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ABSTRACT

Assist-as-needed (AAN) robotic rehabilitation therapy promotes neural plasticity and
motor coordination through active participation in functional task. The technique
significantly improves recovery of lost neural function following neurological
impairment such as stroke. A key component of this strategy is to provide robotic
assistance to the patients only as it is needed. Thus, accurate estimation of the patients’
functional or movement ability (FA) is required to adequately evaluate the patients’ need
for robotic assistance or the amount of assistance torque to be provided. However,
several strategies have shown inconsistencies in their estimation techniques and often
significantly influenced by interferences and disturbances from the robotic device,
making them unsuitable for clinical applications. The previous methods are also not
related to clinical assessment scales in clinical practice. This study proposes an assist-
as-needed (AAN) control strategy for robotic rehabilitation based on a new formulated
Functional Ability Index (FAI) which adequately estimates patients’ functional ability
task. The formulated FAI starts with statistical normalization function (FAIn) and then
extended to apply a z-spline curve (FAIS) to estimate patient’s movement ability based
on the quality of movement (QoM) and the time score (TS) of the patient in each
functional task. The approach is defined to be consistent with popular clinical method
such as Wolf Motor Function Test (WMFT) and Action Research Arm Test (ARAT). A
baseline low-level Linear Quadratic Gaussian (LQG) torque controller with integral
action for robustness is integrated to the AAN controller to physically provide low-level
torque assistance on the elbow and shoulder joint during reaching tasks. The overall
strategy is automated by a hybrid finite state automaton to smoothly coordinate the
patients’ activities. Simulation and experimental study have been conducted to validate
the proposed AAN control strategy with the newly formulated FAI. Eighteen patients
completed the experimental study which involves two clinical tasks: a pick-and-place
reaching task (Task 1) involving shoulder adduction/abduction movement and a table-
to-mouth task (Task 2) involving elbow flexion/extension movement. Results showed
that the proposed FAI algorithm could estimate patients’ functional movement ability
consistently with repeatability. And also allowing the proposed AAN control strategy to
regulate the amount of torque assistance as needed, in accordance to the patients’
functional ability and following the clinical assessment scales. The average torque
assistance across trials for the mild and severely disabled patients were found in the
range 3% - 6% and 42% - 47% for Task 1, respectively; and in the range 9% - 14% and
48% - 55% for Task 2, respectively; which are consistent with their FAIL. The results
show that the proposed AAN control strategy with the newly formulated FAI can
successfully provide the assistance torque as needed to the patients in accordance with
their patient’s functional ability.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND OF THE STUDY

Stroke is the leading cause of disability world-wide (Al-Eithan, Amin, & Robert, 2011;
Hatem et al., 2016). It significantly reduces the patients’ ability and performance in
carrying out activities of daily living (ADL) (Pilutti et al., 2011). Statistics show that
about 80% of people with acute stroke manifest upper limb motor impairment are
accompanied with reduced arm function (Rodgers et al., 2019). Even after the first four
years after the stroke, about 50% will still have functional impairments (Rodgers et al.,
2019). Regaining patients’ functional ability after stroke is the primary focus of physical
and occupational therapy (Mounis, Azlan, & Fatai, 2017). Early therapy after stroke
usually includes passive exercise training to prevent muscle atrophy and relieve joint
contractures (Nas, Yazmalar, Sah, Aydin, & Ones, 2015). However, as the training
progresses, active participation is encouraged to provoke neuroplasticity of the affected
regions of the nervous system and to improve patient functional ability (Flachenecker,

2015; Pehlivan, Losey, & O'Malley, 2016).

Clinical studies have suggested that, for patients who have regained parts of their
motor functions (Houwink, Nijland, Geurts, & Kwakkel, 2013), combination of
rehabilitation treatment and voluntary efforts from the patients facilitates the recovery
of motor ability faster and more efficiently (Muratori, Lamberg, Quinn, & Duff, 2013).
Thus, assisting every movement of the patients is not beneficial compared to when they

are actively involved in exercise (Billinger et al., 2014). Active training requires



cognitive processing which stimulates neuroplasticity. Therefore, it achieves greater
performance compared to movement training that did not encourage cognitive

processing (Hotting & Rdder, 2013; Looi et al., 2016).

