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SUMMARY

Functional hand movement is an important component of many activities of daily liv-
ing, such as using a phone or eating. Cervical spinal cord injury (SCI) can severely im-
pact hand motor and sensory function, and accordingly, patients with SCI are often un-
able to complete basic everyday tasks without assistance. This thesis concerns the design
and development of a tendon-driven, voice-controlled soft robotic assistive hand exoskele-
ton (FLEXotendon Glove) with the purpose of providing active assistance to users during
grasping and pinching motions, which is intended to improve hand and nger functional-
ity during the performance of everyday tasks in individuals with hand dysfunction. The
FLEXotendon Glove underwent several iterations to reach the nal design, allowing for
successive re nement of materials, fabrication processes, and control methods. The -
nal FLEXotendon Glove system comprises four separate subsystems: a soft exoskeleton
glove, tendon tension sensors, actuation units, and a smartphone. The soft exoskeleton
glove is composed of 3D-printed plastic tendon routing units and force-sensitive resistors
incorporated into a high consistency rubber silicone glove. The fabrication process for the
construction of the soft exoskeleton glove is presented and describes a novel method for
the creation of a durable, exible, lightweight, and patient-speci ¢ soft exoskeleton glove.
Characterization of the force-sensitive resistors and the developed circuit are presented.
The tendon tension sensors were re ned over two versions from photoresistive sensors to
piezoresistive sensors, and are used to provide force feedback for the developed admittance
controller. The design and characterization of the tendon tension sensors, derivation and
modeling of the admittance controller, and validation of the admittance controller are pre-
sented. The actuation units of the FLEXotendon Glove system utilize ultra-high molecular
weight polyethylene threads and incorporate bio-inspired tendon routing for active nger
exion and extension. The design, development, and evaluation of the different iterations

of the actuation units in the FLEXotendon Glove system are presented. A smartphone app

XXiii



was developed as the front-end user interface for the exoskeleton system to provide an eq-
uitable platform for the FLEXotendon Glove owing to the ubiquitous use of smartphones.
The development and operational scheme of a voice control system for exoskeleton op-
eration coupled with a smartphone-based button interface for exoskeleton calibration is
presented. To explore alternate strategies for the manipulation of objects while using the
FLEXotendon Glove system, a 3D-printed self-sealing suction cup and self-charging pneu-
matic circuit was developed and integrated into the exoskeleton system. The design of the
suction cup was optimized to be 3D-printed in a single print and incorporates a gimbal
mechanism to accommodate a wide range of object contact angles. The design, fabrication
process, material selection process, modeling of the pneumatic circuit, and characterization
and evaluation of the suction cup are presented. The FLEXotendon Glove system as well as
the self-sealing suction cups were assessed with impaired and healthy human participants
to evaluate the performance of the systems in a clinically relevant setting and from a general
ef cacy viewpoint, respectively. The FLEXotendon Glove system was evaluated with both
adult and pediatric subjects with hand impairments resulting from SCI or traumatic brain
injury. Standardized hand function tests were used as primary outcome measures and stan-
dard clinical questionnaires were used as secondary outcome measures for the evaluation of
the exoskeleton system, and the results from these assessments are presented. Electromyo-
graphical (EMG) signals from the nger exor and extensor muscles were used to compare
the effort required for manipulating objects with and without the exoskeleton and/or the
suction cups. The EMG signals from healthy participants were collected to analyze the

general performance of the exoskeleton and the results are presented.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1 Motivation

1.1.1 SpinalCordInjury

Spinal cord injury (SCI) is a neurological disorder that occurs when the spinal cord expe-
riences some type of trauma, such as blunt force or lesions [1, 2]. It is estimated that the
prevalence of SCI in the United States is around 300,000 persons, with around 12,500 new
SCI cases in North America each year [3, 4] with the majority of traumatic SCI occurring

in males aged 16-30 years of age [5]. The damage to the central nervous system caused by
SCI results in the loss of sensory and motor function in the areas of the body innervated
by the injured spinal cord section at or below the site of injury [6]. Depending on whether
an injury is complete or incomplete, the sensorimotor function loss may extend to all distal
areas of the body as well. For example, an individual with a complete C-5 level of injury
has function of the deltoid and biceps muscles but cannot directly control the hand and
ngers; therefore, they require assistance in the majority of activities of daily living (ADL)

[6], which often require extensive dexterity in the ngers to complete. A cervical SCI has
the most potential to cause disability because it is a high-level injury, causing tetraplegia
for all levels of injury (C1 - C8) [7]. About half of all SCI cases are cervical, the majority

of which are C4 and C5 [8]. At the C4 level, the individual has no upper extremity (arm,
wrist, ngers, etc.) function, whereas at the C5 level, the individual has limited voluntary
shoulder and elbow movement [9]. Upper extremity (e.g., arm, hand, and ngers) impair-
ment is frequently cited as a signi cant cause of decreased independence and quality of life
in the SCI population [10, 11, 12, 13] and restoration of hand function is considered as the
highest priority for individuals with SCI and a signi cant contributor to their overall quality

of life [14]. Given the prevalence of these pathologies and the signi cant functional chal-
lenges these patients face, current clinical practices aim to rehabilitate and restore normal
function to the upper extremity in SCI and stroke patients. Evidence indicates that when
inpatient rehabilitation intervention starts immediately after SCI, there are positive impacts
on the overall progress of functional recovery, allowing the affected individual a greater
degree of autonomy in everyday life [15, 16].

1.1.2 RehabilitationTherapy

Following cervical SCI, signi cant sensory and functional de cits often exist in the hands
and upper limbs which undermine a patient's basic ability to be independent in daily life,
and therefore therapeutic goals heavily focus on hand rehabilitation as many ADLs and
basic movements require the use of the hands, such as feeding, dressing, washing, toileting,
and grooming [17]. This therapeutic goal aligns with patient-reported outcomes cited in the
literature which note that among individuals with cervical SCI, one of the highest priorities
following injury is to regain arm/hand function [18, 19, 20]. Furthermore, patients report



that improvements in hand and arm function would be a signi cant contributor to their
overall quality of life [21]. This is not surprising given the strong connection between hand
function and both ADLs and access to one's environment. Previous studies have shown
that ADLs comprise 37% of activity [22], and with over a third of a patient's time spent
on ADLs, it follows that independence will be strongly linked to the ability to perform
these tasks as normally as possible. Patient care is by nature nuanced and individualized
and is dependent on multiple factors including patient injury level, clinical presentation,
pre-injury health status, comorbidities, cognitive status, social factors, and the patient's
personal goals [23, 24, 25]. To achieve the desired therapeutic goals, individuals with SCI
undergo clinical rehabilitation therapy. Rehabilitation therapy is generally split into two
categories: occupational therapy (OT) and physical therapy (PT). The main rehabilitation
goals of occupational therapy (OT) and physical therapy (PT) following SCI are to restore
and improve patient independence and to reduce the overall burden of care [26, 27], which
lead to improvements in overall quality of life. In general, OT aims to improve the patient's
ability to perform ADLs through task-speci ¢ training, tool utilization, and focusing on
the motor functionality required to complete those life skills [28]. The aim of PT is to
help the patient with functional mobility, such as bed mobility, sit to supine, sit to stand,
car and wheelchair mobility, and gait training; PT focuses more on general movements
of the body encountered in everyday life [29]. In essence, the two professionals work
closely together with the PT helping to build cardiovascular endurance so the patient can
perform the tasks during OT and return most ef ciently to their home environment. Though
OT and PT have proven results in terms of patient recovery, the majority of rehabilitation
sessions are individualized such that the therapist must be present with the patient [30, 31].
This limits the throughput of inpatient rehabilitation and places a substantial burden on the
therapist as well as the patient; additionally, it has been found that the duration of inpatient
rehabilitation is decreasing due to changes in economic healthcare models, highlighting the
need for advanced technology which results in improved outcomes with greater ef ciency
[32].

A potential solution to the current issues faced by clinical rehabilitation therapy may
be in the form of an automated rehabilitation device that would allow for a therapist to
work with multiple individuals simultaneously, thereby improving ef ciency and patient
throughput. Furthermore, it is desirable for this automated device to be portable and user-
friendly, such that an individual with SCI can operate the device with minimal assistance.
The device proposed in this thesis looks to address the above requirements.

1.2 Related Works

1.2.1 RoboticHandRehabilitationDevices

The motorized hand exoskeleton is one of the promising robotic solutions for rehabilitation
practices. It is generally situated on the hand and ngers with arti cial actuators such as
electric motors and pneumatic chambers, which induce nger movement. External joint
torque or force provided by exoskeleton devices can help improve voluntary grasping mo-
tion in ADLs or provide repetitive motions for neuromuscular re-education, which may ef-

fectively relieve the labor-intensive and health provider personnel-intensive rehabilitation



Figure 1.1: Hand exoskeleton systems in the last decade (2010-2020). (a) HX [37]. (b)
Maestro [38, 39]. (c) RELab tenoexo [40, 41]. (d) Harvard Soft Pneumatic Glove [42]. (e)
Exo-Glove PM [43]. (f) Exo-Glove Poly Il [44, 45]. (g) FLEXotendon Glove-1l [46, 47]

Figure 1.2: Performance radar chart for hand exoskeletons depending on actuation mecha-
nisms. Adapted from [81].

procedure. In the last two decades, numerous robotically-driven hand exoskeletons and
gloves have been proposed for various purposes such as augmented reality, power ampli-
cation, and clinical application [33, 34, 35, 36]. Among these exoskeleton studies, there
has been active investigation towards hand rehabilitation and grasping assistance because
of the applicability of exoskeleton use for the intervention procedures used in OT and PT. In
particular, advances in 3D-printing technologies have facilitated various fabrication tech-
niques and customized design; as such, a signi cant number of hand exoskeleton designs
have been proposed in the last decade 1.1.

The types of conventional actuation mechanisms of hand exoskeletons can be largely di-
vided into 4 categories: rigid linkage mechanism, pneumatic/hydraulic mechanism, tendon-
driven mechanism and exible linkage mechanisms. Examples of hand exoskeletons de-
veloped and published between 2010 and 2022 are shown in Tables 1.1 - 1.4 [81].

The rigid linkage is a traditional actuation mechanism used in robotic systems and has
been conventionally used in commercial hand rehabilitation devices [82, 83], haptic inter-
faces [84], and research prototypes. This mechanism generally consists of metallic or 3D-
printed rigid bars forming consecutive joints [37, 48, 50, 53] or 4-bar/redundant linkages
[57, 49, 51, 52, 85, 39, 56, 58, 54, 55]. Actuator space motions of this type of mechanism
are directly converted to joint space motions through rigid transmission; therefore, encoder
signal, current, or torque measured from the actuator directly re ects a corresponding state



Table 1.1: Summary of speci cations of hand exoskeleton studies published between 2010
and 2020. tIndependently controlled DOF by actuators. A pair of extension/ exion is
assumed to be 1 DOF. : Fully portable,4 : portable system is not implemented, but
possibility is mentioned, -: not mentioned in a paper.

. Actuated DoF¢g Material
Actuation of (Transmission Porta
Mechanism " Thumb Other -bility 2
/Glove)
[48] 0 1(1) Metal / Neoprene 4
[49, 50] 1 1(4) Metal / Velcro -
[51] 1 1(2) Metal / Plastic
Rigid [52] 1 1(4) Metal / - -
Linkage  [53, 52] 2 2(1) Metal / -
[54, 55] 1 4 (4) -
[39, 56] 3 4 (2) 3D print/leather, Velcro
[57, 58] 1 4 (4) 3D print / 3D print
Flexible [59] 1 4 (4) Flexible beam / Fiber -
Linkage [41] 1 1(4) Flat spring / -

of the ngers, which makes hand control intuitive and straightforward. While few studies
reported grasping force performance, the rigid linkage-type shows the highest average pre-
cision grasp force (10.3 N) among all types of actuation mechanisms (see Fig. 1.2(a)).
However, joint-axis misalignment between human anatomical structures and robotic coun-
terparts can cause undesired painful translational forces on human articulation joints [86].
To address this problem, additional adjustment components are implemented in the device
or the phalanges/joints of the hand are adapted as a part of the linkage system. These ad-
ditional mechanisms, rigid frames, and linkage structures increase the volume, weight, and
complexity of the wearable part of the exoskeleton; therefore, these exoskeletons have the
heaviest wearable components on averagé90 g) and relatively large volume compared

to human hand size (see Fig. 1.2(a)). The exible linkage mechanism was recently pro-
posed for the hand exoskeleton [41, 59]. It uses a similar actuation principle of the rigid
linkage mechanism but the rigid parts are replaced with exible elastic components for a
light and compact wearable design.

The pneumatic/hydraulic mechanism generally consists of a pump supplying air/liquid
pressure, control valves, and in atable elastic actuators. Most actuators are made of polymer-
based materials such as rubber or silicone and have a chamber structure with a pre-programmed
expanding shape. The actuator is placed over an entire nger or each joint and generates a
bending/contracting motion. Due to the light polymer material of the actuator, the wearable
part of this type of hand exoskeleton weighs onli/62 g on average in the surveyed studies
(see Fig. 1.2(c)). Its compliant and soft characteristics allow the actuator to have a shape-
adaptive feature and passive safety, thereby directly delivering actuation power to the nger
without complicated transmission parts. Therefore, on average, these exoskeletons are in-
between rigid linkage and tendon-driven systems in terms of size. The non-linearity of
these soft actuators made from hyperelastic materials such as silicone has been pointed out



Table 1.2: Summary of speci cations of hand exoskeleton studies published between 2010
and 2020. lIndependently controlled DOF by actuators. A pair of extension/ exion is
assumed to be 1 DOF. : Fully portable,4 : portable system is not implemented, but
possibility is mentioned, -: not mentioned in a paper.

. Actuated DoFg Material
Actuation Ref (Transmission Porta
Mechanism " Thumb Other /Glove) -bility 2
[60] 2 4 (4) Rubber / Fiber -
[61] 1 34 - | Fiber -
[62] 0 -(4) Silicone / Fiber -
[63] 1 4 (4) Silicone / Fiber
Pheumatic / > —— STz her! _
Hydraulic [43] 2 1) 3D print, silicone
[65] 1 4 (4) Silicone / Fiber
[66] 1 4 (4) Silicone / Fiber -
[67] 1 3(3) Rubber / Fiber -
[68] 1 4 (4) Silicone / Fiber -
[69, 42] 1 4 (4) Silicone / Fiber
Tendon [70] 2 2(4) Steel / Fiber 4
[71] 1 1(2) - | Fiber
[72] 1 Dyneema / Fiber 4
[73] 1 3(3) Dyneema / Fiber
[74] 1 1(2) Steel / Fiber
[75] 1 Kevlar / Fiber, 3D print -
[76] 2 1209 -
[77] 1(3) - | Fiber
[78] 2 8 (4) Nylon / Fiber -
[45, 79] 0 1(2) - / Scilicone
[80] 1(5) - | Fiber, 3D print
[46, 47] 2 Spectra / 3D print, silicone




Table 1.3: Summary of speci cations of hand exoskeleton studies published between 2010
and 2020. 1Sensors integrated into an exoskeleton system and used in a control loop.
External sensors (e.g., load cell) and sensors for Ul are excluded.

Actuation Operational User
Mechanism Ref. Sensor Typé Mode Interface
Motor encoder,
[48] Tension sensor PA -
Piezoresistive sensor
Motor encoder,
Rigid [49, 50] Angle sensor, PA, AU, AA -
Linkage Torgque sensor
Motor encoder,
[51] Motor current, PA -
Force sensor
[52] - BA SEMG
[53, 52] Motor encoder PA, AA GUI, EEG/EOG
[39,56]  Motorencoder, o) \a AU SEMG
Angle sensor
[54, 55] - AA SEMG
[57, 58] Force sensor PA, AU -
Flexible [59] Pressure regulator PA GUI
Linkage [41] Cable bending sensor AA SEMG, TTL trigger,

Potentiometer, Switch




Table 1.4: Summary of speci cations of hand exoskeleton studies published between 2010
and 2020.1Sensors integrated into an exoskeleton system and used in a control loop. Ex-
ternal sensors (e.g., load cell) and sensors for Ul are exclddeddors and Uls integrated

into the wearable part)

Actuation Operational User
Mechanism Ref. Sensor Typé Mode Interface
[60] Data glove PA, AA SEMG
(bending sensor)
[61] Jointangle senstr AA Joint Angle sensar
Pressure regulator
[62] Pressure/ ow sensor PA GUI
Pneumatic/  [63] Pressure sensor PA Switch
Hydraulic [64] Optic berY AA SEMG
[43] - AA Switch
[65] Pressure sensor AA GUI
[66] Pressure regulator, PA i
Dynamometer
Pressure sensor, Force sensdr
[67] FSR, Flex sensar AA Bending sensér
(69, 42] Textile strain sensdy AA Textile for_ce sensédy
Pressure/ ow sensor Switch
[6g] lowlvacuumpressure , .p pa G Data glove
sensor, IMU sensor
[70] - PA -
[71] - AA Bend sensadr
[72] Motor encoder - -
Motor encoder, .
(73] Flex sensdr AA IR distance sensyr
Flex sensdr
Push buttoh
Tendon
[74] Motor encoder, PA ]
Flex sensadr
[75] - PA -
[76] - PA -
[77] Motor encoder PA SEMG
Potentiometer,
78] Flex sensadr AA SEMG
[45, 79] Motor encoder PA, AA Switch, Vision
Bend sensdr
[80] Motor encoder AA FSR. SEMG
[46, 47] Motor encoder PA, AA \Voice




as one of the drawbacks [68, 67, 62], which makes a model of the actuator highly complex.
Recently, several studies have sought to increase the model accuracy of the polymer-based
actuator due to its high non-linearity [87, 88]. Due to the complex nature of the actuators,
most pneumatic/hydraulic exoskeletons have used a feed-forward control manner without
sensor feedback. Several studies used data gloves [60], ex/bending sensors [61, 67], and
optical bers [64] to implement a direct feedback loop. Control of pneumatic/hydraulic
pressure is also a challenging issue due to the non-linear characteristics and dynamics.
Therefore, most studies applied xed pressure values to the actuator chamber [62, 43, 42,
69]. Alternatively, some studies employed a proportional-derivative controller with a pro-
portional valve [68], a fuzzy logic controller [67], pressure regulation with pulse-width-
modulation of the valve [65], simple on/off controller [64], and sliding-mode control [63]

to have better control performance. Most studies have shown designs with one actuator
placed on each nger on the dorsal side of the exoskeleton design, providing one active
degree-of-freedom (DOF) per nger. The in atable actuators take up most of the volume
of the wearable part, and thus, the average volume of the wearable part in the surveyed
devices is smaller than that of the rigid linkage-type (see Fig. 1.2(c)). One of the inher-
ent problems of the pneumatic/hydraulic-based system is that they must be tethered to a
relatively large pump; therefore, few studies mentioned system portability.

The design of the tendon-based hand exoskeleton with soft wearable parts emerged in
the early 2010s. It was inspired by mechanisms of anatomical nger structures including
tendons, ligaments, and muscles in the wearable part, pursuing a biomimetic design [71,
73, 70, 76, 46]. High-strength synthetic bers such as Dyneema, Spectra, and Kevlar have
been used to replicate and implement the tendons in these exoskeletons. The arti cial ten-
dons are guided by exible routing tubes and are typically placed along the surface of a thin
glove made of 3-D printed parts, fabric, and polymer materials; consequently, most of the
designs have a very compact wearable part. In the initial tendon-based designs, fabric was
generally used to build the wearable part. The functional components of the exoskeleton,
such as the tendon routing components, were sewn and anchored to the fabric [71, 73, 74,
77,78, 70, 89]. More recently, polymer-based materials such as silicone and urethane with
3D printed parts have been gaining attention as the base structure of the glove due to their
high exibility, durability, and waterproof capabilities mimicking the properties of human
skin [76, 45, 46, 47]. When in the liquid state, polymer materials can be cured in a 3-
D printed or a machined mold to make detailed functional designs, such as tendon routing
paths and complex ergonomic structures, so that the wearable part of the exoskeleton can be
formed as a single body. These features may facilitate mass production and improved hand
hygiene for practical usage [45]. The compact structure and remote tendon-driven mech-
anism allow most of these systems to have a light wearable pd&+{ g) and improved
portability compared to other types of exoskeletons on average (see Fig. 1.2(d)). However,
the thin wearable part does not provide enough space to embed sensors. Most tendon-driven
exoskeletons employ indirect grasping control by measuring tendon displacement or force
in the remote actuation stage. Due to the tendon-driven mechanism, grasping motions of
this type of exoskeleton are primarily implemented with an under-actuated manner with a
single tendon per nger. At the same time, a few studies have proposed multi-tendon actua-
tion design for each nger for multi-actuated DOFs [76, 78]. One of the inherent problems
of the tendon-driven mechanism is that the user's nger joints have to withstand a similar
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Figure 1.3: Grasping postures de ned by thumb movements.

