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After therapy intervention, the majority of stroke survivors are left with a poorly
functioning hemiparetic hand. Rehabilitation robotics has shown great promise in
providing patients with intensive activity-based therapy leading to functional gains.
Because of its crucial role in performing activities of daily living, attention to hand

therapy has recently increased.

This thesis introduces a newly developed Hand Exoskeleton Rehabilitation Robot
(HEXORR). This device has been designed to provide full range of motion (ROM) for
all of the hand’s digits. The thumb actuator allows for variable thumb plane of motion to
incorporate  different degrees of extension/flexion and abduction/adduction.
Compensation algorithms have been developed to improve the exoskeleton’s
backdrivability by counteracting gravity, stiction and kinetic friction. A force assistance
mode has also been designed to provide extension assistance based on each individual’s
needs. A pilot study was conducted to investigate the device’s ability to allow
physiologically accurate hand movements throughout the full ROM. The study also

tested the efficacy of the force assistance mode with the goal of increasing stroke



subjects’ active ROM while still requiring active extension movements. The initial

stages of a clinical trial providing hand therapy to stroke patients are also discussed.

For 12 of the hand digits’ 15 joints, there were no significant ROM differences between
active extension movements performed inside and outside of HEXORR. For the 1% and
3" digits, the slopes of joint-pair extension trajectories were no different inside and
outside of the device. Stroke subjects were capable of performing hand movements
inside of the exoskeleton and the force assistance mode was successful in increasing
active ROM by 43% and 22% for the fingers and thumb, respectively. For both subjects,

finger and thumb active ROM increased after the conclusion of therapy using HEXORR.

Our pilot study shows that this device is capable of moving the hand’s digits through the
entire ROM with physiologically accurate trajectories. Stroke subjects received the
device intervention well and were able to actively extend and flex their digits inside of
HEXORR. Our active-assisted condition was successful in increasing the subjects’ ROM

while generally promoting active participation.
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Figure 2.1 The hand’s digits and their joints. The digits are referred, from medial to
lateral, as the 1% -5" digits. The 1% digit joints, proximal to distal, are the CMC, the MCP
and the IP. For the fingers, the joints, proximal to distal, are the MCP, the PIP and the
DIP.

Figure 2.2 Pictures of several devices developed for robot-assisted hand motor therapy:
(A) Rutgers Hand Master 11 force-feedback glove (B) the InMotion 5.0 Hand Robot (C)
HWARD (D) the Hand Mentor (E) the Finger Trainer Reha-Digit (F) RIC pneumatic
orthosis.

Figure 3.1 General design of the finger linkage using Working Model 2D®. Positions of
the fingers’ phalanges are shown and the joint locations are pointed out. (A) The linkage
(blue) in the flexed position and (B) the linkage in the fully extended position.

Figure 3.2 (A) The four-bar linkage rotation simulation (5° rotation per iteration) of the
chosen linkage configuration. The position of the linkage in the flexed position is bolded.
(B) The force analysis of the chosen linkage.

Figure 3.3 Finger component modeled by 3-dimensional computer automated design
software. The system consists of a geared DC motor with an encoder and a torque sensor
between the motor’s gear head and the finger/exoskeleton interface.

Figure 3.4 An illustration of the finger/exoskeleton interface. This consists of the driver
link (blue), coupler link (green) and follower link (red). The palmar support, designed to
hold the hand in position, the MCP pad and the PIP pad can also be seen.

Figure 3.5 Finger linkage adjustments for small and large hands. The driver link is
shifted up (A) to fit a small hand and down (B) to fit a large hand. Without further
adjustment, the coupler link (green) would not position the PIP joints orthogonal to the
MCP joints. (C and D) Rotation of the coupler link about an auxiliary joint (purple)
positions the coupler link so that the PIP joints are orthogonal to the MCP joints.

Figure 3.6 (A) Top down view of the hand component with a hand inside of the device.
The palmar support is a rigid support designed to hold the hand in place. The MCP and
PIP joint interfaces rotate with the four-bar linkage. (B) Displays a palmar view of the
device, highlighting the Velcro strapping arrangement used to attach the fingers to the
device.

Figure 3.7 General design of the thumb linkage. Positions of the thumb’s phalanges are
shown and the joint locations are pointed out. (A) Linkage (blue) in the flexed position
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and (B) linkage in the fully extended position. The through points of the coupler-slider
link are displayed (red) and the estimated linear slider is shown (green).

Figure 3.8 (A) The thumb linkage rotation simulation at 5° rotation per iteration about
the driver link’s ground joint. The linkage’s position that results in a flexed thumb is
bolded. The orientation of the linear slider is highlighted as a green dashed line. (B) The
force analysis of the thumb linkage.

Figure 3.9 Oblique drawings of (A) top and (B) side views of the modeled thumb
component. The system consists of a geared DC motor with an encoder and a torque
sensor between the motor’s gear head and the thumb/exoskeleton interface. A slider
replaces the follower link. The linkage is mounted on a pivot and can be rotated and
tilted to incorporate different amounts of thumb abduction/adduction.

Fig. 3.10 Pictures of a hand in HEXORR at different postures. (A) The hand flexed (B)
palmar view of the hand, highlighting the Velcro strap arrangement (C) The hand
extended, with the thumb in pure extension and (D) the hand extended with the thumb in
abduction.

Figure 4.1 Electronics panel.
Figure 4.2 Wiring guide for both finger and thumb motors

Figure 4.3 Torque sensor calibrations for both the finger and thumb torque sensors. The
outputs were highly linear (R* > 0.99).

Figure 4.3 Torque sensor wiring guide.

Figure 4.5 Motor current (amps) required to move the finger linkage in extension (+) and
flexion (-). The gravity compensation values (black) were calculated as the difference
between the extension and flexion output values.

Figure 4.6 The mean viscosity coefficients for both extension (blue) and flexion (red)
directions. The finger component (A) and thumb component (B) values were modeled
with linear regression and the models were used to compensate for kinetic friction of the
finger component.

Figure 4.7 Torque required to rotate the linkages with (red) and without (blue) weight
and friction compensation. Compensation was provided for the finger component in the
extension (A) and flexion (B) direction and also for the thumb component in the
extension (C) and flexion (D) direction. Compensation reduced the required torque by
66%.
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Figure 5.1 CyberGlove 1l

Fig 5.2 A An example of the motor current needed to passively stretch a stroke subject’s
fingers, compared to gravity compensation. B Block diagram of the compensation
provided for the active-unassisted and active-force assisted conditions. Stiction is
provided when -0.1%sec < angular velocity <+0. 1°/sec. Otherwise, kinetic friction
compensation is provided.

Figure 5.3 Joint Pairs. Proximal joint pairs (3" digit: MCP-PIP 1% digit: CMC-MCP) are
highlighted in red. Distal joint pairs (3" digit: PIP-DIP 1% digit: MCP-1P) are highlighted
in green.

Figure 6.1 The mean values of the unimpaired subjects’ (A) MCP, (B), PIP and (C) DIP
joint ROM under 3 conditions: passive stretch, active-unassisted movements inside
HEXORR and active movements outside of the exoskeleton. Twelve of the fifteen tested
joints showed no significant ROM differences between active movements outside and
inside HEXORR.

Fig 6.2 Joint-pair coordination plots for unimpaired subjects’ 1% digit (A) CMC-MCP
pair (B) MCP-IP pair and 3" digit (C) MCP-PIP pair and (D) PIP-DIP pair (mean +
standard error). Paired t-tests indicate no significant differences between trajectories
performed inside and outside of the exoskeleton.

Fig. 6.3 Active-assisted (A) finger ROM and (B) mean torques and (C) thumb extension
ROM and (D) mean torques are shown. The provided assistance increased finger ROM
by 43% and reduced finger extension torque by 22%. For the thumb, active ROM was
increased thumb ROM by 24%, reducing thumb extension torque by 30%. For the
thumb, the mean torque for Subject 4 and 5 were negative. This indicates that the
assistance forces were too high and extended the thumb.

Fig. 6.4 Example of (A) an active finger extension movement and (B) torque production
by Subject 2. Unintended flexor activity occurred twice during the intended finger
extension. Flexion motion was halted by the motors and the subject was able to relax the
flexors and then further extend the hand’s digits.

Figure 8.1 Display of different stages of the Gate Game including (A) finger (black) and
thumb (red) cursors in the initial positions with an approaching wall, (B) cursor control
by extending the fingers and thumb toward the wall’s gates, and (C) successful
completion of the task with points awarded.



Figure 8.2 Display of different stages of the Isometric Squeeze-Release Game including
A finger (blue) and thumb (black) cursors in the initial positions outside of the horizontal
channel (green), B cursors moved into the channel by fingers and thumb flexion torques,
and C relaxation of the flexors and extension torques to successfully avoid the incoming
wall. Points are awarded for completion of the task.

Figure 8.3 Mean active-unassisted ROM for Subject 1 and 2 during 6 weeks of training
using HEXORR. For Subject 1, active ROM increased 100% (20° MCP and PIP
rotation) for the fingers (A) and 300% (10° CMC, 45° IP) for the thumb (B). Subject 2
entered the trial with full active finger ROM (C), and thumb (D) active ROM increased
400% (15° CMC, 68° IP).

Figure 9.1 Design of a modular left hand finger assembly (A) able to replace the original
right hand finger assembly design (B) to include participants with impaired left hands.
These modular assemblies can be removed from and affixed to HEXORR’s base (C) by
using three screws (red) and by engaging the assembly’s drive shaft to the shaft coupler
(green).

Figure 9.2 The thumb component redesigned to accommodate left hand users. The
thumb component is converted for left hand use by releasing the linear bearing’s supports
via the four (red) screws (A). A set screw is loosened and the drive shaft (blue) and
vertical supports (yellow) are all rotated about the main shaft (B). Finally, the IP digit
interface (orange) is rotated and reattached with two screws (purple) (C). The completed
left hand modification is shown in D.
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CHAPTER 1:

INTRODUCTION

After therapy intervention, the majority of stroke survivors are left with a poorly
functioning hemiparetic hand. Rehabilitation robotics has shown great promise in
providing patients with intensive activity-based therapy leading to functional gains.
Because of its crucial role in performing activities of daily living, attention to hand
therapy has recently increased. This thesis introduces a newly developed Hand
Exoskeleton Rehabilitation Robot (HEXORR). A pilot study was conducted to
investigate the device’s ability to allow physiologically accurate hand movements
throughout the full range of motion (ROM). The study also tested the efficacy of a force
assistance mode with the goal of increasing stroke subjects’ active ROM while still
requiring active extension movements. The protocol design and preliminary results of a

clinical trial providing hand therapy to stroke patients are also discussed.



2
Chapter 2 provides a literature background that forms the foundation of the rationale
behind this research project. Cerebral Vascular Accident (CVA), or stroke, is described
and demographic statistics are provided to highlight the importance of addressing the
motor impairments of stroke survivors through therapy intervention. The neurologically
mediated impairments of the paretic hand are discussed. A description of the
contemporary, evidence-based approach to motor therapy, namely activity-based, goal-
oriented training, is provided. This chapter introduces rehabilitation robotics and
illustrates the potential benefits they provide to current therapy practices. Previously
designed hand therapy robots and their investigative studies are detailed. This Chapter

concludes with the introduction of HEXORR.

Chapter 3 describes the mechanical design of the finger and the thumb components of
HEXORR. Details are provided about the 2-dimensional modeling of the linkages
designed to guide the motion of the hand’s digits. The force analysis of the linkages’
mechanical advantage is discussed. Illustrations of the 3-dimesional computer-automated
design models are shown. Finally, an explanation of how the hand and the exoskeleton

interact is provided.

Chapter 4 highlights the system’s hardware, electronics and software. System power
supplies, sensor technology, wiring guides and signal conditioning methods are all

covered. This chapter also details a compensation algorithm that increases the
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backdrivability of the geared motors by calculating and counteracting the weight of the

linkages and static and kinetic friction of the system.

Chapter 5 describes the material and methods of a pilot study using HEXORR with
unimpaired and stroke subjects. This pilot study serves two purposes: to examine
HEXORR’s ability to allow physiologically accurate extension and flexion movements of
the hand’s five digits throughout the full ROM and to test a potential hand therapy
exercise designed to promote greater hand extension by participants that have suffered a
stroke. Nine unimpaired subjects performed hand extension/flexion movements under
three conditions: passive stretching inside HEXORR, active-unassisted movements inside
of HEXORR, and active hand movements outside of the device. Stroke subjects
performed hand extension/flexion movement inside the device including passive
stretching, active-unassisted movements and active force-assisted movements. The data

analysis methods are also described in this chapter.

Chapter 6 explains the results of the pilot study. For many of the joints’ active ROM,
there were no significant differences between active movements performed inside the
exoskeleton and outside of the device. For the 1% and 3" digits of the hand, mean joint-
pair coordination comparisons between active-unassisted extension movements inside
HEXORR and those made outside of the device show no significant differences. The
active forced-assistance mode increased the active ROM of the stroke subjects while still

requiring active participation.



Chapter 7 discusses the interpretation of the pilot study results. It is concluded that this
exoskeleton is capable of moving the hand’s digits through the entire ROM with
physiologically accurate trajectories. Stroke subjects received the device intervention
well and were able to actively extend and flex their hand inside of HEXORR. The active
force-assisted condition was successful in increasing the subjects” ROM while generally
promoting active participation. It is argued that these results justify a clinical therapy

trial to examine the efficacy of the exoskeleton.

Chapter 8 covers the protocol design and preliminary results of an ongoing clinical trial
using HEXORR as a therapy device. The development of a more sophisticated
performance-based adaptive assistance algorithm is described. The design of two therapy
exercises, the Gate Game and an Isometric Squeeze-Release Game, are explained. The
experimental setup and therapy protocol are also covered. Finally, the preliminary results

of two stroke subjects that have complete their therapy sessions are presented.



CHAPTER 2:

BACKGROUND

2.1 Cerebral Vascular Accident (Stroke)

CVA, or stroke, is the rapidly developing loss of brain function(s) due to disturbance in
the blood supply to the brain leading to permanent brain damage or death. For stroke
survivors, impairments depend on the affected area of the brain. Common impairments
include hemiparesis, or partial paralysis of one side of the body, inability to understand or
formulate speech, and/or inability to see one side of the visual field [1]. Stroke is the
leading cause of adult disability in the United States and Europe and it is the number two

cause of death worldwide [2].

Stroke can be classified into two major categories: ischemic and hemorrhagic. Ischemic

strokes are caused by a disruption of the blood supply to the brain, while hemorrhagic

5



6
strokes are caused by a rupture of a blood vessel or an abnormal vascular structure.
Approximately, 80% of strokes are due to ischemia and the remainder is due to
hemorrhages. Though stroke causes deficits in many of the neurological domains, the
most commonly affected is the motor system [3]. Nearly 80% of stroke survivors suffer
hemiparesis of the upper arm [4] and approximately 40% of patients claim that a non-

functional hand is the most debilitating impairment [5].

2.2 Hand Joint Anatomy

This thesis will refer to a number of digits and joints of the hand and it is helpful
to review the joint anatomy of the hand. The digits of the hand are referenced by
number: the thumb (1% digit), the index finger (2™ digit), the middle finger (3" digit), the
ring finger (4" digit) and the small finger (5 digit). The five digits of the hand have a
total of fifteen joints. For the thumb, the three joints are, from proximal to the wrist to
the distal joint, the carpometacarpal joint (CMC), the metacarpalphalangeal joint (MCP)
and the interphalangeal joint (IP). The finger joints are called, from proximal to the wrist
to the distal joint, the metacarpalphalangeal joint (MCP), the proximal interphalangeal
joint (PIP), and the distal interphalangeal joint (DIP). Figure 2.1 displays the skeletal

anatomy of the hand’s digits.



3rd digit
4t digit

2 digit

5t digit
Distal interphalangeal joint (DIP) N

Proximal interphalangeal joint (PIP)

Metacarpalphalangeal joint (MCP)

Figure 2.1 The hand’s digits and their joints. The digits are referred, from medial to
lateral, as the 1% -5" digits. The 1% digit joints, proximal to distal, are the CMC, the MCP
and the IP. For the fingers, the joints, proximal to distal, are the MCP, the PIP and the
DIP.

2.3 Neurologically Mediated Impairment of the Hand Following Stroke
In order to provide effective and efficient motor therapy for stroke survivors, it is crucial
to understand the underlying mechanisms causing impairment. Accordingly, a number of

neurologic factors that contribute to hand impairment have been investigated.

It was once thought that biomechanical malformations were the major contributors that

impaired hand function after stroke [6]. After years of disuse, the muscles in the hand
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atrophy, further contributing to hand weakness. Contractures, or the shortening of
muscle tendons, can reduce the passive ROM of the hand’s digits. Although these
mechanical changes can hinder the active ROM of the hand, it has recently been shown
that neurological mediated impairments, namely spasticity, muscle weakness, and
involuntary co-activation of the extensors and flexors, are the most responsible for hand

function impairment.

Following stroke, the flexor muscles of the hemiparetic hand become spastic, impeding
voluntary active extension. Spasticity is a condition in which certain muscles have a
heightened velocity-dependent reflex response to passive stretch [7]. This amplified
basal contraction results in increased stiffness of the muscles, or tone. One study aimed
to quantity the relative contributions of the flexor muscle stretch response to hand
impairment. The flexor spasticity was recorded at the onset of movement and the
response increased with faster extension stretches but little spasticity was seen during
flexion movements. This indicates that resistance to muscle stretching following stroke
is mediated primarily by neurological rather than biomechanical disturbances and that

faster extension rates will increase the flexor spastic response [8].

Stroke also leads to overall weakness in both extensor and flexor finger muscles of the
paretic limb [9]. The central nervous system’s inability to activate agonist muscles plays

a large role in hand weakness [10, 11]. However, muscle weakness is not uniform
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between the extensor and flexor muscles [12]. Stroke survivors generally tend to regain
functional flexion with minimal extension gains. These imbalances are related to altered
muscle activation patterns where elevated levels of flexor activity occur during intended
extension movements [13]. The inability to independently activate muscle groups during
extension movements results in co-contraction of antagonistic pairs causing reduced
active extension ROM [14]. Many studies have shown that activity-based retraining by
independently activating weakened extensor muscles may help strengthen the extensors

to overcome this inherent strength imbalance [15-17].

2.4 Contemporary Physical Therapy Concepts

Typically patients have not reached their full recovery potential after they have received
initial rehabilitation and are discharged from the hospital [18]. Currently, the probability
of regaining functional use of the impaired hand is low [19] and a follow up study
showed that, four years after stroke; only 6% of stroke survivors were content with the
function of their impaired arm [20]. Proper function of the hand, particularly prehension,
is vital for many activities of daily living (ADL) including feeding, bathing and dressing.
Accordingly, there has been much focus on developing optimized hand therapy

techniques to elicit greater hand function gains.
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Over the past 15 years, rehabilitation after stroke has evolved from analytical approaches
and compensation strategies to a focus on task-oriented training exercises. Analytical
therapy methods focus on localized joint movement function, particularly spasticity, and
not on movement skills. Compensation strategies focus less on improving the function of
the affected hand. Rather, the patient are taught to rely on the unimpaired hand to
perform activities of daily living and/or develop strategies that use the trance levels of
function in the paretic hand. Task-specific, goal-oriented therapy involves training of
activities and skills aimed at increasing patient participation. Many investigators have
advocated rehabilitation methods that include repetitive, meaningful movements that
engage active participation to promote changes in the cerebral cortex (brain plasticity) to
elicit motor recovery [21-23]. Following this rationale, sensory-motor training of the
hand should be a total package that includes training of basic functions, for example
muscle strength and increased active range of motion, skill training (grasping) and

improvements in endurance.

Activity-based therapy approaches that have resulted in the most functional improvement
include task-oriented training, constraint induced movement therapy (CIMT) and bilateral
arm training [24, 25]. Task-oriented training focuses on repetitive training of skill-related
tasks. This strategy promotes patient participation, cognitive processing and the
development of goal-oriented movements. It has been shown that this therapy approach

not only improves arm-hand functional recovery (e.g. muscle strength), but also
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contributes to more efficient movement strategies for skill performance [26-28]. CIMT
therapy is a specialized form of task-oriented training that immobilizes the unimpaired
arm for a much as 90% of waking hours, thereby forcing the patient to use the
hemiparetic limb to perform activities of daily living. Many CIMT studies have reported
functional gains following therapy [17, 29, 30]. Bilateral arm training is a therapy
approach that incorporates simultaneous active movement of both the impaired and
unimpaired limb [31]. This approach has resulted in improved active ROM, grip strength

and dexterity of the paretic limb [32-34].

2.5 Robotic-Assisted Therapy

The use of rehabilitation robotics to provide activity-based therapy has show great
potential. Robotic rehabilitation systems incorporate many of the aspects that have made
activity-based therapy successful. Some of the benefits of rehabilitation robotics include
introducing the ability to perform precise and repeatable exercises, reduction of the
physical burden of participating therapists, incorporation of interactive virtual reality
systems, and collection of quantitative data that can be used to optimize therapy sessions

and assess patient outcomes.

Many of these devices have been designed to promote active goal-oriented movement

therapy. Depending on the impaired limb’s functionality, robots can be programmed to
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provide assistance, resistance, and even perturbations to movement exercises. Virtual
reality systems have been shown to engage patients, thereby encouraging them to actively
participate in therapy sessions [35]. Most robots are equipped with sensors able to
provide information that can be used to accurately measure ROM, strength, level of
subject active participation, and efficiency of movement. This information can be used to
tailor therapy sessions to meet the patient’s needs, track performance over the course of
therapy and even as a diagnostic tool. By relieving the therapist of the physical burden of
manually assisting paretic limb movement, rehabilitation robots allow therapists to focus

other aspects of the therapy session.

Many investigators have focused on developing devices designed to retrain an impaired
upper limb [36-40]. Robot-assisted therapy is proven to significantly improve proximal
arm function [41-45]. However, regaining the ability to ‘reach and grasp’ allows patients
to perform many ADLSs, providing both functionality and increased independence.
Therefore successful upper arm therapy requires focus on not only the proximal joints of

the arm, but also the distal joints found at the hand.



13

2.6 Rehabilitation Robots for Hand Motor Therapy

Hand therapy via rehabilitation robotics has received less, but growing, attention. Lately,
a number of robots have been developed to provide hand motor therapy. Although
designed for the same goal, each robot has unique design features and limitations.
However, many investigative studies focusing on these devices have shown therapeutic
promise. The design of many of these hand robots and their therapy studies will be

described below. Pictures of the described devices can be viewed in Figure 2.2.

The Rutgers Hand Master Il is a force-feedback glove powered by pneumatic pistons
positioned on the palm of the hand [46-47]. Positioning pistons on the palm of the hand
allows for individual control of the hand’s 1%-4™ digits, but it does not allow for
manipulation of real objects and it limits flexion ROM. The glove is used as a haptic
device to produce contact forces when interacting with objects simulated in virtual-reality
environments [48]. Therapy studies using this device has reported that chronic stroke
patients enhanced performance in clinical assessments, improved ROM and increased
extension speed of the paretic digits [49-51]. One such study provided four chronic
stroke subjects with therapy for two hours a day, five days a week for three weeks. After
therapy, subject hand ROM was increased and two subjects had significantly better
scores in the Jebsen-Taylor Test of Hand Function [49]. Another study provided three

stroke subjects with 3.5 hours of daily therapy for two weeks. All participants showed
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increased gains in hand movement parameters and some exhibited increased clinical

assessment scores [50].

A hand module, the InMotion 5.0 Hand Robot, has been designed to complement the
prolific arm therapy robot, the MIT-Manus. The intent of this hand device is to focus on
2-dimensional ‘reach to grasp’ tasks and provide therapy for not only the shoulder and
elbow, but also the hand. Subjects grasp onto a cylinder attached to the end-effector of
the MIT-Manus. The outer shell of this cylinder consists of 6 panels and the radius of the
cylinder linearly expands and retracts relative to the motion of the rotors’ rotation.
However, this device provides limited hand extension ROM [52]. To date, no clinical

studies have been reported for this device.

Developed by a group at the University of California-Irvine, the Hand Wrist Assistive
Rehabilitation Device (HWARD) is an exoskeleton designed for hand-wrist therapy
intervention. HWARD is a 3 degrees-of-freedom robot that controls finger rotation about
the metacarpophangeal joint (MCP), thumb abduction/adduction and wrist
extension/flexion [53]. The PIP and DIP joints of the fingers are not directly controlled.
The device allows for approximately 65° of finger rotation about the MCP, 90% of thumb
extension ROM and 35° of wrist extension. The hand’s digits are guided by a lever
design and the robot is actuated by double-acting air cylinders capable of providing

assistance in the extension and flexion directions. A recent clinical trial reported
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significant behavioral gains, increases in task-specific cortical activation and a dosage

effect where subject gains increased with increased robotic therapy duration [54].

The Hand Mentor (Kinetic Muscles Inc., Tempe, AZ) is a commercially available hand
therapy device. The device is designed to encourage patients to actively extend their
wrist and fingers. When maximum self extension is achieved, the device uses an
artificial, pneumatic muscle to simultaneously extend and flex the fingers and wrist [55].

The fingers are controlled in bulk and the Hand Mentor does not actuate the thumb.

A recent pilot study using the Finger Trainer, Reha-Digit, a hand device specifically
designed for controlled passive movements of hemiplegic fingers, showed that the
intervention was well received by sub-acute stroke patients and tone did not increase

during the intervention [56].

A pneumatic orthosis has been developed by a group from the Rehabilitation Institute of
Chicago. Users don a glove with an air bladder and channels that run along the palmar
side of all of the hand’s digits. An electro-pneumatic servovalve is strapped to the back
of the patient and is used to regulate air pressure to provide assistance in digit extension.
Without pressure, the glove does not impede physiological ROM of the hand. A pilot

study of this device resulted in modest functional gains [57].
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A number of hand therapy devices have been developed and initial pilot data indicates
promising therapeutic results [46-57]. They show that robotic-assisted therapy for stroke
patients will lead to therapeutic and functional gains. However, although many different
approaches where taken to achieve the same goal (increase active extension ROM), there
are common issues with these devices. The general issues include: i) limited ROM ii)
partial control of the hand iii) basic controllers designed to provide therapy. It is believed
that designing an exoskeleton that maximizes the ROM and control of the hand’s digits
combined with sophisticated controllers developed to specifically target the neurological

impairments of stroke patients will result in improved therapeutic outcomes.
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Figure 2.2 Pictures of several devices developed for robot-assisted hand motor therapy:
(A) Rutgers Hand Master 1l force-feedback glove (B) the InMotion 5.0 Hand Robot (C)
HWARD (D) the Hand Mentor (E) the Finger Trainer Reha-Digit (F) RIC pneumatic
orthosis.
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2.7 Hand Exoskeleton Rehabilitation Robot

This thesis introduces a recently developed rehabilitation robot for the hand, the Hand
Exoskeleton Rehabilitation Robot (HEXORR). This device has been designed to provide
full ROM for all of the hand’s digits. The thumb actuator allows for variable thumb
plane of motion to incorporate different degrees of extension/flexion and
abduction/adduction. Compensation algorithms have been developed to improve the
exoskeleton’s backdrivability by counteracting gravity, stiction and kinetic friction. We
have also designed a force assistance mode that provides extension assistance based on

each individual’s needs.

The mechanical design of the exoskeleton and a pilot study will be described. This pilot
study serves two purposes: to examine HEXORR’s ability to allow physiologically
accurate extension and flexion movements of the hand’s five digits throughout the full
range of motion and to test a particular potential hand therapy exercise designed to
promote greater hand extension by participants that have suffered a stroke. The

beginning of an ongoing clinical trial using this device is also discussed.



CHAPTER 3:

MECHANICAL DESIGN OF THE HAND

EXOSKELETON

HEXORR consists for two modular components that are capable of separately controlling
the extension and flexion of the fingers and the thumb. The device acts as an exoskeleton
so that the joints of the robot and the user are aligned throughout the allowed ROM. This
approach allows for multiple points of contact between the digits and the device, which is
critical for properly controlling the kinematic trajectory of the assisted hand movements.
General design criteria of this exoskeleton included: i) allowing the digits full ROM ii)
emulating physiologically accurate kinematic trajectories iii) providing adjustability to

comfortably fit different hand sizes.

19
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3.1 Mechanical Design of the Finger Component

The component that actuates the fingers is driven by a four-bar linkage, where the driver
and coupler links guide rotation about the MCP and the PIP joints, respectively. During
grasp movements, the distal phalanges of the fingers move in a spiral pathway relative to
the MCP joints [58]. Therefore, kinematic synthesis of the four-bar linkage was
approached as a path generation problem so that the distal end of the coupler link moved
in a spiral trajectory relative to the ground joint of the driver link. Initially, the linkage
was graphically modeled in Working Model 2D®, (Design Simulation Technologies,
Inc., Canton, MI) a 2-dimensional modeling software package. This graphical approach
led to a general solution capable of generating the desired coupler link path. The driver
link guides the motion of the fingers” MCP joints and the coupler link controls the
rotation of the fingers’ PIP joints. The motion of the fingers’ DIP joints is not directly
controlled by the finger component. Figure 3.1 displays the general solution of the four-
bar linkage. Figure 3.1.A illustrates flexed fingers in the device and Figure 3.1.B shows
the fingers in an extended position. The endpoint of the coupler link was tracked during
the extension movement. This profile highlights the four-bar linkage’s ability to emulate

the spiral pathway of the fingers’ distal phalanges.
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Figure 3.1 General design of the finger linkage using Working Model 2D®. Positions of
the fingers’ phalanges are shown and the joint locations are pointed out. (A) The linkage
(blue) in the flexed position and (B) the linkage in the fully extended position.
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Using MATLAB® (MathWorks™, Natick, Massachusetts), custom software programs
were developed to further analyze and improve the linkage design. The goal of this
analysis was to choose a four-bar linkage configuration that minimizes the required force
applied by the fingertips needed to move the linkage through its ROM. The lengths of
the driver link (length of 3 digit’s proximal phalanx) and the coupler link (length of 3"
digits’ intermediate phalanx) are known, and their initial positions are set so that the hand
is fully flexed. One hundred possible linkage configurations were tested by generating a
2”7 x 2” grid with a resolution of 0.2” centered about the coupler-follower joint position
given by the graphical solution. For each configuration, the positions of the links were
found at three different points in the linkage’s trajectory, full flexion, mid-extension and
full extension. Then, the position of the follower link ground point was identified by
finding the intersection point of the two orthogonal bisectors of the segments connecting
the three through points. With the positions of the coupler-follower joint and the
follower link ground point, a linkage rotation simulation was derived. This program
simulated the rotation of a linkage by rotating the driver link from full flexion to full
extension (90 degrees, 5 degrees per iteration) and solved for the corresponding positions
of the other dependent links to ensure that the linkage followed its intended path and that

there are no singularities throughout its ROM.

Finally, 2-dimensional force analysis was performed per iteration on each of the

generated linkage configurations. For this analysis, mechanical advantage was defined as
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the moment arm about the drive shaft of a force located at the contact point between the
tip of the coupler link and the DIP joints, assuming the force direction was maintained
normal to the coupler link throughout the range. This simulates driving the linkage
through the most distal point of contact between the fingers and the linkage. This point
of contact was analyzed in detail because of the potential for very small moment arms

when the linkage is in the flexed position.

The final linkage configuration was chosen by considering both fabrication feasibility
and the provided mechanical advantage. The resulting four bar linkage design is shown
in Figure 3.2.A and the final design performance can be seen in Figure 3.2.B. In the
flexed position, the linkage space is approximately 2.25” x 2” and the linkage extends to
a length of about 2.7 inches. The mechanical advantage of the four bar linkage is lowest

at the flexed position but increases as the linkage extends.
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Figure 3.2 (A) The four-bar linkage rotation simulation (5° rotation per iteration) of the
chosen linkage configuration. The position of the linkage in the flexed position is bolded.
(B) The force analysis of the chosen linkage.



25
Once the design of the four-bar linkage was finalized, the hand component was modeled
using 3-dimensional computer automated design (CAD) software (SolidWorks,
SolidWorks Corp.). Figure 3.3 illustrates the finger component model. The finger
component was designed as a table-top exoskeleton. It is actuated by a geared DC motor
with an encoder. A torque sensor is position between the gear head and the
finger/exoskeleton interface. Detailed description of the geared DC motor and the torque
sensor will be covered in following sections. The design of the finger/exoskeleton

interface can be seen in detail by viewing Figure 3.4.

e

L i ,,,'é? ’\

Figure 3.3 Finger component modeled by 3-dimensional computer automated design
software. The system consists of a geared DC motor with an encoder and a torque sensor
between the motor’s gear head and the finger/exoskeleton interface.
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drive link (proximal phalanxinterface)

follower link

palmarsupport

(middle phalan

Figure 3.4 An illustration of the finger/exoskeleton interface. This consists of the driver
link (blue), coupler link (green) and follower link (red). The palmar support, designed to
hold the hand in position, the MCP pad and the PIP pad can also be seen.

To compensate for different hand sizes, the driver link and the coupler link are adjustable
and able to fit the proximal and the intermediate phalanges, respectively. These two links
can collapse and expand by sliding the links along slots and locking them into place.
Examples of driver link and coupler link adjustments can be seen in Figure 3.5.A and
Figure 3.5.C. Figure 3.5.A shows the linkage adjusted for a small hand and Figure 3.5.C

displays the linkage sized for a large hand. Note that when the driver link is adjusted, the

coupler link is no longer orthogonal to the driver link in the flexed position. This would
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hyper-flex the PIP joints for small hands (Figure 3.5.A). For large hands, the PIP joints
would not be able to fully flex (Figure 3.5.C). To compensate for this problem, an
auxiliary joint was designed to rotate the coupler link about the driver link-coupler link
joint. Figure 3.5.B and Figure 3.5.D illustrates how this mechanism allowed for link
length adjustments while maintaining the desired orthogonal relationship between the

driver link and coupler link when the linkage is in the flexed position.

Figure 3.5 Finger linkage adjustments for small and large hands. The driver link is
shifted up (A) to fit a small hand and down (B) to fit a large hand. Without further
adjustment, the coupler link (green) would not position the PIP joints orthogonal to the
MCP joints. (C and D) Rotation of the coupler link about an auxiliary joint (purple)
positions the coupler link so that the PIP joints are orthogonal to the MCP joints.
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The hand component contacts the fingers at three locations. To help stabilize the hand
inside the exoskeleton, a hook and loop strap around the palm holds the hand stationary.
Also, hook and loop straps are used to attach the proximal and intermediate phalanges to
the respective robotic links. Once the fingers are comfortably strapped to the proper
robotic links, the fingers are free to perform extension and flexion movements.
Mechanical stops were implemented to ensure patients are never hyper-flexed or hyper-
extended during testing sessions. Figure 3.6 shows the hand inside the manufactured
hand component, illustrating how the hand fits into the device and the Velcro strap

arrangement used to hold the hand in place.

A

[~ T

Figure 3.6 (A) Top down view of the hand component with a hand inside of the device.
The palmar support is a rigid support designed to hold the hand in place. The MCP and
PIP joint interfaces rotate with the four-bar linkage. (B) Displays a palmar view of the
device, highlighting the Velcro strapping arrangement used to attach the fingers to the
device.
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3.2 Mechanical Design of the Thumb Component

The thumb component is an end-effector robot that controls planar thumb
extension/flexion and abduction/adduction movements by directly controlling the rotation
of the thumb’s distal phalanx. Like the finger linkage, thumb linkage graphical synthesis
was performed using Working Model 2D®. The focus of the design was to allow full IP
rotation (nearly 90° flexion to extension) while allowing the CMC and MCP joints to
rotate up to 20°. The model simplifies the rotation of the thumb’s CMC and MCP joints
by treating the metacarpal and the proximal phalanx as a single link that rotates about the
CMC joint. During graphical synthesis, it was noticed that the thru-points of the coupler
link-follower link joint could be accurately modeled via linear regression. Therefore,
instead of using a follower link to guide the rotation of the coupler link, the follower link
was replaced by a linear slider. With this design simplification, the thumb linkage was
designed as a crank and slider mechanism. Figure 3.7 depicts the general linkage design.
Figure 3.7.A illustrates a flexed thumb in the device and Figure 3.7.B shows the thumb in
an extended position. The endpoint of the coupler link was tracked during the extension
movement. This profile highlights the crank-slider’s ability to allow full rotation of the

IP joint.
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Figure 3.7 General design of the thumb linkage. Positions of the thumb’s phalanges are
shown and the joint locations are pointed out. (A) Linkage (blue) in the flexed position
and (B) linkage in the fully extended position. The through points of the coupler-slider
link are displayed (red) and the estimated linear slider is shown (green).
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Custom programs were used to further analysis the general linkage design. These
programs simulated the motion of the linkage from the flexed to the extended position
and also performed force analysis to determine the amount of force required by the thumb
to move the linkage. The ROM simulation and mechanical advantage analysis was
similar to the finger component analysis that has been previously described (see Section
3.1). The thumb linkage was iteratively rotated about the driver link ground (5°
increments) and the moment arm was calculated as an orthogonal force was applied to the
distal end of the coupler link. The translation of the coupler link-slider joint was also
examined. The position of this joint was plotted per iteration and linear regression was
used to further validate our decision to simplify the linkage design by using a slider. This
analysis confirmed that the coupler slider joint translation was highly linear (R? = 0.95).
The results of this analysis can be reviewed in Figure 3.8. Figure 3.8.A shows the

linkage motion simulation and Figure 3.8.B depicts the force analysis.



32

A
Thumb Linkage Simulation
1_
0.5
Or +
@
2 -05
[S]
=
= -1
8
3 -15
o
2t
-2.5
_3 1 1 1 1 1 1
-5 -4 -3 -2 -1 0 1
position (inches)
B
Thumb Linkage Mechanical Advantage Analysis
4 -
35 -
3 4
(5]
g 25 -
C
S
? 21
g
= 15
3]
<
[5]
g o1
0.5 -
0 T T T T T T T 1
0 5 10 15 20 25 30 35 40

position (degrees)

Figure 3.8 (A) The thumb linkage rotation simulation at 5° rotation per iteration about
the driver link’s ground joint. The linkage’s position that results in a flexed thumb is
bolded. The orientation of the linear slider is highlighted as a green dashed line. (B) The
force analysis of the thumb linkage.
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Like the finger component, the thumb component was modeled using three-dimensional
CAD software (SolidWorks). Figure 3.9 illustrates the thumb component model. The
thumb component was designed to fit directly underneath the finger/exoskeleton
interface. Because of this design constraint, the size requirement of the thumb
component was particularly strict. The crank serves as the driver link that guides the
motion of the coupler link. The slider was created with a linear bearing that translates
along a shaft. The coupler link’s motion is dependent on the rotation of the driver link
and the translation of the linear bearing. The thumb’s distal phalanx is attached to the
coupler link with a hook and loop strap. As the CMC joint rotates about the driver
ground joint, the thumb’s metacarpal and proximal phalanx closely follow the motion of
the crank. Concurrently, the thumb’s distal phalanx follows the motion of the coupler
link as the IP joint rotates about the driver link-coupler link joint. The thumb linkage is
mounted on a highly adjustable base. The base can ascend and descend vertically along a
slotted shaft to accommodate varied hand sizes. The base can also be adjusted (tilted and
rotated) to increase or decrease the amount of thumb abduction/adduction involved in the
thumb movement exercises. The crank is driven by a geared AC motor with an encoder.
A torque sensor is position between the gear head and the crank. Detailed description of

the geared AC motor and the torque sensor will be covered in following sections.
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A rocker (proximal
& middle phalanx motion)

B rotating/tilting basearm

Figure 3.9 Oblique drawings of (A) top and (B) side views of the modeled thumb
component. The system consists of a geared DC motor with an encoder and a torque
sensor between the motor’s gear head and the thumb/exoskeleton interface. A slider
replaces the follower link. The linkage is mounted on a pivot and can be rotated and
tilted to incorporate different amounts of thumb abduction/adduction.
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3.3 Hand Exoskeleton Rehabilitation Robot

HEXORR consists of both modular components that control the motion of the fingers and
the thumb. This exoskeleton is capable of separately controlling the extension and
flexion of the fingers and the thumb. The device acts as an exoskeleton so that the joints
of the robot and the user are aligned throughout the allowed range of motion. Figure 3.10
shows a number of pictures of how the finger and thumb components are combined to
control the motion of the hand. A flexed hand within HEXORR is shown (Figure
3.10.A). A palmar view of the hand in HEXORR highlighting the Velcro strap
arrangement is provided (Figure 3.10.B). And an extended hand with the thumb in pure

extension (Figure 3.10.C) and the thumb in abduction (Figure 3.11.D) are displayed.
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Fig. 3.10 Pictures of a hand in HEXORR at different postures. (A) The hand flexed (B)
palmar view of the hand, highlighting the Velcro strap arrangement (C) The hand
extended, with the thumb in pure extension and (D) the hand extended with the thumb in
abduction.



37

CHAPTER 4

ELECTRONIC HARDWARE AND SOFTWARE

4.1 Electronics Hardware and Sensors

Figure 4.1 displays the electronics panel

that houses the hardware needed to output
command signals to the two motors and

condition the input signals from the motors,

torque sensors and encoders. The motors
and torque sensors are powered by power
supply units (Power One, HE Power Supply

Series) capable of drawing from a standard

electrical outlet (120 AC) and outputting up

to 24 VDC and 12 VDC, respectively. Figure 4.1 Electronics panel.

37



38

The two motors are controlled by servo drivers (Maxon Motor Control, 4-Q-DC and
Accelnet, ACP-055-18). For added safety, a custom kill-switch can be used to shut down
power to both motors. Custom circuit boards were designed to both amplify (gain of
665) and filter (RC filter, cut off frequency 15 Hz) the analog torque sensor input signal.
These analog signals are converted to digital signals by a data acquisition board

(Measurement Computing, PCI-DAS1200).

4.2 Motor Specifications and Servo Drivers

Before finalizing the specifications of the motors, we measured the resistive forces of a
TBI volunteer with high tonicity (Ashworth scale of 4) during extension movements.
The peak resistive force during an extension movement was approximately 5 Newton
meters (Nm). Accordingly, this system requires a motor that will overcome such
resistance in order to open and close a severely impaired hand. For the finger
component, a DC, brushless motor (Maxon Precision Motors, RE 40) in series with a
planetary gear head (Maxon Precision Motors, reduction ratio 74:1) was chosen. This
geared motor is capable of outputting a continuous torque of 9.8 Nm. The thumb
component’s crank is driven by a FHA mini-series AC servo actuator (Harmonic Drive
LLC, Peabody, MA) with a harmonic drive gear head (reduction ratio of 100:1). This

actuator was chosen for two reasons. First, this geared motor has a very small housing
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(60 x 59 x 56 mm). Using this motor ensures that the thumb component will easily fit
underneath the finger component. Also, even though the actuator is small in size, it is
capable of outputting a continuous torque of 11 Nm, an ample amount of force to extend

a thumb with high tone. A wiring guide for both motors can be viewed in Figure 4.2,

4.3 Encoders

Encoders were used for position and derived velocity sensing for both the hand and
thumb components. A HEDL 5540 quadrature encoder (500 count) is mounted on the
finger component motor. Accounting for the 74 reduction ratio of the planetary gear
head, the resolution of this encoder is 0.002°count. Another encoder (2048 quadrature
count, US Digital) is mounted between the motor and the finger/exoskeleton interface.
This encoder is capable of reading subtle movements performed by the subject within the
backlash range of the motor’s planetary gear head with a resolution of 0.044%count. The
recordings of these slight movements are used in control algorithms that will be
explained in a succeeding chapter. The Harmonic Drive servomotor was provided with a
mounted quadrature encoder. Considering the 100 reduction ratio of the gear head, this

encoder (2000 count) has a resolution of 4.5e™ degrees/count.
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4.4 Torque Sensors

For both the hand and thumb components, a torque sensor (Transducer Techniques, TRT-
200) is positioned between the actuators and the linkages. This torque sensor is capable
of handling a maximum load of 33 Nm with an accurate resolution of 0.02 Nm. The
torque sensors were calibrated to determine accurate voltage to Nm conversions. The
calibration plots can be viewed in Figure 4.3. Judging from the coefficients of
determination (R?), the calibration curves were highly linear (R* > 0.99). For both torque
sensors, the conversions were quite similar. For the finger torque sensor and the thumb
torque sensor the conversions amounted to 1V = 1.42 N-m and 1V = 1.53 N-m,

respectively. A wiring guide for both torque sensors can be seen in Figure 4.4.

Torqgue vs Voltage

3 4 8 efingertorgue sensor
#thumb torque sensor

Volts (V)

Newton Meters (N-m)

Figure 4.3 Torque sensor calibrations for both the finger and thumb torque sensors. The
outputs were highly linear (R? > 0.99).
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4.5 Software and Compensation Algorithms

The exoskeleton is controlled with custom software programs developed using the
Simulink®, XPC Target®, and Stateflow® toolboxes in MATLAB®. XPC Target® uses
the graphical coding capabilities of the Simulink® toolbox to create a host-target
environment for real time applications. The Stateflow toolbox is a graphical design and
development tool for control and state machine logic. This toolbox proved particularly
helpful by using state charts and flow diagrams to develop control algorithms. By
designating machine states, the finger and thumb motors could easily be controlled in
parallel. For example, if it was required that both the fingers and the thumb must
complete an extension movement prior to beginning flexion, states could be used to
identify the status of each component for proper decision making. If the finger state
indicated that it has completed an extension movement, but the thumb state was still
undergoing extension, the finger state would not be allowed to enter the flexion state until

the thumb state has indicated that the movement has been completed.

Because stroke survivors have weakness in the paretic hand, it is critical that the torque
needed open and close one’s hand inside HEXORR be as low as possible. Similar to the
work outlined in a recent technical note [59], we developed algorithms to model and
compensate for the weight and friction (both static and kinetic) of the exoskeleton,

thereby increasing the backdrivability of the geared motors.
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For the finger component, gravity compensation was modeled by identifying the motor
current (amps) required to move the linkages throughout the entire range of motion at a
slow, constant velocity (10°/second). The difference between the extension and flexion
values at each position is equal to the motor current required to compensate for the
weight of the exoskeleton linkage. To ensure that the motor would not move the linkage
while providing weight compensation, input values were reduced by a gain of 0.9. These
values were tabulated into an interpolation-extrapolation program to provide real time
weight compensation. The motor current required to move the finger linkage at different,
constant speeds and the calculated gravity compensation values can be viewed in Figure

4.5.

Gravity compensation was not performed for the thumb component. The linkage base is
positioned along different planes, depending on the desired amount of thumb
abduction/adduction for each task. Also, the high reduction ratio of the harmonic drive
gear head (100) and the friction of the linear bearing dominated any effect that gravity

had on the linkage.
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Figure 4.5 Motor current (amps) required to move the finger linkage in extension (+) and
flexion (-). The gravity compensation values (black) were calculated as the difference
between the extension and flexion output values.

Kinetic friction compensation was modeled through viscosity coefficients. These
coefficients were calculated by moving the exoskeleton at different, constant velocities
and subtracting the motor output required for gravity compensation. The required motor
output increases linearly with velocity (R* > 0.99) and can be accurately modeled with
linear regression equations. These linear models were used to predict and counter
velocity-dependent friction. The mean velocity dependent viscosity coefficients for both

extension and flexion directions can be viewed in Figure 4.6.
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Figure 4.6 The mean viscosity coefficients for both extension (blue) and flexion (red)
directions. The finger component (A) and thumb component (B) values were modeled
with linear regression and the models were used to compensate for kinetic friction of the

finger component.
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Our compensation algorithm also accounts for static friction, or stiction. Static friction is
responsible for resisting motion at zero velocity. The motors moved the exoskeleton very
slowly throughout its ROM at a velocity of £1 degrees/sec. These motor currents were
reduced by a factor of 0.85 to ensure that the linkage does not move when no other forces
are applied to the exoskeleton. The stiction compensation values were active only when
the velocity of linkages was between +0.1° degrees/second. Once the velocity of the
linkages increased beyond this bandwidth, stiction compensation was deactivated and the

kinetic friction compensation was activated.

The backdrivability of HEXORR was tested by a subject moving the exoskeleton at a
constant velocity (40 degrees/sec) with and without compensation (Figure 4.7). Figure
4.7.A illustrates the torque required to move the hand component from full flexion (0°) to
full extension (90°). Without any compensation, the required torque increases from 0.45
Nm to 0.8 Nm as the linkage extended. However, with gravity and friction
compensation, the required torque is reduced to about 0.1 Nm and remains constant
throughout the movement. Figure 4.7.B shows the torque profiles during the flexion
phase for the finger component. Note that between 60° and 90°, without compensation,
gravity causes the linkage to collapse. Therefore little torque is needed to flex the linkage
within this range without compensation. Eventually more torque is required to finish the
flexion movement and the torque increases to about 0.4 Nm. Again, the compensation

algorithm reduces the required torque significantly to values no greater than £0.1 Nm.
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Figures 4.7.C and 4.7.D illustrate the extension and flexion backdrivability of the thumb
motor, respectively. Without compensation, the mean torque required to move the thumb
linkage is 0.6 Nm and -2.5 Nm in the extension and flexion directions, respectively.
With compensation, the required torque in the extension direction (mean = 0.2 Nm) and
the flexion direction (mean = -0.5 Nm) have been dramatically reduced. On average, the
weight and friction compensation algorithms increase HEXORR’s backdrivability by

more than 66%.
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Figure 4.7 Torque required to rotate the linkages with (red) and without (blue) weight
and friction compensation. Compensation was provided for the finger component in the
extension (A) and flexion (B) direction and also for the thumb component in the
extension (C) and flexion (D) direction. Compensation reduced the required torque by
66%.



CHAPTER 5:

MATERIALS AND METHODS

5.1 Experimental Setup

Nine right-handed, neurologically intact subjects, (aged 23-57 years, mean = 32+12), and
five subjects with chronic stroke (aged 33-61 years, mean = 53x12) participated in this
experiment. Handedness was assessed with the ten item Edinburgh inventory [60]. Only
subjects that received a laterality quotient of 80% or greater were admitted into this
study. All subjects signed an informed consent form prior to admission to the study. All
protocols were approved by the National Rehabilitation Hospital’s Internal Review Board

for Protection of Human Subjects.

For the subjects with chronic stroke, inclusion criteria required a first ischemic or

hemorrhagic stroke occurring more than 3 months prior to acceptance into the study,
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some proximal upper extremity voluntary activity at the shoulder and elbow, and trace
ability to control movement at the wrist, MCP and PIP joints in extension. Exclusion
criteria included excessive pain in any joint of the affected extremity that could limit
ability to cooperate with the protocols, serious uncontrolled medical problems as judged
by the project therapist, and a full score on the hand and wrist sections of the Fugl-Meyer

motor function test [61].

Before using the robot, stroke subjects were clinically evaluated (Table 1). Upper
extremity movement impairments were evaluated with the Action Research Arm Test
[62, 63] and the Fugl-Meyer motor function test. Muscle tone was measured at the
elbow, wrist and fingers with the Modified Ashworth Scale [64]. Because this pilot study
was not designed for therapy treatment, no follow up clinical assessments were

performed.
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Table 5.1
Measure All subjects Subject 1 Subject 2 Subject 3 Subject 4 Subject 5
n 5
Age (year) 59 61 51 62 33
Gender 1F/4M
Time post-stroke (months) 14 19 12 300 34
Right (affected) side
Action Research Arm Test (total score = 57) 22.4+3.2 20 21 21 22 28
Grasp (total score = 18) 6.2+1.1 6 5 6 6 8
Grip (total score = 12) 5.2+1.3 4 4 5 6 7
Pinch (total score = 18) 6.2+0.45 6 6 6 6 7
Gross Movement (total score = 9) 4.8+1.1 4 6 4 4 6
Arm Motor Fugl-Meyer score (total score = 66) 33.7¢7.1
Proximal arm subportion (total score = 42) 22 19 20 9 25
Hand/wrist subportion (total score = 24) 12 13 14 13 15
Coordination/Speed (total score = 6) 1 2 1 1 3
Modified Ashworth Spasticity Scale (unimpaired = 0) 1.7+ 0.3 1+ 1+ 2 1+ 2
Elbow 1+ 1+ 2 1+ 2
Wrist 1+ 1+ 2 1+ 1+
Finger 1+ 1+ 2 1+ 1+

Results are mean + standard error. Subject received clinical assessment prior to using the
robotic device. This pilot study was not intended to provide therapy, so no follow-up
assessment was conducted.

Subjects were seated in a chair and their right hand was placed inside HEXORR to
perform both passive and active hand extension/flexion movements. The forearm was
placed on an arm rest in the neutral position and the table was adjusted so that the elbow
was flexed at 90° and the shoulder elevated approximately 45°.  An elbow support pad
was placed on the posterior side of the upper arm to minimize shoulder retraction and
extension. For each subject, the linkages of the exoskeleton were adjusted to comfortably
fit the size of the hand. The wrist was held in the neutral position by placing the dorsal
side of the hand against a rigid, padded support and using a Velcro strap around the palm
of the hand. The dorsal sides of the hand’s digits were positioned against the machine-
hand interfaces and Velcro straps were wrapped around the palmar side to attach the

digits to the exoskeleton. The subjects performed hand movements inside HEXORR for
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about 30 to 60 minutes while watching a real-time display of their hand’s position on an

eye level computer monitor.

5.2 Experimental Tasks

Unimpaired subjects performed
tasks specifically designed to
evaluate HEXORR’s ability to

emulate  comfortable  hand

movements throughout the five

Figure 5.1 CyberGlove 1l

digits’ full ROM. During these tasks, the subjects wore the wireless CyberGlove II®
(CyberGlove Systems, San Jose, CA) on their right hand (Figure 5.1). This glove
features three extension/flexion sensors per finger, four abduction sensors, a palm-arch
sensor, and sensors to measure wrist flexion and abduction. For baseline ROM
measurements, subjects performed five hand extension/flexion movements outside of the
device. For these movements, the arm and wrist were positioned as if the hand was
inside the exoskeleton (elbow flexed at 90°, wrist and forearm in neutral position).
Afterward, the right hand was placed inside HEXORR and the exoskeleton’s motors were
used to perform five continuous passive extension/flexion movements (finger encoder
rotation 0° to 80°, thumb encoder rotation 0° to 20°). Following the passive movements,

the subjects performed 10 active-unassisted hand extension/flexion movements inside of
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the device. During these unassisted movements, the motors provided previously

described weight and friction compensation.

Stroke subjects performed hand movements within HEXORR during three different
modes: continuous passive movements, active-unassisted extension/flexion and active
force-assisted extension/flexion. During the five passive movements, subjects were
asked to relax their hand fully as the motors moved their digits throughout a comfortable
range of motion (all stroke subjects tolerated full extension of the fingers and thumb).
Then, subjects were asked to perform five active-unassisted finger and thumb
extension/flexion movements. During these movements, motors provided only weight
and friction compensation. This mode was also designed to “catch’ involuntary flexion
movements during an intended extension movement. Any unintended flexion movement
was halted by the motors, and the exoskeleton was held in place. Subjects were given
three attempts to further extend their digits before the experimenter prompted the motors
to finish the extension movement. After finishing the five active-unassisted hand

movements, subjects were given a five minute break.

The motor currents required to passively extend the subject’s digits were tabulated into a
position dependent assistance profile. Figure 5.2.A displays an example of the motor

current required to passively stretch a stroke subject’s hand. This profile was scaled by
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an adjustable gain and delivered feed-forward during the movements. The gain was
reduced from 1 in increments of 0.2 until the subjects indicted that they were actively
opening their hand. Once a proper gain was found, subjects opened and closed their hand
5 times with assistance. Figure 5.2.B illustrates a block diagram to further describe the

active-unassisted and active force-assisted conditions.
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Fig 5.2 (A) An example of the motor current needed to passively stretch a stroke
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compensation provided for the active-unassisted and active force-assisted conditions.
Stiction is provided when -0.1%sec < angular velocity < +0. 1°/sec. Otherwise, Kinetic
friction compensation is provided.

56



57

5.3 Data Analysis

Data analysis was performed using the hand robot’s encoders and torque sensors and, for
unimpaired subjects, the CyberGlove 1I®. Custom software recorded the positions and
torques of the hand’s digits (fs = 1 kHz). The encoder signals were digitally
differentiated and low pass Butterworth-filtered (fc = 30 Hz) to yield angular velocity.
Torque sensor signals were filtered (fc = 15 Hz) and biases were removed prior to data
analysis. Without a hand in the exoskeleton, the linkages were moved slowly (1°/second)
throughout the ranges of motion and the torque was recorded. These torque values were
interpolated, averaged and used as position dependent torque sensor bias values.
CyberGlove II® data was separately collected using the manufacturer’s data acquisition
software (fs = 100 Hz). The initiation and cessation of hand movements were defined as

5% of the maximum angular velocity.

