40, 41], as is using clear and task-based
targets [42, 43]. The use of AR with robots has shown promising results in training non-impaired
individuals in an assembly task [44] and has shown ef cacy in rehabilitation with post-stroke in-
dividuals [45]. The use of AR devices in rehabilitation has been shown to provide better spatial
understanding and perception when compared to VR [46]. The use of mixed reality applications in
rehabilitation has especially shown to be appreciated by younger users through simple interactions
with virtual objects [47]. Home-based rehabilitation with stroke patients for the upper limb with
AR technology has provided safe and convenient training [48]. AR training has been combined
with robotic hand orthoses for ne motor skill nger rehabilitation with force, and audio feedback

in stroke subjects [43, 42, 49]. Telerehabilitation using mixed reality is possible and uses the in-
formation provided on end-effector error, and visual biofeedback effect for assessment [50, 51,
41].

The integration of lower limb exoskeletons with AR feedback can increase the independence
and mobility of people with gait impairments. Simple AR games have demonstrated improvements
in walking when used alone [52]. In another study, virtual paths were created on the real oor, and
the study demonstrated the feasibility of blending virtual images on real-world surfaces [53].

Lower limb rehabilitation protocols with AR have generally not included an active assistive
device. Studies have been conducted that use AR technology to characterize postural balance
and assess patients' progress [54, 55, 56] or supply visual aid to mirror patients' actions [57]. Our
motivation is to combine our device with AR methods for feedback to provide active assistance and
characterize the user's kinematics with effective real-time feedback. To the best of our knowledge,
our approach is the rst attempt to combine both types of feedback for lower limb tasks. We
provide continuous representations of the user's lower limbs in a representative gure, with clear
spatial targets that to interpret [21]. We use a task-based and target-oriented approach to encourage

users to attain new task kinematics through holograms, projected the user's in- eld-of-view. This



type of feedback is expected to cause quick adaptation in a motor learning task [22]. We evaluate
the effect of this type of feedback on attaining new walking trajectories and squat postures in two

separate studies.

1.3 Overview of Thesis

This thesis aims to present cable-driven designs suitable for applying forces during functional
tasks, speci cally gait and squats, and demonstrate the ef cacy and ability of these devices in
causing adaptations in short-term protocols with unimpaired and impaired participants. The thesis
is organized as follows: Chapters 1.3 and 2.6 present recon gurable and improved cable-driven
designs with a new cable-driven design and a new controller implementation. Their performance
was evaluated along with the effects on the user's biomechanics. Chapter 3.4 examines the effects
of adding visual feedback to a robotic force feedback protocol during overground walking. Chap-
ter 4.5 shows the ef cacy of the system in improving gait parameters of post-stroke participants.
Chapter 5.5 compares in- eld-of-vision visual feedback against force feedback from the robot in a
squat task by providing the user with speci c target depths to reach. Finally, Chapter 6.5 examines

the contributions and limitations of the devices presented in this thesis.



Chapter 2: Design of a Soft Cable-driven Active Leg Exoskeleton

(SC-ALEX) with Continuous Assistive Control

This chapter presents the SC-ALEX, a novel cable-driven soft exoskeleton that is based on the
C-ALEX controller, and describes the changes carried out in order to make the device more low-
pro le and ergonomic to the user. The device is assessed in terms of performance and effects on a

user, and the results are presented.

2.1 Soft Exoskeleton Motivation

The use of soft fabrics within the design of robotic exoskeletons is a novel direction in the
advancement of the eld of wearable exoskeletons [58, 59]. In the past, rigid-link serial chain
exoskeletons have been clinically studied to determine their ef cacy in gait training interventions
with impaired individuals [27]. These devices commonly use continuous closed-loop force feed-
back to supply torgues to the lower limbs for rehabilitation and assistance [60, 27]. In contrast,
fabric based Soft exosuits assist at discrete points of the gait cycle [61, 58]. Rather than focus on
improving kinematics or motor learning, soft exoskeletons target decreasing metabolic costs by
injecting energy at speci ¢ gait events such as heel strike or toe off [62]. Conversely, rehabilitation
requires assistance in different rehabilitative tasks that encourage post-stroke motor learning [63].
Assistance for performing these exercises are often provided manually by a physical therapist [64].

Clinical trials with soft exoskeletons are fairly new and focus on gait [4]. There is a need
to develop designs that can provide force feedback in functional tasks, such as torque assistance
squatting [65]. The exoskeletons mentioned in [61, 58, 62, 65] are developed for speci ¢ tasks,
while we aim to expand on the abilities of these devices by developing a exible soft exoskeleton

recon gurable to varied tasks.



Figure 2.1: From left to right: The C-ALEX, SC-ALEX, schematic of C-ALEX, and schematic of
SC-ALEX. C-ALEX routes cables (1-4) through multiple points on each limb, originating from a
bowden cable exit point in the pelvis frame. This allows a cable Jacobitmbe calculated and

relate jointg to cable tensiony. The SC-ALEX routes and anchors cables relative to each leg
segment's frame. Cable tensions must be resolved from force equilibrium based on desired ankle
force and related to joint torques by the ankle velocity to the joint velocity.

In this chapter, we develop the SC-ALEX, a Soft Cable-driven Active Leg EXoskeleton that is
modular and based on a previously developed Cable-driven Active Leg EXoskeleton (C-ALEX).
The C-ALEX has been used in studies to targeted at changing the ankle trajectory of healthy
subjects’ gait on-treadmill and overground [66, 67, 68] and improving post-stroke individuals'
step lengths and step heights [69]. We use a novel construction method by using 3D printed
geometry clamped onto laser-cut fabric to construct the SC-ALEX. The construction methods of
the SC-ALEX differ from soft exoskeleton construction found in the literature, which evaluate
sewing force transmission methods into fabric [62], sew-free layering of fabric composites [70],
or layering fabric bladders for uid-based actuation [71]. As our construction method is novel, we
evaluate the type of fabric, shape and size of the cuts, and 3D printed geometry to determine the

best way to manufacture the SC-ALEX cuffs. We then perform tests to compare the SC-ALEX

with the C-ALEX to determine the trade-offs in force application and direction error, user effects



and cable frequency bandwidths.

2.2 Design

The C-ALEX and SC-ALEX cable schematics are shown in Fig. 2.1 with a CAD representation
of users donning each exoskeleton. The C-ALEX and SC-ALEX operate by applying forces to the
user via cables anchored on the cuffs. This method adds very little weight to the user (280g SC-
ALEX, 3.1kg C-ALEX). The exoskeletons models used for their respective controllers are shown
in Fig. 2.1. The user's limb is modeled as a serial chain. Cables apply forces based on the model's
geometry. The user's thigh and shank lengths and the distance of the wearables from the knee
are measured to create the user model. The anterior-posterior distance between the cables in the
SC-ALEX changes according to the user's thigh and shank widths, which are also measured.

The C-ALEX controller is based on a model of the leg as a four degree-of-freedom series chain
with its origin at the human pelvis and the ankle as the end effector, with coordisatesl4l
relative to the pelvis. The controller is shown in Fig. 5.3a. The system is set to generate a torque
s Which accounts for both the assistive joint torqupsand the gravitational torques of the cuffs

& in the assumed sagittal plane of the controller:

B=0, G (2.1)
%= '@ (2.2)
o=t 4, )° (2.3)
®=") =% (2.4)

Two Jacobians determine the assistive torggesnd the applied torques. J relates ankle
velocity to joint velocity and, relates cable tension to joint torque. Cable tensibase resolved

from Eq. (2.4). The forces applied to the ankle in the norfaland tangentiaF) directions



are proportional to the error in following the desired trajectory. These forces compose the applied
force eld that assists the ankle. A further explanation of the forces is included in Section 5.2.5.
The cable tension Jacobidn is a wide matrix and thus Eq. (2.4) is under-determined. Quadratic

programming is used to obtain a continuous, smooth solution of the required tensions in the system.

2.2.1 The C-ALEX System

The C-ALEX uses the user's gait trajectory and compares it to a desired trajectory to apply the
force vector on the ankle. The precise method of determining the desired trajectory is discussed

in our previous works [66, 67, 68, 69]. The force results in hip and knee exion torgges

®=' ., % (2.5)

wheregs is the torque due to the wight of the cuffs,is a force vector of based on the user's
performance in the movement task, is the Jacobian relating the user's ankle velocity to joint
velocity,

mMG— 1P

G- @ (26)

andgs is the torque due to the device's weight on each leg,@9nd@ are the hip and knee
exion angles respectively. The C-ALEX routes four cables starting at the hip cuff, and the cable

tensiong relate to assistive torquesin (2.7):

=) (2.7)

The C-ALEX cable lengthd, 1- 12— 13— 14, are known with respect to the origin frame at the
pelvis. A change in hip and knee exion angl@5and@ changes the cable lengths routed from

the pelvis to the attachment points and are related by the Jacghiakq. (2.8):

N Ty Py Py

m@s— @

(2.8)
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The objective of the system is to have

B=Q (2.9)

2.2.2 The SC-ALEX System

The SC-ALEX differs from the C-ALEX by placing the routing and anchoring points of the
cables directly on the limbs, as shown in Fig. 2.1. The cable length changes cannot be described
from the frame of reference of the pelvis. We know that the cable tensions must be equat to
the ankle as in Eq. (2.10):

= #) (2.10)

where# is a matrix containing the unit vectors of each cable's anchor-to-routing pgjrdas
described from the origin frame of each limb. We then substitute the new expression into Eq. (2.5).

The SC-ALEX sleeve weight is small and disregarded

® # (2.11)

We useg from (2.11) in Eq. (2.9).

2.2.3 Controller and Quadratic Planner

Eg. (2.9) has many solutions for the tension vegtorTo ensure a continuous and specic
solution for cable tensions, we employ a quadratic planner in our control loop [72]. We use the

planner to minimize the error in torqug due to the imposed tensions.

mingig. )’) (2.12)
wheregy = @ (2.13)
such tha) 8_<gY )s Y )8-<0G (2.14)
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We initialize the system gt.g=set to 11N so that all cables begin without slackngsges was set
to 80N for safety [66]. The optimization routine minimizes the error based on the current tension

values.

2.2.4 Characterizing Non-controlled Joint Torque Error in Post-processing

For the experiments carried out in this thesis, the torque errors of the actual cable tensions
are compared to the desired torques in a-posteriori analysis. The desired forces and torques in
unactuated directions are assumed to be of 0 magnitude, but the planned torques resulting from
the quadratic planner can be calculated. The Jacobians are expanded to include all four degrees-
of-freedom of the leg for walking, and later on for squatting in Chapter 2.6. To carry out this
calculation, the Jacobians are expanded by incorporating the z-coordinate of the end effector
from Eg. (2.15) and the non-actuated joint angles for the cable tension Jacobfeom Eq.

(2.16):

 miG-HLe
= - @ 6@ (2.15)
M s lg 10

" Me- @@ (2.16)

The expressions in Eg. (2.16) are inserted in Eg. (2.3) and (2.4) to evaluate the error in joint
torques applied to non-actuated angles. This analysis is carried out the evaluate the uncontrolled
planned torque pro les in this Chapter as well as Chapters 1.3 and 4.5. For walking the angles 1
-4 are hip exion (hf), hip abduction (ha), hip rotation (hr) and knee exion (k). For squatting, the
angles correspond to ankle exion (a), knee exion (k), hip exion (hf) and hip abduction (ha).

is only used to calculate the planned torques with the C-ALEX device in Chapters 3.4 and
Chapter 4.5, While is used to calculate unplaced torques with the SC-ALEX and mC-ALEX

devices in walking or squatting , particularly in Chapter 2.6 and Chapter 5.5.
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2.3 Methodology

2.3.1 Candidate Evaluation

The SC-ALEX design uses fabric sleeves worn on the lower limb. Fig. 2.2a shows the Force
Application Module (FAM) which is clamped to the sleeve. The FAM holds a cable on a sleeve
connected to the limb. The exposed cable attaches to an anchoring point and applies a force on the
same limb (Fig. 2.2b). Changing the routing and anchor point changes the cable direction vector
(Fig. 2.2c), and the FAM can be recon gured to assist in non-walking tasks, expanding on the
capabilities of robotic rehabilitative interventions [60]. This letter uses the FAM in Fig. 2.2b for
gait assistance to compare its performance to the C-ALEX.

Four types of fabric (nylon, nylon net, polyester, neoprene-Velcro mix) commonly used in com-
mercially available sports compression and support sleeves were stretched to failure to determine
their strain capacity. Strips of varying sizes (1in, 5in 10in and 12in strips of 1-4 layers) were cut,
then clamped at one end, and pulled by a simple motorized belt at the other end.

The SC-ALEX construction method is novel in soft wearable designs. We evaluated eight
different designs (C1-C8) to determine the best parameters for assembly. The candidates were
assessed for dynamic loading error magnitudes, weight, size, force at failure and fraying length
after failure. The clamping patterns (triangular, circular, square) were lasercut in two different
sizes to evaluate the effect of pattern shape. We evaluated the effect of adding grommets to the

fabric through candidates C1 and C2. Fig. 2.3 shows C2 undergoing tests and C1-C8 post testing.

2.3.2 SC-ALEX Design

The nal SC-ALEX device was made of neoprene compression sleeves with a circular cut
pattern inset with grommets. The modules were designed using SolidWorks (Vélizy-Villacoublay,
France). The SC-ALEX uses four Kollmorgen AKM43L motors rotating 7.8cm diameter pulleys
to move the cables. Each motor applies a 4.8Nm maximum torque, corresponding to a 124N

maximum tension. Four Bowden cables route the inner cables from the motors to routing points
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Figure 2.2: Construction of SC-ALEX. 2.2a shows the assembly of the worn sleeve and functions
of each component. 2.2b The Force Application Module (FAM) used in this letter applies a force
along the length of the femur and tibia to affect hip and knee exion 2.2c A Cable module de-
sign that applies forces perpendicular to the leg bones and can be placed laterally to assist in hip
adduction interventions.

on the thigh and shank. At the routing points, the inner cable exits the bowden cables to apply
a force on the anchoring points of the FAM. Four Futek LSB200 load cells are used to measure

actual tensions to use in the closed loop controller.

2.3.3 SC-ALEX Tuning and Chirp Responses

The PID tuning gains were determined for each cable using the Ziegler-Nichols methodology
[73] while donned on a user. Tuning iterations were carried out until the PID gains showed an
error of under 15% of commanded tensions with a 1Hz sinusoidal signal. After tuning, a user

donned the SC-ALEX and C-ALEX exoskeletons separately to determine the maximum frequency
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Figure 2.3: 2.3athe set-up used to evaluate dynamic loading tension error. 2.3b and 2.3c destructive
instron testing to evaluate max force and fraying. 2.3d All tested candidates.

at which the cables could follow dynamic loading with less than 15% error. A command chirp
signal increasing in frequency from 1Hz-10Hz over 10s was used and the load cells measured the
cable tensions. This method determines the effect of the materials used on cable bandwidth for

each design.
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Figure 2.4: The assembled nal design (Left top and bottom), and a user donning the exoskeleton
while walking on a treadmill (Right).

2.3.4 Comparison of SC-ALEX and C-ALEX

A user wore the SC-ALEX and the C-ALEX in two separate sessions. Five minutes of walking
without either device donned was used as a baseline to collect user joint angles. The controller
was used to increase the step height by 30%. The user then walked for ve minutes in each of
the exoskeletons and the following measurements were recorded for comparison: (1) The tension
errors, maximum, average and minimum cable tensions to compare the controller's performance;
(2) the out-of-plane directional error, which evaluates the effect of anatomy and placement of

modules in each design; (3) characterize the user-effects and changes in joint angles, maximum
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and minimum hip and knee exion joint angles; (4) the joint torque errors which evaluate the ability
of the quadratic planner to nd nding solutions based on the different exoskeleton designs. The
use of the exoskeletons with users was approved by the Columbia University Institutional Review

Board.

2.3.5 Data and Statistical Analysis

Results and visuals in this letter were processed and prepared using Python 3.6 (Wilmington,
DE). The data recorded from the walking sessions were segmented into gait cycles using the user's
heel strikes. Data presented in this letter was evaluated for normality, homogeneity and outliers.
Since homogeneity of variance was violated, the non-parametric Kruskal-Wallis test was used to
compare the two cuff designs with a Bonneferoni-Dunn correction for multiple comparisons. IBM
SPSS (Chicago, IL) was used for statistical analysis. Thand ?-values are reported only when

signi cant in this letter. For all statistical tests, signi cance was de nedJas 0+05.

2.4 Results

2.4.1 Candidate Evaluation

Fabric type signi cantly affected failure strain values3° = 11626, ? Y 0:005) with values
reported in Appendix A. Neoprene's high strain value and commercial availability made it the most
suitable fabric for SC-ALEX.

Fig. 2.5 shows the relative performance of each candidate with a radar chart. The better
performing candidates cover more area with their scoring polygons. The best overall candidate C2

had a smaller circular cut pattern with fabric grommets.

2.4.2 SC-ALEX Tuning and Chirp Evaluation

The SC-ALEX cable tension error post-tuning with the Ziegler-Nichols methodology is shown

in Fig. 2.6. Overall, the motors were capable of following the test set point and sinusoidal signals
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Figure 2.5: A summary of the tests performed on the candidates. Each chart shows the performance
of Fraying andMaxForce at destruction, the Weighiit and requiredirea for manufacture, and
PeakPRMSE and overalRMSE error while following a dynamic loading pattern. The larger the
area of the polygon, the better the performance of the candidate within the parameters chosen.

Figure 2.6: Relative tension errors of SC-ALEX after Ziegler-Nichols tuning.

with a relative error of 3.24% 0.51%. The largest mean error error resulted from Motor 1 (3.46%
14.40%) connected to the longest cable that routes to the front of the shank.

The allowable bandwidth of each cable is shown in Fig. 2.7. The waveforms depict the portion
of the chirp signal where a cable was able to maintain error magnitudes of less than 15% of the
commanded value. The SC-ALEX has allowable bandwidths of 1.65B06Hz for all four ca-
bles. The C-ALEX has signi cantly higher (11° = 5398 ? = 0020) allowable cable bandwidths
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