amount of tendon tension as a form of compressive force since the tendon generates not
only torque but also compressive force at the joints, which may cause pain and discom-
fort. To compensate for the compressive force, Kim et al. [75] introduced exible frames
consisting of multiple rigid segments into the tendon-based glove design wherein the rigid
segments support the compressive force, working as arti cial joints.

Degrees of Freedom

Considering the various delicate grasping tasks in ADL, the number of actuated DOFs is an
essential topic in hand exoskeleton design. As shown in Tables 1.1 & 1.2, most of the sur-
veyed exoskeletons have 1 DOF for each digit, which is much lower than the corresponding
human counterpart. The basic premise of low DOFs is that tasks required in ADLs do not
seem to require ne independent control or a high number of DOFs of the hand. This has
been discussed in studies of postural synergy [90], grasping observation/assessment [91,
92], clinical advice from physicians [62, 63, 73, 41], and clinical literature [93]. In ad-
dition to this observation, most of these studies state that minimizing the weight/volume
of the actuation components is a major reason for retaining the low DOFs. In contrast,
some studies implemented more than 2 DOFs for each digit (except the thumb) for more
dexterous grasping motion or improvement of motor leaning and versatility in rehabilitat-
ing/assessing individual joints [37, 39, 78]. Burns et al. [78] used three software-de ned
synergies to make three grasping postures of the hand but implemented a total of 10 ac-
tuated DOFs for easy tuning of each synergy or control method. For some studies of the
upper extremities, it has been shown that the independent motion of different joints shows
better motor learning results compared to coupled movement [94]. A possible suggested
hypothesis behind this result is that the individual joint movements may better identify the
impaired area and function [39].

Manipulation of the thumb has been an important topic in hand exoskeleton studies and
in robotic hand and prosthesis literature due to its fundamental role in grasping [95]. The
thumb has a dominant role in de ning a grasp con guration [96], and it is estimated that
the loss of the thumb corresponds to a loss of 40% of hand function [97]. Its crucial role
in grasping objects is highlighted in this taxonomy by rearranging grasps according to the
adduction-abduction (A-A) and opposition motions of the thumb (see Fig. 1.3). Although
there is a lack of detailed musculoskeletal structure of the thumb and consistency across
the studies [98], the most commonly accepted DOFs of the thumb in robotic studies are
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Figure 1.4: A variety of user interfaces have been used for hand exoskeleton control to
accommodate the user's needs and correctly interpret user intention. The most common
methods are SEMG [101], mechanical switch [45], GUI [102], EEG/EOG [53], voice [46],
embedded sensors [103], and vision [79].

as follows: trapeziometacarpal (TM) joint: 2 DOFs, metacarpophalangeal (MCP) joint: 2
DOFs, and interphalangeal (IP) joint: 1 DOF [99]. These 5 DOFs produce the following
thumb postures: exion-extension (F-E), A-A, and opposition (see Fig. 1.3). Despite the
importance of the thumb, DOFs for the thumb are very limited in current studies. Most of
the studies provide a single F-E motion or motion of opposition and A-A are constrained
by a splint and a strap [45] to provide a pre-shaped open aperture. Some studies [37, 56,
100, 60, 76, 78, 46, 70] have implemented more than 2 DOFs such as F-E and another DOF
that is a combination of opposition and A-A. However, none of these studies have reported
independently actuated motion of opposition and A-A.

User Interface

Estimating a user's intent has been addressed as a challenging issue in human-machine
studies. Since human motor command signals are not directly observable in the control
loop of robotic systems, an external interface is required to extract the user's intent. Hand
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