For the unimpaired subjects, active ROM and joint-pair coordination were investigated.
Active ROM was assessed using the CyberGlove II® data under three conditions: hand
movements outside of the exoskeleton, and passive stretching and active-unassisted
movements inside the exoskeleton. ROM analysis consisted of calculating the mean
difference between the maximum values of the digits’ extension and flexion position for
all subjects under each condition. Joint-pair coordination was assessed for the 1% and 3"
digits under two conditions: outside and inside HEXORR. For the 1% and 3" digits, the

angular rotations about the CMC, MCP and DIP and about the MCP, PIP and DIP were



58
analyzed, respectively. Joint-pairs were considered as joints joined by metacarpals or
phalanges (Figure 5.3). Therefore, the 1% digit joint-pairs consisted of the CMC-MCP
and MCP-DIP and the 3" digit joint-pairs were MCP-PIP and PIP-DIP. These pairs were
plotted (x axis: proximal joint, y axis: distal joint) and modeled by linear regression.

Linearity was measured with the coefficient of determination (R?).

PIP

Figure 5.3 Joint Pairs. Proximal joint pairs (3" digit: MCP-PIP 1% digit: CMC-
MCP) are highlighted in red. Distal joint pairs (3" digit: PIP-DIP 1% digit: MCP-
IP) are highlighted in green.

For the stroke subjects, the ROM and torque production of the fingers and thumb were
compared in the active-unassisted and active force-assisted conditions. The ROM

analysis was similar to the unimpaired subject ROM calculation, but by using the
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HEXORR’s encoders instead of the CyberGlove II®. Average torque values were
calculated to investigate the extent of the subjects’ voluntary participation during
extension movements.  Only torque values during exoskeleton movement were
considered and torques produced during a pause in motion, caused by hand flexion during
a designated extension movement, were removed from the analysis. By convention,
positive torque values indicate torque in the extension direction. Therefore, if the
average torque during an extension movement was positive, we concluded that the
subject performed an active extension movement. Accordingly, if the average torque
value was negative, then the provided assistance was too high and the robot pulled the

digits open.

Unimpaired subjects’ finger active ROM analysis was performed by repeated measures
ANOVA with two within subject factors: condition (2: inside and outside of HEXORR)

and joint active ROM (12).



CHAPTER 6:

RESULTS

6.1 Unimpaired Subject Active ROM

One of the major design criteria of HEXORR was that the finger and thumb linkages
allow for full active ROM. Figure 6.1 illustrates the unimpaired subjects’ active ROM
(mean + standard error) under the three conditions: hand movements outside of the
exoskeleton, and passive stretching and active-unassisted movements inside the
exoskeleton. For many of the joints’ active ROM, there were no significant differences
between active movements performed inside the exoskeleton and outside of the device.
Paired t-test analysis showed no significant differences in thumb active ROM. However,
the condition factor was significant (F1s) = 11.6, P = 0.009) for finger active ROM.
Post-hoc analysis was performed with Bonferroni corrected paired t-tests (corrected

confidence level: 0.05/12). For MCP rotation (Figure 6.1.A), the 4™ (difference = 19°, P
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= 0.017) and 5t (difference = 17°, P = 0.015) digits rotated significantly less inside of
HEXORR than outside of the device. The PIP rotation (Figure 6.1.B) of the 5t digit was
also significantly less inside of the exoskeleton compared to movements made outside of
the device (difference = 23°, P = 0.003). The remaining 9 joints of the fingers had no
significant active ROM differences between movements made inside and outside of
HEXORR. Therefore the active ROM of 12 out of 15 joints of the hand’s digits was not

affected by the exoskeleton.
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Figure 6.1 The mean values of the unimpaired subjects’ (A) MCP, (B), PIP and (C) DIP

joint ROM under 3 conditions: passive stretch, active-unassisted movements inside

HEXORR and active movements outside of the exoskeleton. Twelve of the fifteen tested

joints showed no significant ROM differences between active movements outside and

inside HEXORR.
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6.2 Joint-Pair Coordination

For the 1% and 3" digits of the hand, mean joint-pair coordination comparisons between
active-unassisted extension movements inside HEXORR and those made outside of the
device can be seen in Figure 6.2. For the 1% digit, joint-pairs consisted of the CMC-MCP
and MCP-DIP. For the 3" digit, joint-pairs were MCP-PIP and PIP-DIP. For every
subject, the coordination between joint pairs for both the 1% and 3" digits was highly
linear (R* > 0.957) both inside and outside of HEXORR. Also, paired t-tests indicated no
significant differences between the slopes of the joint-pair coordination plots for the 1% (P
> 0.143) and 3" (P > 0.171) digits. This indicates that performing extension movements

with the hand inside HEXORR emulates physiologically accurate extension trajectories.
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Fig 6.2 Joint-pair coordination plots for unimpaired subjects’ 1% digit (A) CMC-MCP
pair (B) MCP-IP pair and 3" digit (C) MCP-PIP pair and (D) PIP-DIP pair (mean +
standard error). Paired t-tests indicate no significant differences between trajectories
performed inside and outside of the exoskeleton.
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6.3 Stroke Subject Performance

Figure 6.3 summarizes each stroke subject’s performance during both the active-
unassisted and active force-assisted conditions. ROM varied widely on an individual
basis (Figures 6.3.A and 6.3.C). The finger active ROM during the active-unassisted
condition ranged from 5° to full ROM (80°) and thumb ROM varied between
approximately 1° to 16° and 5° to 64° for the CMC and IP, respectively. Average
extension torque correlated positively with extension ROM (Figures 6.3.B and 6.3.D).
Generally the higher the average torque, the greater the active ROM. The displayed
active force-assisted condition values were generated by averaging 5 extension
movements while providing assistance with a gain of 0.6. Note that mean thumb
extension torques during the active force-assisted condition for Subjects 4 and 5 were
negative. This indicates that the provided assistance pulled the thumb open. Accordingly
the thumb data for these two subjects were not considered in the group analysis below.
With assistance, the mean active extension ROM increased by 17° + 0.2° (excluding
Subject 1) for the fingers” MCP and PIP and by 2.6° £ 1.2° and 11.7° + 3° for the thumb’s
CMC and IP, respectively. For nearly all extension movements, the average torque
remained positive. With the provided assistance the mean finger extension torque
dropped from 0.37 + 0.09 Nm to 0.29 £ 0.06 Nm and the mean thumb extension torque

decreased from 0.32 + 0.04 to 0.23 = 0.02 Nm. The provided assistance increased finger
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ROM by 43%, while reducing the required finger extension torque by 22%; thumb ROM

was increased by 24%, while the required thumb extension torque was reduced by 30%.
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Fig. 6.3 Active-assisted (A) finger ROM and (B) mean torques and (C) thumb extension
ROM and (D) mean torques are shown. The provided assistance increased finger ROM
by 43% and reduced finger extension torque by 22%. For the thumb, active ROM was
increased thumb ROM by 24%, reducing thumb extension torque by 30%. For the
thumb, the mean torque for Subject 4 and 5 were negative. This indicates that the
assistance forces were too high and extended the thumb.



67

6.4 Flexion Catch

During both the active-unassisted and active force-assisted conditions, any involuntary
flexion movement was halted during a designated extension movement and the stroke
subjects were able to try to extend their digits further from this point. Providing this
‘flexion catch’ greatly increased the active extension ROM for both the fingers and the
thumb.  On average, the flexion catch feature increased the active ROM by
approximately 20° + 5° for the fingers’ MCP and PIP and by 5° + 3° and 22° + 6° for the
thumb’s CMC and IP, respectively. An example of a stroke subject taking advantage of
the ‘flexion catch’ to increase his fingers’ active ROM during the active-unassisted

condition can be seen in Figure 6.4.
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Fig. 6.4 Example of (A) an active finger extension movement and (B) torque production

by Subject 2. Unintended flexor activity occurred twice during the intended finger

extension. Flexion motion was halted by the motors and the subject was able to relax the
flexors and then further extend the hand’s digits.



CHAPTER 7:

DISCUSSION

A novel exoskeleton was developed to provide hand motor therapy to patients that have
suffered a stroke and a pilot study was conducted to test the initial design goals and to
determine the efficacy of a potential therapy protocol. HEXORR consists of two modular
components that are capable of separately controlling the extension and flexion of the
fingers and the thumb. This exoskeleton was designed to accommodate any hand size
and to provide extension/flexion assistance for all five digits of the hand through their
entire ROM. The compensation algorithms account for the weight and friction of the
system and greatly increase the device’s backdrivability. The main results of this pilot
study indicate that, overall, HEXORR was successful in allowing full active ROM of the
fingers and thumb. Also, the guidance of the linkages maintained physiological accurate

extension trajectories, as seen by the joint-pair coordination of the hand. The stroke
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subjects were capable of active extension during the active-unassisted condition and the

active force-assisted condition successfully increased the stroke subject’s active ROM.

7.1 Active Range of Motion

Testing with unimpaired subjects showed that for 12 of the 15 tested hand joints there
were no significant active ROM differences between hand movements performed inside
and outside of HEXORR. Three joints rotated significantly less inside HEXORR, the 4"
and 5" digits” MCP and the 5" digit’s PIP. We believe that the mechanical stop intended
to avoid finger hyper-flexion caused the reduction in the two MCP joints’ ROM. This
stop was designed to position the 3™ digit’'s MCP at 90° (orthogonal to the palm).
Because the machine-hand interface was flat, all of the fingers’ proximal phalanges were
strapped into this position. However, when a hand is outside HEXORR and fully flexed,
the proximal phalanges of the 4™ and 5™ digits are positioned more proximally. Our
safety backstop slightly inhibited the MCP flexion position of these two digits, thereby
reducing the total ROM. It is particularly difficult to strap the PIP of the 5™ digit with the
other four larger digits, resulting in a reduced ROM for the 5™ digit’s PIP. A simple
solution calls for a slight redesign of the machine-PIP interface so that the 5" digit’s
phalanx can be individually strapped to the linkage thereby potentially increasing this

joint’s ROM. The current design of HEXORR is generally successful in producing full
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ROM of the hands’ digits and with a couple simple design changes this device will allow

full ROM for all of the hand’s digits.

7.2 Joint-Pair Coordination

The goal of the joint-pair coordination analysis was to ensure that the relative rotation of
the hand’s joints were physiologically accurate. Joint-pairs were categorized as joints
joined by metacarpals and phalanges. These coordination plots were constructed with the
proximal joint rotation along the x-axis and distal joint rotation along the y-axis. Paired
T-test comparisons resulted in no significant difference between the slopes of these
trajectories during extension movements performed inside and outside of HEXORR.
This indicates that the exoskeleton successfully emulated physiologically accurate

trajectories of the all of the hand’s digits.

7.3 Stroke Subjects

The stroke subjects were capable of actively extending of the hand’s digits within
HEXORR during the active-unassisted condition. Stroke subjects’ active ROM varied
widely and correlated with their impairment level, as judged by clinical assessment. For
instance, Subject 4 performed the worst in the Arm Motor Fugl-Meyer assessment and,

accordingly, had the lowest active ROM within HEXORR. All subjects produced torques



72
in the extension direction showing that the active-unassisted condition did not provide
overcompensation. Torque sensor data showed that many subjects unintentionally
activated their flexors during extension movements; this typically results in flexing the
hand’s digits. This condition was designed to halt any unintended flexion movements
during a designated extension movement. This mechanism is useful because it allows
subjects to focus on individually activating their extensor muscles at positions they are
normally incapable of reaching. Increasing the digits’ active ROM promotes neural

plasticity by creating a larger afferent signal to the brain sensorimotor areas [65].

The assistance provided during the active force-assisted condition successfully increased
the stroke subjects’ hand’s active ROM. We designed this condition so the provided
assistance was dependent on the motor current required to passively stretch the subject’s
digits. This approach directly counters muscle tone, one of the neural mechanisms shown
to impede hand extension. Providing assistive forces in the extension direction also
inherently helps to counteract the muscle weakness imbalance between the extensor and
flexor muscles. Generally, torque data showed that, even with assistance, stroke subjects
still actively extended their hand’s digits. For Subjects 4 and 5, the average thumb torque
values were negative, indicating that the assistive forces pulled the thumb open. This is
not ideal because it has been shown that providing too much assistance can encourage
patients to decrease their own physical effort during therapy [66, 67]. Ultimately, this

can decreases motor learning [68]. Our results and previous findings call for a more
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sophisticated algorithm to provide extension assistance. One potential approach is
developing an adaptive controller that can adjust the gain of the provided assistance
based on the subject’s needs [44, 69, 70]. This approach has proven successful in

prompting motor learning while reducing performance error [71].

7.4 Conclusion

We have designed a novel hand exoskeleton rehabilitation robot, HEXORR, for the
purpose of providing therapy to stroke survivors. This device has been designed to
provide full range of motion (ROM) for all of the hand’s digits. The thumb actuator
allows for variable thumb plane of motion to incorporate different degrees of
extension/flexion and abduction/adduction.  Compensation algorithms have been
developed to improve the exoskeleton’s backdrivability by counteracting gravity, stiction
and kinetic friction. We have also designed a force assistance mode that provides

extension assistance based on each individual’s needs.

Our pilot study shows that this device is capable of moving the hand’s digits through the
entire ROM with physiologically accurate trajectories. Stroke subjects received the
device intervention well and were able to actively extend and flex their digits inside of
HEXORR. Our active force-assisted condition was successful in increasing the subjects’

ROM while generally promoting active participation. We intend to develop a more
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sophisticated adaptive active-assistance algorithm to provide minimal assistance that

prompts motor learning while continuing to challenge the subject’s abilities.



CHAPTER 8:

CLINICAL THERAPY

The pilot study shows that this device is capable of allowing the hand to move through
the entire ROM with physiologically accurate trajectories. Also, stroke subject received
the device intervention well and were able to actively extend and flex their digits inside
of HEXORR. The active force-assisted condition was successful in increasing the
subjects’ active ROM while generally promoting active participation. These results
justify the use of HEXORR in a clinical therapy trial to investigate the efficacy of this
exoskeleton. This chapter will discuss the development of more sophisticated adaptive
active-assistance algorithm, the design of therapy exercises to be used in the trial, and the

initial results of the first two stroke subject participants.
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8.1 Performance-Based Adaptive Active-Assistance Algorithm

Based on the results of the pilot study, it was determined that a performance-based
automated adaptive active-assistance algorithm would provide a more robust therapy
experience for stroke subjects in some of the therapy exercises. During the pilot study,
extension assistance was modulated manually by the experimenter. The magnitude of the
gain was dependent on subject performance and feedback. However, this approach was
not entirely successful. For two of the subjects (Subject 4 and 5), the mean thumb torque
was in flexion direction during designated extension movements. This indicates that the
gain provided by the experimenter was too high and the thumb motor pulled the thumb

into extension.

It is important to tune the gain so that minimal assistance is provided, yet the patient feels
that it is possible to achieve the task’s goal and continues to actively participate in the
therapy exercises. There is a fine balance between challenging the subject, frustrating the
subject (too little assistance) and encouraging slacking (too much assistance). One
potential approach is developing an adaptive controller that can adjust the gain of the

provided assistance based on the subject’s needs.
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The adaptive strategy adopted by this study is of the form:

Gi+1 = Gj + g*e; (1)

The gain (Gj+q) is tuned iteratively after each extension movement. The updated gain is a
function of the previous gain (G;) and the kinematic error between the desired active
ROM and the achieved active ROM (gj). A gain factor (g) is applied to e; to adjust the
responsiveness of the gain updates. This factor was set to 0.005 and remained constant
for all patients. The advantages of using this performance-based adaptive active-
assistance algorithm is that it attempts to provide the minimum extension assistance
required for task completion and it does not rely on manual gain adjustment based on

experimenter observation and subject feedback.

8.2 Gate Game

The first therapy exercise developed for HEXORR is based on the principles of activity-
based therapy. This exercise focuses on repetitive, task-oriented (grasping) movements
and the goal of the exercise is to increase the active extension ROM of the fingers and
thumb. To further engage the patients, the exercise resembles an interactive video game.
A virtual wall approaches a cursor on the computer screen and points are awarded when

the patient successfully avoids the wall by positioning the cursor into the wall’s gate.
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Patients control the movement of a cursor on a computer screen by extending and flexing
the hand’s digits. Different versions of this game have been designed to focus on the
fingers or thumb active movements and also to incorporate synchronous finger and thumb
grasping. lllustrations of the Gate Game version that requires both finger and thumb

active movements can be viewed in Figure 8.1.

Similar to the pilot study, stroke subjects receive additional force assistance during the
extension phase. Again, this assistance is based on the mean motor current needed to
passively stretch the hand’s digits. However, the gain of this assistance is now tuned
with the performance-based adaptive active-assistance algorithm. The first 10 extension
movements of the exercise is deemed the ‘auto-gain phase.” During these movements the
assistance gain is automatically adjusted following each active extension movement
based on equation 1. Following the auto-gain phase, subjects play additional rounds of
the Gate Game (8 extension/flexion movements per round). Also, like the pilot study, any
involuntary flexion movement was halted during a designated extension movement and
the stroke subjects were able to try to extend their digits further from this point.
However, if the subject extends past the gate position, the subject is allowed to flex and

move the cursor back toward the gate.
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Figure 8.1 Display of different stages of the Gate Game including (A) finger (black) and
thumb (red) cursors in the initial positions with an approaching wall, (B) cursor control
by extending the fingers and thumb toward the wall’s gates, and (C) successful
completion of the task with points awarded.
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To appropriately challenge each patient during this therapy exercise, the experimenter
can change many parameters of the game after each round. These changes are based on a
rubric that considers the current parameter settings and subject performance (successfully
avoiding the wall). The adjustable parameters include gate position (desired active
extension ROM), gate width (movement accuracy), the speed of the approaching wall,
and the gain of the force assistance. Gate width can be set to either ‘wide’ (10° window
for fingers, 5° window for thumb) or ‘narrow’ (5° window for fingers, 2.5° window for
thumb). The speed of the incoming wall is adjusted in 1 second increments from a
duration for 7 seconds to 2 seconds. Table 8.1 outlines the rubric that guides parameter

changes for the Gate Game.
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Table 8.1

Gate Game Rubric

1) Performance-based Adaptive-Assistance Algorithm

a. 8 extension/flexion movements with gate position at full extension passive
ROM

b. Gain is initially set to 0.5 and is then updated based on previous gain and error
between achieved ROM and desired active ROM (gate position) after each
extension movement

2) Gate Game

a. Initial Settings: Gate Height set to 50% of passive ROM, Gate Width set to
‘Wide,” Gate Speed set to “7 seconds,” Assistance Gain set to gain derived
from automated adaptive-assistance algorithm

b. Every 8 trials: adjust gain based on subject performance
e 70% extension movement success: decrease Gain by 0.1
e 30% extension movement success: increase Gain by 0.05

c. Adjust other parameters if Gain reaches 1.5 or 0.2
e If Gain > 1.5 and extension movement success < 30%: decrease movement
length to match current extension range and return to step b

e |f Gain <0.2 and extension movement success > 70%: increase movement
length by 10% ROM and return to step b

e If Gain< 0.2 and extension movement success > 70% and ROM = max:
decrease wall speed by 1 sec (7 sec — 2 sec) and return to step b

e If Gain< 0.2 and extension movement success > 70%, ROM = max and
speed = 2: decrease Gate Width from ‘Wide’ to ‘“Narrow’ and set speed to
7 and return to step b
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8.3 Isometric Squeeze-Release Game

The second therapy exercise developed for HEXORR focuses on two of the major
impairments of the paretic hand: the inability to activate agonist extensor muscles [10,
11] and co-contraction of antagonistic pairs during extension [14]. This exercise is
designed as an interactive game that challenges a stroke patient to perform selective,
isometric flexion and extension torques following cues. Having the subjects follow a
flexion torque with an extension torque requires them to focus on relaxing their hyper-

active flexor muscles and then selectively activating the extensor muscles.

Initially, the motors of the robot move the MCP and PIP joints at 45° of extension and the
thumb CMC and IP at 10° and 45° of extension, respectively. The subject is asked to
relax the paretic hand and torque readings are recorded. These readings are used to
remove the torque sensor bias before starting the exercise. Afterward, the subject is
asked to perform maximum voluntary contractions (MVC) in the flexion direction.
These values are used to calibrate the scaling of torque production to the corresponding
cursors” movement. Although the digits are held in place by the robots, the torque values
control the movement of cursors on the computer screen. To play the game, the subject is
tasked with flexing their hand to move and hold the cursors within a horizontal channel.
Afterward, the subjects must relax their flexors and/or try and extend their digits to avoid

an incoming wall. Points are awarded for successfully avoiding the incoming wall.
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Subjects perform 5 flexion/extension torque repetitions per round. Illustrations of

different stages of the Isometric Squeeze-Release Game can be seen in Figure 8.2.

e

Figure 8.2 Display of different stages of the Isometric Squeeze-Release Game including
(A) finger (blue) and thumb (black) cursors in the initial positions outside of the
horizontal channel (green), (B) cursors moved into the channel by fingers and thumb
flexion torques, and (C) relaxation of the flexors and extension torques to successfully
avoid the incoming wall. Points are awarded for completion of the task.
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Similar to the Gate Game, the experimenter can change many parameters of this game
after each round to adjust the difficulty of the task based patient performance. These
changes are based on a rubric that considers the current parameter settings and subject
performance (successfully avoiding the wall). The adjustable parameters include the
required percentage of MVC to position the cursors with the horizontal channel, the
amount time the cursor must remain in the channel before the wall approaches the
cursors, the speed of the incoming wall and the height of the wall. Adapting these
parameters requires the subject to focus on different aspects of this task. Changing the
magnitude and duration of the flexion torque requires the patient to modulate their flexor
muscles. Increasing the speed of the incoming wall requires the subject to relax their
flexors and/or apply extension torque at faster rate. And increasing the height of the
incoming wall forces the subject to apply increasingly stronger extension torque. Ideally,
this exercise will help stroke patients learn how to modulate their flexor muscle activity
and quickly transition from flexion to extension. Table 8.2 outlines the rubric that guides

parameter changes for the Isometric Squeeze-Release Game.
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Isometric Squeeze-Release Rubric

1. Torque Calibration

a.

Record and input torque values with relaxed fingers and thumb positioned
at 45° and 10°, respectively.

2. Maximum Voluntary Contraction

a.
b.

C.

Motors position fingers and thumb at 45° and 10°, respectively.
Patient performs two maximal flexion torques.

Record and input mean torque values.

3. Isometric Squeeze-Release Game

a.

Initial Settings: Channel Position set to 25% MVC, Activation of Wall occurs
when cursors are within channel for 1 second, Wall Height set to 0% MVC,
Wall Speed set to 7 seconds

Every 5 trials, adjust gain based on subject performance

If the success of the 5 attempts is < 40%: decrease Wall Height to match
current extension torque levels

If the success of the 5 attempts is > 60%: increase Wall Height by 5%
MVC

If the success of the 5 attempts is > 60% and Wall Height is 50% MCV:
increase Wall Activation time by 1 second, up to 3 seconds.

If the success of the 5 attempts is > 60%, Wall Height is 50% MCV and
Wall Activation time is 3 seconds: increase Channel Position by 25%
MVC

If the success of the 5 attempts is > 60%,Wall Height is 50% MCV and
Channel Position is 75% MVC, increase Wall Speed from 7 seconds to 2
seconds in 1 second increments
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8.4 Experimental Protocol and Initial Results

The subject accrual goal for this study is 10 stroke subjects. Currently, two subjects have
completed their hand therapy session using HEXORR. This section will discuss the
experimental protocol of the study and report the initial active ROM results of the two

subjects that have completed therapy.

Study inclusion criteria required a first ischemic or hemorrhagic stroke occurring more
than 3 months prior to acceptance into the study, some proximal upper extremity
voluntary activity at the shoulder and elbow, and trace ability to control movement at the
wrist, MCP and PIP joints in extension. Exclusion criteria included excessive pain in any
joint of the affected extremity that could limit ability to cooperate with the protocols,
serious uncontrolled medical problems as judged by the project therapist, and a full score

on the hand and wrist sections of the Fugl-Meyer motor function test.

Before using the robot, stroke subjects were clinically evaluated. Upper extremity
movement impairments were evaluated with the Action Research Arm Test and the Fugl-
Meyer motor function test. Muscle tone was measured at the elbow, wrist and fingers
with the Modified Ashworth Scale. Electromyographic muscle activity of an extrinsic
finger flexor muscle (flexor digitorum superficialis), two extrinsic extensor muscles

(extensor digitorum communis, extensor indicis proprius) and a thumb abductor muscle
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(abductor pollicis brevis) were recorded for each subject’s first and last day of therapy. A

90 day clinical evaluation follow-up will also be performed.

Therapy duration lasts for 6 weeks, 2 hours a day, 3 days a week. Each daily therapy
session starts with a few minutes of passive stretching. The average motor current
required to stretch the hand’s digits are recorded and used to provide extension assistance
during the Gate Game exercise. After passive stretching, subjects interact with the Gate
Game. Approximately 20 rounds of active force-assisted hand extension/flexion
movements are performed each day (120-160 total movements). During this exercise, the
experimenter is continually adjusting the aforementioned parameters to maintain a
challenging, but not frustrating, experience for the participant. Then the subject performs
around 7-10 rounds of the Isometric Squeeze-Release Game (35-50 flexion/extension
torque exercises). Again, after each round, parameters are changed according to subject
performance. Two subjects have completed their hand therapy using HEXORR and their

progression will be summarized below.

During therapy, both subjects showed improvements in Gate Game performance. For
Subject 1’s first therapy session, she consistently achieved greater than 50% successful
movements with the finger extension gate positioned at 40° and an assistance gain of
0.95. And she performed greater than 50% successful movements with the thumb

extension gate positioned at 7° of CMC (30° IP) rotation at an assistance gain of 0.975.
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The gate speed was at its lowest setting (7 seconds). By her last therapy session, she
performed over 50% successful extension movements with the finger extension gate
positioned at 50° at an assistance gain of 0.6. And she achieved greater than 50%
successful movements with the thumb extension gate positioned at 10° of CMC rotation
(45° IP) at an assistance gain of 0.3. Also the speed of the gate was increased by one
second. By the end of therapy, Subject 1 was able to extend her fingers 25% further and
required approximately 60% less assistance. She was also able to extend her thumb 75%
further with a 225% assistance reduction. Subject 2 entered the study with full active
ROM of the fingers, but with impaired thumb active ROM. With the Gate Game, Subject
2 was able to extend his fingers fully but required an assistance gain of 1.0 to extend his
CMC 14° (IP 63°) with a gate speed of 7 seconds. By the end of therapy, Subject 2 was
able to extend his CMC about 17° (77° IP) with the gate speed increased to its highest
setting (2 seconds) and the gate width set to ‘narrow.” Subject 2’s final performance
showed a 21% increase in thumb active ROM without any assistance required. He also
increased the speed of his movements by at least 5 seconds and showed greater endpoint

accuracy.

Like the Gate Game, the subjects’ performance improved while interacting with the
Isometric Squeeze-Release Game. On her first day, Subject 1 was not able to fully relax
her flexors. She displayed 75% flexor relaxation with a wall speed of 7 seconds. By the

end of therapy, Subject 1 was able to fully relax her hand (0.01 MVC relaxation) to avoid
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an incoming wall at speeds of 2 seconds. Although she wasn’t able to exhibit increased
extensor activity during this exercise, Subject 1 was able to fully relax her flexors at a
much faster rate. Subject 2’s initial performance was better than Subject 1. He was able
to fully relax his hand and extend his digit to about 25% flexor MVC to avoid an
incoming wall of 4 seconds. By the end of therapy, Subject 2 was able to consistently
transition from full flexion to full extension torques to avoid an incoming wall with a

speed of 2 seconds.

One of the preliminary assessment measures for the stroke subjects after therapy is the
change in active ROM during the active-unassisted movement sessions. The mean active
ROM progression for both subjects during the active-unassisted sessions can be viewed
in Figure 8.3. Subject 1 began the study with approximately 20° of MCP and PIP active
ROM and 3° and 13° of active CMC and IP ROM, respectively. By the end of therapy,
her active ROM increase to 40° of finger MCP and PIP rotation and 10° and 45°f thumb
CMC and IP joints rotation, respectively. Subject 2 was capable of full finger active
ROM at the inception of therapy, however thumb active ROM was only 5° and 25° for the
thumb’s CMC and IP joints, respectively. At his last therapy session, Subject 2 was able

to rotate his thumb by 20° and 90° for the CMC and IP joints, respectively.
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Figure 8.3 Mean active-unassisted ROM for Subject 1 and 2 during 6 weeks of training

us

ing HEXORR.

For Subject 1, active ROM increased 100% (20° MCP and PIP

rotation) for the fingers (A) and 300% (10° CMC, 45° IP) for the thumb (B). Subject 2
entered the trial with full active finger ROM (C), and thumb (D) active ROM increased
400% (15° CMC, 68° IP).
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Although the results of this study are only preliminary, they are quite promising. Each
subject showed significant progression in both the Gate Game and Isometric Squeeze-
Release Game. More importantly, this progression translated into a marked increase in
active ROM for their impaired digits during the active-unassisted trials. Subject 1
increased her active finger ROM by 100% (20°) and her thumb active ROM by 300%
(10° CMC, 45° IP). Subject 2 increased his thumb active ROM by nearly 400% (15°
CMC, 68° IP). A larger subject pool and more rigorous analysis of data are required
before any conclusions can be made about the efficacy of HEXORR. However, the
results of these initial subjects show that the chosen therapy exercises are successful in

increasing the stroke subjects’ active ROM for both the fingers and thumb.



CHAPTER 9:

CONCLUSION

9.1 Study Summary

After therapy intervention, the majority of stroke survivors are left with a poorly
functioning hemiparetic hand. Rehabilitation robotics has shown great promise in
providing patients with intensive activity-based therapy leading to functional gains.
Because of its crucial role in performing activities of daily living, attention to hand

therapy has recently increased.

We have designed a novel hand exoskeleton rehabilitation robot, HEXORR, for the
purpose of providing therapy to stroke survivors. This device has been designed to
provide full ROM for all of the hand’s digits. The thumb actuator allows for variable

thumb plane of motion to incorporate different degrees of extension/flexion and

92
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abduction/adduction. Compensation algorithms have been developed to improve the
exoskeleton’s backdrivability by counteracting gravity, stiction and kinetic friction. We
have also designed a force assistance mode that provides extension assistance based on

each individual’s needs.

Our pilot study shows that this device is capable of moving the hand’s digits through the
entire ROM with physiologically accurate trajectories. Stroke subjects received the
device intervention well and were able to actively extend and flex their digits inside of
HEXORR. Our active-assisted condition was successful in increasing the subjects’ ROM

while generally promoting active participation.

It is argued that the results of the pilot study justify a clinical trial to investigate the
efficacy of HEXORR. A more sophisticated performance-based adaptive assistance
algorithm was developed to tune the assistance gain for one of the therapy exercises.
Two therapy modes were developed following contemporary physical therapy rationale.
These therapy exercises were designed to specifically target the neurologically mediated
impairments of the paretic hand. The Gate Game is designed to strengthen the paretic
hand’s weak extensor muscles through repetitive task-oriented movements. The
Isometric Squeeze-Release Game focuses on involuntary co-activation of the weak
extensors and stronger flexor muscles. Subjects learn how to transition from flexion by

relaxing the flexors and then independently activating the extensor muscles.
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Both clinical trial subjects showed substantial progression in both the Gate Game and
Isometric Squeeze-Release Game. More importantly, this progression translated into a
marked increase in active ROM of their paretic hand during the active-unassisted trials.
The results of these initial subjects show that the chosen therapy exercises are successful

in increasing the stroke subjects’ active ROM for both the fingers and thumb.

9.2 Limitations and Future Considerations

Although the mechanical design of HEXORR meets the general design criteria of this
project, the device can be improved. Currently, HEXORR can only interact with a
subject’s right hand. The right hand was chosen because it is typically the dominant hand
and it is believed that impairments in the dominant limb would be more debilitating to a
stroke survivor. However, redesigning HEXORR to accommodate both hands would

allow the device to assist a larger stroke population.

9.2.1 Left Hand Design

Using SolidWorks® CAD software, HEXORR has been redesigned to accommodate

both right and left hands. A left handed modular finger assembly has been designed and

can be viewed in Figure 9.1.A. This assembly uses the same general four-bar linkage
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configuration and finger-exoskeleton interfaces as the right hand assembly (Figure
9.1.B). However, the left hand assembly links are positioned so that the linkage rotates
with the same trajectory as the original right hand assembly, but in the opposite direction.
This design allows a participant to use HEXORR with the left hand by approaching the

device on the same side of the table, but facing the opposite direction as a right hand user.

Figure 9.1 Design of a modular left hand finger assembly (A) able to replace the original
right hand finger assembly design (B) to include participants with impaired left hands.
These modular assemblies can be removed from and affixed to HEXORR’s base (C) by
using three screws (red) and by engaging the assembly’s drive shaft to the shaft coupler

(green).



96
The two modular finger assemblies are easily interchangeable. Both assemblies can be
anchored and removed from HEXORR’s base (Figure 9.1.C) with three socket head cap
screws. These screws are shown on HEXORR’s base and highlighted red in Figure
9.1.C. The finger assembly surface that lies flush against the table-top base is also
highlighted red in Figures 9.1.A and 9.1.B. Once a chosen finger assembly is secured
onto the base, the assembly’s drive shaft (Figures 9.1.A and 9.1.B), highlighted in green,
is engaged by sliding it into the main shaft coupler (Figure 9.1.C, green highlight) and

tightening the coupler.

The thumb component has also been redesigned to accommodate left hand users. To
convert the thumb component for left hand use, the entire crank-slider linkage is rotated
about the main drive shaft and anchored to the intermediate base. This is achieved in
three steps. First, the two vertical linear bearing supports are released from the
intermediate base via the four screws highlighted in red shown in Figure 9.2.A. Then, a
set screw is loosened and the drive shaft (blue) and vertical supports (yellow) are all
rotated about the main motor shaft (Figure 9.2.B). Finally, the IP digit interface (orange)
is rotated and reattached to the distal link with the two screws highlighted in purple

(Figure 9.2.C).



97

Figure 9.2 The thumb component redesigned to accommodate left hand users. The
thumb component is converted for left hand use by releasing the linear bearing’s supports
via the four (red) screws (A). A set screw is loosened and the drive shaft (blue) and
vertical supports (yellow) are all rotated about the main shaft (B). Finally, the IP digit
interface (orange) is rotated and reattached with two screws (purple) (C). The completed
left hand modification is shown in D.
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9.2.2 HEXORR Range of Motion

Designing an exoskeleton to assist hand movements is difficult because of the many
degrees of freedom. For simplicity, the design of this exoskeleton sacrifices some of the
natural degrees of freedom of the hand. The finger component moves all four fingers in
bulk. This allows for training of gross finger movements, such as grasping, but it does
not allow the subjects to focus of moving individual digits and practice fine motor tasks.
The pilot study also indicates that, for unimpaired subjects, 3 of the fingers’ 12 joints had
less active ROM inside of HEXORR than outside of the device. It is believed that the
flexion mechanical stop prevents the 4" and 5" digits” MCP joints from fully flexing,
thereby reducing the overall ROM (though extension range is not reduced). Also, bulk
strapping the 5™ digit’s intermediate phalanx was troublesome and this led to decreased

ROM in this digit’s PIP joint.

Although the thumb device allows full active planar ROM, the device reduces the degrees
of freedom of the thumb’s CMC spherical joint. However, for most function tasks, the
thumb does move along a chosen plane. Depending on the plane of motion, different
amounts of extension/flexion and abduction/adduction are required. Accordingly, the

thumb device was designed to allow thumb movement along different planes.
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Another design limitation is that HEXORR is a table top device. This inherently reduces
the type of training a patient can receive while using the device. Training with HEXORR
focuses solely on the hand’s digits, while the elbow and shoulder are essentially
immobile. Many ADLSs require movements such as ‘reach to grasp.” These functional

movements require coordination of the shoulder, elbow and hand to perform a task.

9.3 Conclusion and Future Directions

A number of hand therapy devices have been developed and initial pilot data indicates
promising therapeutic results [46-57]. However, although there are many different
approaches to achieve the same goal (increase active extension ROM), there were
common issues with these devices. The general issues include: i) limited ROM ii) partial
control of the hand iii) basic controllers designed to provide therapy. HEXORR was
developed to address these limitations in an attempt to increase the therapeutic potential
of rehabilitation robotics for the hand. As an exoskeleton, HEXORR maximizes hand
control by guiding the movements of every finger’s MCP and PIP joints and the rotation
of the thumb. The pilot study performed on unimpaired subjects indicates that HEXORR
allows physiological hand movements throughout the digits’ full ROM. The therapy
modes for HEXORR were designed to specifically address the neurological impairments
following stroke. The Gate Game combines a feed-forward force assistance mode with a

feedback controller to help increase the active ROM of the stroke subjects’ digits. The
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feed-forward component includes gravity and friction compensation and a tunable,
position dependent force assistance profile that is tailored to each subject’s tone level. If
the subject is unable to achieve full active ROM with the provided feed-forward
assistance, the therapist is able to complete the motion via a PID feedback controller.
The Isometric Squeeze and Release Game was designed to help subjects practice
deactivating the hyperactive flexor muscles and subsequently activate the less responsive,
weaker extensor muscles. It is believed that designing an exoskeleton that maximizes the
ROM and control of the hand’s digits combined with sophisticated controllers developed
to specifically target the neurological impairments of stroke patients will result in

improved therapeutic outcomes.

The presented clinical therapy data is preliminary and the work in ongoing. A larger
subject pool and more rigorous analysis of data are required before any conclusions can
be made about the efficacy of HEXORR. This small clinical study will include a total of
5 stroke participants and the study includes a number of assessment measures. Clinical
assessment is performed by an occupational therapist at therapy initiation and cessation,
with a 90-day follow-up assessment. The chosen clinical assessments include the box
and block test of manual dexterity, the Fugl-Meyer Assessment, the Action Research
Arm Test and the Modified Ashworth Scale. Electromyographic activity of extrinsic
flexors, extensors and abductors are recorded during the first and final days of therapy.

Also active ROM analysis is performed with the robot during active-unassisted trials and
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outside of the device using the CyberGlove 1I®. It is unknown, which, if any,
assessments will show significant improvement in hand function following therapy with
HEXORR. However, the initial active ROM data from the first two subjects indicate
increased active ROM after using HEXORR for therapy. If the results of this clinical
trial show that therapy intervention with HEXORR results in positive functional gains,
the results will justify a larger clinical trial designed to compare the benefits of therapy
with HEXORR against dosage matched control subjects that receive contemporary

therapy through an occupational therapist.



APPENDIX A:

LINKAGE SIMULATION AND FORCE

ANALYSIS CODE

This Appendix contains the MATLAB® script code used to synthesize and analyze the
finger and thumb linkages. The code begins with calculating an array of possible finger
linkage configurations, followed by a ROM simulation and mechanical advantage
calculations per iteration. HEXORR’s finger linkage design was chosen by considering
the general linkage configuration and its given mechanical advantage. Afterward, code is
presented that simulates the rotation of the thumb linkage and a force analysis per
iteration. The results of these calculations justify the use of a slider mechanism to replace
the thumb linkage’s follower link. A more detailed explanation of this code’s rationale
and the results of the calculations can be reviewed in section 3.1 Mechanical Design of

the Finger Component and section 3.2 Mechanical Design of the Thumb Component.
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%Investigate/Optimize the finger component’s 4-bar linkage

%Given the positions of the drive link (ground joint as origin) and the
%the joint connecting drive link and coupler link and 3 sets of angular
%rotations investigate the optimal position of the follower ground and
%coupler/follower joint

clear all
clc

%Define initial 4 bar linkage parameters and three linkage positions
%Iengths are in inches, angles in degrees

prompt={'Enter MCP length:','Enter PIP length:"...

'Enter 1st Drive link position (angle),...

'Enter 2nd Drive link position (angle)'...

'Enter 3rd Drive link position (angle)'...

'Enter 1st Coupler link position (angle)'...

'Enter 2nd Coupler link position (angle)'...

'Enter 3rd Coupler link position (angle)};
name='"Parameters’,
numlines=1;
defaultanswer={'1.75','1.25''0",'-45','-90",'0",'-90","-180'};
answer=(inputdlg(prompt,name,numlines,defaultanswer));
parameter=str2double(answer);

mcp=parameter(1,1); %length of MCP (inches)
pip=parameter(2,1); %length of PIP (inches)

D_Grd=[0;0;0]; %grd pt of D link is set to origin
d_link=[0;-parameter(1,1);0]; %vector form
c_link=[parameter(2,1);0;0]; %vector form

%choose the 3 linkage positions
d_theta=[parameter(3,1),parameter(4,1),parameter(5,1)];%0 degrees = flexed,
%-90 degrees = open hand
c_theta=[parameter(6,1),parameter(7,1),parameter(8,1)];%0 degrees = flexed,
%-180 degrees = open hand
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%create an array of x,y cartesian coordinates for many possible
%coupler-follower joint locations at the flexed hand position after finding a good
%general location for CF joint (via graphical analysis)
for i=1:10

for j=1:10

temp_grid(i,j,:)=[1*0.1,j*0.1]; %temporary grid to be manipulated

end
end
grid(:,:,1)=-temp_grid(:,:,1)-1;%bias x components for grid to the opposite
%side of the Ftip position
grid(:,:,2)=-temp_grid(:,:,2)+.6;%shift the y origin of the grid
Y%proportional to the position of DC joint

total_configs=i*j; %total number of linkage configurations to be analyzed

%Calculate the 3 thru-points of the CF joint at the 3 designated linkage
%position
a=0; b=0; c=0; %dummy variables
for i=1:3 % number of designated linkage positions
for j=1:10
for k=1:10
a=a+1; %dummy counter
cf_link(:,:,a)=[grid(k,j,1);grid(k,j,2);0]; %vectors of CF joint positions

%find the 'coupler link deflection’ angle from CF joint to CD joint via dot product
c_link_theta(a,1)=acosd((cf_link(:,:,a)*c_link)/(norm(cf_link(:,:,a))...
*norm(c_link)));

%find the rotation matrices for the designated linkage positions

d_rotation_matrix(:,:,i)=[cosd(d_theta(1,i)) -sind(d_theta(1,i)) O;...
sind(d_theta(1,i)) cosd(d_theta(1,i)) 0; 0 0 1];

c_rotation_matrix(:,:,i)=[cosd(c_theta(1,i)) -sind(c_theta(1,i)) O;...
sind(c_theta(1,i)) cosd(c_theta(1,i)) 0; 0 0 1];

%find the rotated vectors
rotated_d_link(:,:,i)=d_rotation_matrix(:,:,i)*d_link;
rotated_c_link(:,:,i)=c_rotation_matrix(:,:,i)*c_link;
rotated_cf _link(:,:,a)=c_rotation_matrix(:,:,i)*cf_link(:,:,a);
%organize the thru_pt data by separating the 1st, 2nd and 3rd thru pts
if a<=100
cf_1st thru_pt(:,:,a)=rotated_d_link(:,:,i)+rotated _cf_link(:,:,a);
end
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if a>100 && a<=200

b=b+1,;
cf_2nd_thru_pt(:,:,b)=rotated_d_link(:,:,i)+rotated_cf_link(:,:,a);

end

if a>200 && a<=300

c=c+1,
cf_3rd_thru_pt(:,:,c)=rotated_d_link(:,:,i)+rotated_cf_link(:,:,a);

end

end

end

end

CF_joint=cf_1st_thru_pt; %the position of the coupler/follower joint at
%the flexed hand position
DC_joint=rotated_c_link+rotated_d_link; %the position of the driver/coupler
%joint at the 3 designated linkage positions

%Rationale: 1) Calculate the midpoints of the 2 segments created by the 3
%thru-points of joint CF. 2) Calculate the slope of these 2 segments

%and find (-m”"-1), which is the slope of the perpendicular bisector.
%Using midpoint X,y coords, find y-intercept &solve for X,y of intersection
%point of the bisectors giving the follower link ground position

%Calculate midpoints of the 3 trajectory points

for i=1:total_configs

midptl(:,:,i)=[(cf_1st_thru_pt(1,1,i)+cf_2nd_thru_pt(1,1,i))/2;...
(cf_1st_thru_pt(2,1,i)+cf _2nd_thru_pt(2,1,i))/2];

midpt2(:,:,i)=[(cf_2nd_thru_pt(1,1,i)+cf_3rd_thru_pt(1,1,i))/2;...
(cf_2nd_thru_pt(2,1,i)+cf _3rd_thru_pt(2,1,1))/2];

%Find the slope for the 2 segments formed by through points of CF joint

slope_thru_pts(i,1)=(cf_1st_thru_pt(2,1,i)-cf_2nd_thru_pt(2,1,i))/...
(cf_1st_thru_pt(1,1,i)-cf _2nd_thru_pt(1,1,i));

slope_thru_pts(i,2)=(cf_2nd_thru_pt(2,1,i)-cf_3rd_thru_pt(2,1,i))/...
(cf_2nd_thru_pt(1,1,i)-cf_3rd_thru_pt(1,1,i));

%Perpendicular slope of thru pt segments is its negative reciprocal
slope_bisector(i,:)=[-1/slope_thru_pts(i,1); -1/slope_thru_pts(i,2)];

%Given line segments’ midpoint coords and slope, solve for y-intercept
right_side(i,1)=midpt1(2,1,i)-slope_bisector(i,1)*midpt1(1,1,);
right_side(i,2)=midpt2(2,1,i)-slope_bisector(i,2)*midpt2(1,1,i);
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%Solve for the point of intersection of the perpendicular bisectors

%using y-mx=b..... A =-mx+y, B =y intercept

%following [-m1 1; -m2 1]*[x;y]=[b1;b2]
left_side(:,:,i)=[-slope_bisector(i,1) 1; -slope_bisector(i,2) 1];

%position of the follower link ground point
tempF=left_side(:,:,i)\right_side(i,:)";
F_Grd(:,:,i)=[tempF(1); tempF(2); 0];

end

clearijab c ktemp_grid answer defaultanswer numlines name prompt ...
parameter

%Finger linkage simulation and force analysis

%Calculate the moment arm about the drive shaft of a force applied normal to the coupler
link via the fingertips at each 4 bar linkage joint configuration
%see picture: joint_description.ppt for link labels

%ROTATION SIMULATION

%coordinate frame, left is +, down is +
for j=1:100
a=-d_link;
r=[-1,0;0]; %initial position of coupler 'extension’
d=-F_Grd(:,:,j); % imaginary ‘fourth bar' between Follower and Driver grounds
b=-CF_joint(:,:,j)+d_link; %segment joining CF and DC joints

P=a+b; %vector addition solving for vector from Driver link ground to CF joint
c=P-d; %vector subtraction solving for follower link initial position (c)

F=[0;1,0];

H=[0;0;0];

dangle=-pi()/2;

Rn90=[cos(dangle) -sin(dangle) 0;sin(dangle) cos(dangle) 0; 0 0 1];
%3D rotation matrix (-90)

dangle= pi()/2;

Rp90=[cos(dangle) -sin(dangle) 0;sin(dangle) cos(dangle) 0; 0 0 1];
%3D rotation matrix (+90)

for i=0:1:9 %rotate linkage by steps of 5 degrees from closed to
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%open hand (90 degrees total ROM)
if i==0;
dangle=0;
else
dangle=-10*pi()/180; %5 degrees => radians
end
R=[cos(dangle) -sin(dangle) 0;sin(dangle) cos(dangle) 0; 0 0 1];
a=R*a; %rotate a (D_link)in 5 degree increments
e=a-d; %vector from F_grd to DC_joint

%t1 and t2 are the segments created along e by the orthogonal bisector
%from the CF_joint (p) to vector e. t3 is the vector of that bisector

%t2 was solved with pythagorean therom of 2 triangles created by 1) t1,
%t3 and C and 2) t2, t3 and B
t2=(norm(c)"2-norm(b)"2-norm(e)"2)/(-2*norm(e));
tl1=norm(e)-t2; %t1 is simply e - t2 length
t3=sqgrt(norm(c)"2-t1"2); %now t1,t2 are solved for: t3 = solved via
%Pythagorean theorm of triangle t1,t3,C
Pn=d + t1*e/norm(e) + t3*Rn90*e/norm(e); %Rn = negative rotation
Pp=d + t1*e/norm(e) + t3*Rp90*e/norm(e); %Rp = positive rotation
if norm(Pn-P)<norm(Pp-P)

P=Pn;
else

P=Pp;
end
bold=b;
b=P-a;
c=P-d;
%storing rotated linkage vectors
a_stored(i+1,:)=a’; %driver link
b_stored(i+1,:)=b"; %segment from CF joint to DC joint
c_stored(i+1,:)=c"; %follower link
P_stored(i+1,:)=P"; %segment from driver ground to CF joint

%FORCE ANALYSIS

%solving for magnitude and directionality of pheta (angle between b_old and
%b)

delta=b-bold; %delta is the vector from the head of vector bold at iteration i
%to the head of vector b at iteration i+1 (5 degree rotation of vector
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% a)
pheta=2*asin(norm(delta)/(2*norm(bold))); %angle between bold and b by position
change
%of delta
temp=cross(bold,b); %if cross product of bold and b is negative pheta is negative
if (temp(3)<0)
pheta=-abs(pheta);
else
pheta=abs(pheta);
end

RR=[cos(pheta) -sin(pheta) 0;sin(pheta) cos(pheta) 0; 0 0 1];
F=RR*F;
r=RR*r,;
temp=cross(r,F);
H(1)=-temp(3)/(b(1)*c(2)/c(1)-b(2));
H(2)=c(2)*H(1)/c(1);
M(i+1,:)=-cross(a,F+H);
r_stored(i+1,:)=r"
F_stored(i+1,:)=F";
pheta_stored(i+1,:)=pheta;

end

Msave(:,))=M(:,3);

%set up variables (vectors) to be graphed
TrajectoryX(:,1,j))=-a_stored(:,1)*2.54;
TrajectoryX(:,2,j)=-P_stored(:,1)*2.54;
TrajectoryX(:,3,j)=-c_stored(:,1)*2.54;
TrajectoryX(:,4,))=-r_stored(:,1)*2.54;
TrajectoryY(:,1,j))=-a_stored(:;,2)*2.54;
TrajectoryY(:,2,))=-P_stored(:,2)*2.54;
TrajectoryY(:,3,j)=-c_stored(:;,2)*2.54;
TrajectoryY(:,4,))=-r_stored(:,2)*2.54;
% b_stored(:,1) P_stored(:,1) r_stored(:,1)];
end

k=51; %choose a linkage configuration to be graphed, configuration 51 was saved
figure();

Title('Finger Linkage Simulation’);

xlabel('position (cm)"); ylabel('position (cm)?);

legend('show’)
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legend('driver link','follower link', ‘coupler link');

axis([-7.54-7.51));

d=F_Grd(:,:,k);

for L=1

line([0; TrajectoryX(L,1,k)],[0; TrajectoryY(L,1,k)],'LineWidth",4);
line([TrajectoryX(L,1,k); TrajectoryX(L,2,k)],[ TrajectoryY(L,1,k); TrajectoryY(L,2,k)],'C
olor','r','LineWidth',4);

line([TrajectoryX(L,2,k);d(1)*2.54],[ TrajectoryY(L,2,k);d(2)*2.54],' Color','black’,'LineW
idth',4);
line([TrajectoryX(L,1,k); TrajectoryX(L,1,k)+
TrajectoryX(L,4,k)],[ TrajectoryY(L,1,k);TrajectoryY(L,1,k)+TrajectoryY(L,4,k)],'Color’,
'red’,'LineWidth',4);

end

for L=2:10
line([0; TrajectoryX(L,1,k)],[0; TrajectoryY(L,1,k)],'LineWidth',2);
end

for L=2:10

line([TrajectoryX(L,1,k); TrajectoryX(L,2,k)],[ TrajectoryY(L,1,k); TrajectoryY(L,2,k)],'C
olor','r','LineWidth',2);

end

d=F_Grd(:,:,k)*2.54;

for L=2:10

line([TrajectoryX(L,2,k);d(1)],[ TrajectoryY(L,2,k);d(2)],'Color','black’,'LineWidth',2);
end

for L=2:10

line([TrajectoryX(L,1,k); TrajectoryX(L,1,k)+
TrajectoryX(L,4,k)],[TrajectoryY(L,1,k);TrajectoryY(L,1,k)+TrajectoryY(L,4,k)],'Color’,
'red’,'LineWidth',2);

end
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%Thumb linkage simulation and force analysis

a=[0;2.5;0]; %long_link
r=[1;0;0]; %distal_link
z=[-0.5;0;0]; %slider _link
F=[0;1,0];

H=[0;0;0];
grd_pos=[0;0;0];

%coordinate frame, right is +, down is +
for i=0:1:18
n=i+1;
if i==0;
angle_a=0;
angle_r=0;
angle_z=0;
else
angle_a=-5*pi()/180;
angle_r=-20*pi()/180;
angle_z=-20*pi()/180;
end
R_a=[cos(angle_a) -sin(angle_a) 0;sin(angle_a) cos(angle_a) 0; 0 0 1];
R_r=[cos(angle_r) -sin(angle_r) 0; sin(angle_r) cos(angle_r) 0; 0 0 1];
R_z=[cos(angle_z) -sin(angle_z) O; sin(angle_z) cos(angle_z) 0; 0 0 1];
a=R_a*a;
r=R_r*r;
zold=z;
z=R_z*z,

a_stored(i+1,:)=a’;

r_stored(i+1,:)=r"

z_stored(i+1,:)=z"
theta_a(i+1,1)=acosd(dot(a,a_stored(1,:)")/(norm(a)*norm(a_stored(1,:))));
theta_r(i+1,1)=acosd(dot(r,r_stored(1,:)")/(norm(r)*norm(r_stored(1,:)"));
theta_z(i+1,1)=acosd(dot(z,z_stored(1,:)")/(norm(z)*norm(z_stored(1,:))));

coords(i+1,:)=[-z_stored(i+1,1)-a_stored(i+1,1), -z_stored(i+1,2)-a_stored(i+1,2)];
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%Thumb linkage force analysis

delta=z-zold; %delta is the vector from the head of vector bold at iteration i
%to the head of vector b at iteration i+1 (5 degree rotation of vector
% a)
pheta=2*asin(norm(z)/(2*norm(zold))); %angle between bold and b by position
change
%of delta
temp=cross(zold,z); %if cross product of bold and b is negative pheta is negative
if (temp(3)<0)
pheta=-abs(pheta);
else
pheta=abs(pheta);
end
pheta_save(i+1,1)=pheta;

RR=[cos(pheta) -sin(pheta) 0;sin(pheta) cos(pheta) 0; 0 0 1];
F=RR*F;

rr=RR*r;

temp=cross(rr,F);

H(1)=-temp(3)/(z(1)*coords(2)/coords(1) - z(2));
H(2)=(coords(2)*H(1))/coords(1);

M(i+1,:)=-cross(a,F+H);

end
p=polyfit(coords(13:19,1),coords(13:19,2),1);
Regress=corrcoef(coords(13:19,1),coords(13:19,2));
Fit_Coeff=Regress(1,2);

est_slot_length=realsqrt((coords(13,1)-coords(19,1))"2 + (coords(13,2)-
coords(19,2))"2);
%SI conversion

a_stored=a_stored*2.54;

r_stored=r_stored*2.54;

z_stored=z_stored*2.54;

figure();
hold on
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axis([-10 1 -6 1]); %in inches
fori=13 %13
Title('Thumb Linkage Simulation')
xlabel('position (cm)); ylabel('position (cm)’);
line([0; -a_stored(i,1)],[0;-a_stored(i,2)],'Color','blue’,'LineWidth',4);
line([-a_stored(i,1);-r_stored(i,1)-a_stored(i,1)],[-a_stored(i,2);-r_stored(i,2)-
a_stored(i,2)],'Color','red",'LineWidth',4)
line([-a_stored(i,1);-z_stored(i,1)-a_stored(i,1)],[-a_stored(i,2);-z_stored(i,2)-
a_stored(i,2)],'Color','black’,'LineWidth',4)
end
for i=14:19 %13
Title('Thumb Linkage Simulation’)
xlabel(‘position (inches)'); ylabel('position (inches)’);
line([0; -a_stored(i,1)],[0;-a_stored(i,2)],'Color','blue’,'LineWidth',2);
line([-a_stored(i,1);-r_stored(i,1)-a_stored(i,1)],[-a_stored(i,2);-r_stored(i,2)-
a_stored(i,2)],'Color','red",'LineWidth',2)
line([-a_stored(i,1);-z_stored(i,1)-a_stored(i,1)],[-a_stored(i,2);-z_stored(i,2)-
a_stored(i,2)],'Color','black’,'LineWidth',2)
end
hold off

figure();

hold on

axis([-5 1 -3 1]); %in inches
for i=13:19

plot (coords(i,1),coords(i,2),'0",'Color','black’,'MarkerSize',6)
end

hold off
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