Assist-As-Needed robotic therapy is currently a driving trend in robot-aided
rehabilitation therapy (Blank, French, Pehlivan, & O’Malley, 2014) that emphasizes
patient active participation (Hussain, Jamwal, Ghayesh, & Xie, 2016). Under the
assistive scheme, the patient performs the prescribed task independently while the robot
provides assistance to aid the patient only when it is deemed necessary, otherwise it
withholds the assistance (L. Luo, Peng, Wang, & Hou, 2019). Some AAN schemes
introduce a baseline minimal robotic assistance that is first provided to the patients to
assist on the exercise. Then, the robot decreases the assistance according to the patients’
need or movement ability, thus adapting the assistance according to the patient’s

functional capability (Rehmat et al., 2018).

However, the major challenges in this study are how to effectively determine
the patients’ movement/functional ability required to set the minimal robotic assistance,
and also how to adjust this assistance consistently with changing patients’ movement
abilities (Frullo et al., 2017; Peng et al., 2018). Finding an effective Functional Ability
Index (FAI) estimation strategy that is consistent and repeatable for a wide patients
population and consistent with clinical procedures is still unresolved in AAN research
(Mounis et al., 2017; Pehlivan et al., 2016). Several existing studies rely on the robot
models to estimate patients” FAI. These techniques present several errors of estimation
due to model uncertainties making them inconsistent for a wider patients’ population.
Thus, this study presents an ANN strategy to regulate robotic assistance based on a

novel functional ability index (FAI) derived from a z-spline functional ability curve.



The formulation strategy starts with statistical normalization function FAIn then
extended to Z-spline function FAls. The input to the z-spline curve is based on the
patient’s quality of movement and time score in each functional task. They are important
parameters in the conventional clinical procedures of estimation of functional ability
including the Action Research Arm Test (ARAT) and Wolf Motor Function Test
(WMFT). The FAI does not rely on robot models. It serves as input to a torque mapping
algorithm coupled to a Linear Quadratic-Gaussian (LQG) control law which
consequently varies the robotic assistance according to the subject’s functional ability.
The new FAI technique thus allows clinical procedure of FAI estimation to be
automated in robotic therapy and consistent estimation over a wider patients’

population.

1.2 PROBLEM STATEMENT AND ITS SIGNIFICANCE

Assist-As-Needed (AAN) robotic therapy strategy is a method of robotic assistance and
rehabilitation therapy that involves assisting a subject only when the subject is in need
of that assistance. AAN can enhance motor plasticity and functional motor recovery in
neurologically impaired subject. The determination of the subject’s movement or
functional ability is crucial in AAN robot-assisted therapy. However, this has been very
challenging for many AAN based robotic applications. The accuracy of subject's
movement/functional ability that is consistent for a wide range of subjects and in line
with the clinical procedure are the important factors in AAN strategy. However, these
issues are currently limiting the implementation of AAN robotic therapy in a real
clinical setting. Gaussian radial basis function (GRBF) was previously used to estimate
the patient’s functional ability. However, the limitation of this approach is the reliance

on the robot model in estimating the subject’s capability. It is also well known that



model errors always exist and can significantly excite the disturbance term, thus making
it difficult to consistently and accurately estimate the subject’s functional ability
(Pehlivan et al., 2016). Different robot models would produce different functional
ability estimating which will hinder an appropriate standardization of robotic assistance
for therapy purpose. There are also less previous studies that have been done to correlate
the robotic assessment with an actual clinical assessment scale to estimate subject’s

functional ability.

1.3 RESEARCH OBJECTIVES

The main objective of this work is to develop a new Assist-As-Needed control strategy
based on the patient functional or movement ability estimation to enhance the
effectiveness of AAN robotic therapy and to bridge the gap between robotic assistance

and actual clinical procedures. The specific objectives are:

1. To formulate a new functional ability estimation index in line with the clinical

assessment scales for upper limb rehabilitation system.

2. To develop a new AAN controller strategy to regulate the robotic assistance

based on the newly formulated patient’s functional ability estimation index.

3. To validate the proposed AAN control strategy with the formulated functional
ability estimation index for upper limb rehabilitation system by simulation

and experimental procedures.

1.4 RESEARCH METHODOLOGY

This research had been carried out in different stages as follow:



