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Abstract

Human Mechatronics Considerations of Sensing and Actuation Systems for Rehabilitation
Application

by
Kan Kanjanapas
Doctor of Philosophy in Mechanical Engineering
University of California, Berkeley

Professor Masayoshi Tomizuka, Chair

With the predicted increase in worldwide elderly population in the future and already
significant populations of disabled people, assistive technologies and rehabilitation devices
are demanded significantly. Utilizing a human mechatronic approach results in several ad-
vantages, including capability of measuring insightful information for patient’s condition and
providing proper assistive torque for abnormal movement correction. This dissertation in-
vestigates several domains, including (1) human dynamics model, (2) monitoring systems,
and (3) design and control of active lower extremity exoskeleton

The dissertation begins with a study of a human dynamic model and sensing system for
diagnosis and evaluation of patient’s gait condition as first step of rehabilitation. A 7-DOF
exoskeleton equipped with multiple position sensors and smart shoes is developed, so that
this system can deliver patient’s joint motion and estimated joint torque information. A
human walking dynamic model is derived as it consists of multiple sub-dynamic models cor-
responding to each gait phase. In addition, a 3D human motion capture system is proposed
as it utilizes an inertial measurement unit (IMU) sensor for 3D attitude estimation with
embedded time-varying complementary filter. This sensing system can deliver 3D orienta-
tions of upper extremities, and a forward kinematics animation. For the development of
a rehabilitation device, an active lower extremity exoskeleton is proposed. A rotary series
elastic actuator (RSEA) is utilized as a main actuator of the exoskeleton. The RSEA uses
a torsion spring yielding elastic joint characteristics, which is safe for human robot interac-
tion applications. A RSEA controller design is implemented, including a PID controller, a
feedforward controller for friction compensation, and a disturbance observer for disturbance
rejection. All sensing and actuation systems developed in this dissertation are verified by
simulation studies and experiments.
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Chapter 1

Introduction

1.1 Robotics and Rehabilitation: Right Combination
for Future Medical Treatment?

The world population has been continuously increasing and has been predicted to keep
increasing through the foreseeable future [Fig 1.1]. One of the consequences is an increasing
trend in the number of elderly people [20], which is expected to increase from 554 million
(2013) to 1.6 billion (2050) and to 2.5 billion (2100) worldwide [21], resulting in significantly
higher demands of medical care including rehabilitation services. Additionally, many people
with disabilities are increasing the demands for similar rehabilitation services. Globally, over
1 billion people are considered to be disabled, which is approximately 15% of the total world
population [57]. Lack of fundamental rehabilitation accessibility also leads to several social
problems such as unemployment, poverty, and unhealthy conditions. To improve the quality
of living for disabled people, the World Health Organization (WHO) has proposed an action
plan that emphasizes the development of assistive technology and rehabilitation devices, as
well as rehabilitation policy.

Several diseases can result in disability that consequently affects human locomotion ca-
pability. One example is stroke which is caused by a failure of the blood delivery system to
the brain. Stroke is also one of the major causes of death: 5.5 million or 10% of total deaths
worldwide [56]. In the early recovery period after a stroke, a stroke patient has abnormal
gait patterns such as a delay of hip flexion in the pre-swing phase, decreased extension of
the hip during the stance phase, and abnormal motions of the upper extremity [14]. The
treatment for stroke patients generally includes medication, operation, and use of assistive
devices such as an artificial heart and prosthetic valves [56].

Parkinson’s disease (PD) is another debilitating condition, and is caused by the death
of dopaminergic neurons in the substantia nigra pars compacta; therefore, the levels of
dopamine in the striatum decrease [33]. Consequently, a PD patient generally shows cer-
tain types of abnormality in motor control such as postural instability, freezing of the gait,
possibility of fall [59], and inefficient ability to adjust the walking pattern based on given
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instructions during rehabilitation training [38]. To diagnose the abnormality level of a PD
patient’s gait, a common procedure still relies on human vision justification. This method
sometimes results in incorrect gait diagnosis and lacks the opportunity to record or measure
the patient’s gait information quantitatively for future diagnosis and rehabilitation planning.

The last example of diseases that affect human mobility is spinal cord injury (SCI). There
are approximately 273,000 SCI patients in the United States [74]. The location of damaged
in the spinal cord causes a level of paralysis varying from complete paralysis below the neck
(C4 injury) to incomplete paralysis below the waist (L1 injury). Most importantly, the SCI
patient may not recover from the paralysis and is confronted with lifetime medical expenses
which are significantly high. To be more precise, a C1-C4 SCI patient needs to spend an
average of $1,044,197 for the first year of SCI health care and an additional $181,328 for each
subsequent year [74]. These expenses generally include inpatient hospital charges and cost-
s, nursing home, outpatient therapies, vocational rehabilitation and miscellaneous charges
[7]. To rehabilitate some portion of SCI patients, a common therapy is manually assisted
treadmill training, during which a physical therapist pushes and corrects the patient’s gait
based on experience and the patient’s condition. However, this method demonstrates some
disadvantages, including inconsistent applied assistive pushing force to the patient’s leg and
a short duration of clinical rehabilitation. Moreover, this traditional therapy is labor inten-
sive and imposes a huge economical burden onto the national health care system, limiting
the capability of the clinical service [16].

In the past, robotics seemed to be an irrelevant solution for improving the standard and
quality of rehabilitation. Robots have been widely used in the industrial sector; especial-
ly in automatic manufacturing processes. Therefore, people generally think of robots in
the sense of “industrial” robots. To apply robots for rehabilitation applications, this idea
had not been focused by that time. However, as robotics technologies have been advanced
in many aspects, including both hardware and software development, the idea of combin-
ing robotics and rehabilitation has recently been encouraged. Based on the problems of
the common rehabilitation methods mentioned earlier, such as the lack of sensing and in-
adequate human assistance issues, several researchers have applied robotics knowledge to
various rehabilitation applications and demonstrated numerous advantages. For instance,
an inertial measurement unit (IMU)-based motion capture system was proposed to perform
the PD patient’s gait analysis by measuring the starting time of each gait cycle during walk-
ing, stride time and stride length [32]. Instead of performing human-assisted gait training,
a robotics-assisted gait training robot such as the “Lokomat” was introduced in order to
automate gait training with consistent gait assistance, provide the real-time virtual walking
display as a feedback to the patient, and present the results of gait training after the clinical
training session [35]. The effectiveness of using an exoskeleton for arm therapy in stroke
patients had been studied in a clinical test, in which the test subjects wore Armin, an upper
extremity exoskeleton, to perform different training tasks and interactive games [53]. The
clinical result of Armin suggested that using this type of therapy had positive effects for the
chronic stroke patients. Most importantly, patients were engaged and wanted to continue
this robot-supported therapy.
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In summary, utilizing robotics technologies for rehabilitation applications promises to
enhance the current rehabilitation standard to a higher quality level. Rehabilitation services
will have several novel capabilities such as reliable motion sensing for gait diagnosis and
consistent force/torque assistance for gait training. Therefore, robotics will clearly be an
important aspect of future medical treatment.

1.2 Human Motor Control

In order to develop a device for rehabilitation application, especially wearable rehabilitation
devices such as upper/lower extremity exoskeletons, the human must be considered. There-
fore, an understanding of human locomotion characteristics and motor control mechanisms
is essential for designing effective hardware and reliable control of rehabilitation devices.

The nervous system plays important roles in processing information measured by the
sensory system and controlling motor functions on different parts of human body [62]. To
begin with, the control activities of the nervous system [Fig 1.2 (a)] are located in the
forebrain which consists of two parts: diencephalon and telencephalon. The thalamus, as a
part of the diencephalon, processes most of the sensory information (except smell), and the
hypothalamus, as the other part of the diencephalon, regulates the autonomic and endocrine
function. The telecephalon includes two cerebral hemispheres covered by layers that develop
into the cerebral cortex. In addition, the cerebral cortex consists of several lobes; for example,
the frontal lobe’s function is to plan actions and controls of human movements. Similarly, the
basal ganglia executes the control and selection of movement and also sends control signals
to the brainstem. The cerebellum, located in behind the brainstem, coordinates precise
movements such as deciding the interaction torque compensation during movements. The
brainstem acts as the interaction port between the spinal cord and the brain. Inside the
brainstem, pons have the most important role in the posture control and balance. Then,
the processed control signals from forebrain, cerebellum and brainstem, as well as sensory
information, are conveyed to the spinal cord. Not only does the spinal cord process this
information, but it also sends the command of action to the muscles. Considering the
muscles as actuators in the context of engineering, the muscles drive the human skeleton to
perform the desired tasks.

For the sensorimotor mechanisms, the control block diagram of the muscle at operation
state and related biological sensors is shown in Fig 1.2 (b). The command generated from
the brainstem is sent to the motoneuron which also combines sensory information from the
golgi tendon organ (GTO) and the muscle spindles. The GTO, which is capable of measuring
a-neurons of the muscles, behaves as a force sensor inside the muscle. Furthermore, the GTO
can limit the muscular force to avoid damage, take part in the internal force-feedback loop,
and guarantee the linear relationship of muscular force generation. Besides the GTO, the
muscle spindles are divided into: the nuclear bag which can measure the increased length
and the rate of lengthening, and the nuclear chain which has the ability to sense the length
of muscle. The muscles then generate muscular forces to move the human body.
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The mechanisms of the nervous system can serve as the model for control of rehabilitation
robots. For example, the MANUS prosthesis mimics the hierarchical levels of the nervous
system to control the grasping postures of the patient’s hand [61]. Therefore, it is essential
to study the nervous system mechanisms prior to the development of a rehabilitation device.

1.3 Human Robot Interaction in Rehabilitation
Application

Human robot interaction (HRI) is of fundamental importance in rehabilitation applications.
When an active rehabilitation system interacts with a human, certain considerations must
be carefully investigated. Human safety comes as the primary requirement of HRI. For
example, the rehabilitation device should not assist beyond the patient’s range of motion or
provide too large of an assistive torque for abnormal movement correction. To understand
the general scope of HRI in rehabilitation, Fig 1.3 demonstrates the HRI concept presented
as a block diagram from a control perspective. As mentioned earlier in section 1.2, the brain
behaves as a muscular controller to achieve the desired human motion. Muscle contraction
mechanisms generate muscular forces by pulling or pushing the target limb at a specific
human joint, which can be interpreted as muscular torque at this joint (75,). While these
motions are generated, several types of bio-sensors provide feedback information to the brain,
such as images seen through eyes and ground contact forces sensed from both feet. If there
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is a malfunction of the human motor control system, it results in an abnormal pattern of
human motion.

In this dissertation, an active rehabilitation system is proposed to solve this problem by
providing the assistive torque (744) to the human. The proposed control scheme imitates the
biological human motor control concept. First, several types of sensors measure insightful
information such as ground contact forces (GCFs), human joint angles, and electromyogra-
phy (EMG) signals. Then, a higher level controller uses this information to determine the
desired assistive torque. Inside the higher level control, the raw measurements from those
sensors may require some filtering and estimation processes. Therefore, the outputs from
kinematical and dynamical data processing are guaranteed to be accurate and meaningful,
such as the estimated human joint torque [Chapter 2] and forward kinematic animation of
upper extremity motion [Chapter 3]. Given this processed information, the physical thera-
pist can diagnose and give inputs for the correction of abnormal motion. Once the desired
assistive torque is properly assigned, the lower level controller [Chapter 4] is the next step
to guarantee a robust and precise control of the active rehabilitation device, such as a low-
er extremity exoskeleton for gait rehabilitation. Then, the final assistive torque from the
exoskeleton is applied at the target human joint. The total amount of torque (Tyorqr), as
the combination between human joint torque (75,) and assistive torque (744), will yield the
corrected human motion pattern [Chapter 5].

1.4 State of the Art

During the last decade, several academic researchers and industrial companies have inten-
sively investigated a wide range of diverse rehabilitation devices to support the increasing
demand for such devices and improve the treatment quality and effectiveness. In this disser-
tation, systems for rehabilitation applications are categorized into groups as follow:

1.4.1 Sensing System for Rehabilitation Application

A rehabilitation sensing system measures specific useful information for the purposes of dis-
ease diagnosis and/or control of the rehabilitation device. For example, the smart phone
based ECG monitoring system by IMEC [58] monitors the heart activities such as the heart-
beat rate and the presence of abnormal symptoms of the heart. A surface ECG electrode is
attached on the skin around the subject’s left chest and transmits ECG signal wirelessly to
a smart phone that can record and display the ECG signal pattern, as shown in Fig 1.4 (a).

The kinematics of human motion is also useful information for the clinical analysis of a
patient’s abnormal motion. Certain types of sensors have been implemented for a human
motion capture system, such as multiple markers and camera systems [85]. In each time
frame, the positions of each marker attached on the subject’s body are estimated by image
processing given the multiple views of subject as raw data. Then, a virtual skeleton of the
subject’s body can be formed by connecting each marker position. By running a sequence
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Figure 1.4: The rehabilitation sensing system: (a) Integration of a smart phone and ECG
sensors for the ECG monitoring system by IMEC [58], (b) Xsens MVN motion capture suit
[68], (c) The lower back pain therapy system, Valedo, by Hocoma AG [58], (d) Smart shoes
for gait analysis application [44], and (e) Lower extremity exoskeleton that uses EMG signal
for predicting intended motion and its control block diagram [26].

of recorded skeleton images, a reconstruction of subject’s motion is achieved and displayed
in a virtual environment for clinical diagnosis.

Additionally, many position sensors widely used in automation applications are also u-
tilized in the human motion capture system, including encoders, magnetic trackers [85]
and inertial measurement unit (IMU) sensors [68],[73],[85]. An IMU-based motion capture
system, such as Xsens MVN in Fig 1.4 (b), consists of several IMU sensor nodes, a data ac-
quisition and processing unit, and an onboard battery attached to the motion capture suit.
The subject’s skeleton is formed by using the estimated orientation of each body segment
given the raw measurement from IMU sensor. While a vision-based motion capture system
is limited to indoor use only, such as a laboratory or clinical environment, an IMU-based
motion capture system overcomes this limitation so that the outdoor activities of the patient
can be remotely monitored. This benefit can be further used in other application such as
sports medicine and recording adventurous activities. Not only can the full skeleton motion
be captured, but some number of IMU sensor nodes can be used to identify clinical disease at
some specific location of patient’s body, such as the diagnosis of lower back pain performed
by the Valedo system in Fig 1.4 (c).

In addition, the kinematics information can be combined with ground contact force in-
formation for the purpose of gait analysis. Smart shoes proposed by Kong et.al [44] can
measure the ground contact forces by the silicon-tube-based pressure sensors in the soles
and embedded pressure transducers for analog-to-digital conversion [Fig 1.4 (d)]. Similar to



CHAPTER 1. INTRODUCTION 9

low power signals, such as ECG, the electromyography (EMG) signal represents the electric
muscle activities which can be used to identify the active muscle groups corresponding to
the movement of specific limb [18]. On top of using the EMG signal for a sensing application,
it can also be applied to control a lower extremity exoskeleton [26], [Fig 1.4 (e)]. Given the
measurement of the EMG signal, the human intention that moves the target joint can be
predicted, and the precise control of the exoskeleton is then executed.

1.4.2 Upper Extremity Rehabilitation System

An actuation system in rehabilitation provides force or torque based assistance or (in some
cases) resistance for correcting the patient’s abnormal movements. These systems are divided
into two groups: upper or lower extremity rehabilitation devices. An upper extremity reha-
bilitation device is utilized for the rehabilitation at a shoulder, an elbow, a wrist, fingers, and
certain combination of these joints. To design an upper extremity rehabilitation device, both
the physiological perspectives (anatomy, range of motion, and number degrees of freedom
(DOF) of the target human joint) and mechanical design aspects (type of the applied actua-
tor, power-torque-speed requirement, transmission method, and control algorithm) must be
considered [29].

For instance, the glenohumeral joint, commonly known as the shoulder joint, can be
modeled as a ball-and-socket joint that allows various types of motions including shoulder
flexion/extension, shoulder abduction/adduction, and shoulder internal/external rotation.
However, the position of shoulder joint is not generally fixed, but it can also rotate about the
vertical and frontal axes as well as translate laterally with respect to human body. Therefore,
the upper extremity exoskeleton embracing the shoulder joint should not constrain these
types of natural movements.

Several designs of upper extremity exoskeletons demonstrate design concepts incorpo-
rated with physiology. Fig 1.5 (a) shows the CADEN-7 upper extremity exoskeleton which
allows 3 DOF at the shoulder joint, 1 DOF for elbow flexion/extension, 1 DOF for forearm
pronation/supination, and 2 DOF for wrist flexion/extension and wrist radial/ulnar devia-
tion [60]. The exoskeleton also includes adjustable mechanisms for joint alignment between
the user and exoskeleton. The cable-driven actuator applied to this type of exoskeleton
demonstrates the advantage of low reflected inertia at the end-effector. Another design con-
sideration is a singularity that occurs when a certain DOF is lost because of two rotational
axes becoming collinear. Misplacement of the singularity can cause large internal forces in-
side the exoskeleton structures and instability of the controller. To solve this problem, the
methodology of singularity placement [67] is proposed by placing all singularity points in an
unreachable or near-unreachable location, such as the edge of the workspace.

The wearable orthosis for tremor assessment and suppression (WOTAS) is shown in Fig
1.5 (b). This wearable exoskeleton follows the kinematic structure of the upper extremity
similarly to the CADEN. WOTAS also illustrates lightweight exoskeleton design concept by
the proper selection of actuator capacity, thin and light harmonic pancake transmissions, and
only the necessary sensors for control [50]. While, the hardware design plays an important
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Figure 1.5: The rehabilitation actuation systems at the upper extremity: (a) The cable-
actuated dextrous exoskeleton for neurorehabilitation (CADEN) [60], (b) WOTAS exoskele-
ton for tremor suppression [67], (¢) MIT-MANUS planar upper extremity rehabilitation
robot [46], [47], (d) ARMin exoskeleton for stroke patient therapy [53], and (e) The hand
motion assist robot [37].

role in the development of rehabilitation devices, the user interface between the patient and
machine is also a significant factor in how well the patient relearns motor control. MIT-
MANUS shown in Fig 1.5 (c¢) provides a set of exercises for the upper extremity. The
patient must complete a video game by moving the robot end-effector to the target point
[46], [47]. Within a series of robot therapy sessions, particularly the anti-gravity training with
video game interface, MIT-MANUS can help reduce shoulder-elbow impairment. In Fig 1.5
(d), the ARMin upper extremity exoskeleton also utilizes the game therapy concept during
rehabilitation with exercises like catching a ball within the handle, picking and placing an
object, and grasping an approaching object in virtual reality [53].

For the rehabilitation specifically at the hand and fingers, a hand motion assistive robot
developed by Kawasaki [37] assists the impaired hand to follow the other healthy hand of
the patient [Fig 1.5 (e)]. This self-motion control by the patient brings several benefits: the
patient can self-generate the training motion for the impaired hand, and the device is safe
and unlikely to force the impaired hand beyond its range of motion.
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Figure 1.6: The patient’s body supported lower extremity exoskeleton: (a) EXPO [45], (b)
SUBAR [45], (c) KineAssist [34], (d) Lokomat [3], and (e) LOPES [15].

1.4.3 Lower Extremity Rehabilitation System - Body Supported
Lower Extremity Exoskeleton

A wide range of active lower extremity rehabilitation devices have been intensively developed
during the past decade. The patient’s body is supported by the lower extremity exoskeleton,
presented in Fig 1.6, which consists of two main structures: the wearable lower extremity
exoskeleton and the patient’s body support module. EXPO [43] and SUBAR [45] utilize
guided caster walkers to both support the patient’s body and deliver the assistive torques to
the exoskeleton at the same time. Both EXPO [Fig 1.6 (a)] and SUBAR [Fig 1.6 (b)] have
4 DOF (each knee and hip). EXPO utilizes cable-driven actuators; therefore, most actuator
weights are supported by the guided caster walker, which results in a light-weight of the
exoskeleton (3 Kg or less). SUBAR, as the next prototype of EXPO, uses the same concept
of cable-driven actuators but the maximum assistive torque is improved to 44 N.m whereas
EXPO can only deliver 7.7 N.m at its maximum. The authors of [45] also propose the
impedance compensation control method for reducing mechanical impedance and rejecting
disturbances that may influence user comfort and control performance.

KineAssist [Fig 1.6 (c)] has a custom designed harness attached to a mobile robotic base
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which can support the body weight from 0% - 40 % throughout the gait cycle [34]. Moreover,
the vertical column of the robotic base can follow the vertical movement of the pelvis allowing
a more natural and stable walking pattern.

Treadmill-based gait training systems such as Lokomat [3] and LOPES [15] also demon-
strate the use of a harness mechanism for the adjustable portion of the patient’s body weight
support. With Lokomat [Fig 1.6 (d)], the hybrid force-position control yields very coopera-
tive behavior between the patient and exoskeleton and enables the patient to complete the
free walking movements. One of the LOPES’ unique qualities is that the interaction force
between the patient and exoskeleton can be sensed by the proposed silicone pressure sensor
inserted between the limb and exoskeleton frame [Fig 1.6 (e)]. This distributed measurement
of interaction force is further utilized for the assessment of the patient’s safety and comfort
in the human-robot interaction.

1.4.4 Lower Extremity Rehabilitation System - Mobile Lower
Extremity Exoskeleton

The mobile lower extremity exoskeleton shown in Fig 1.7 is another promising solution for
the versatile use of exoskeletons in both indoor and outdoor environments. Ekso Bionics
launched its first commercial product in 2010 named eLEGS [Fig 1.7 (a)-(b)] which can help
the SCI patients to stand up, walk, and sit down [72]. When the patients swing their arms and
move the crutch in the desired direction, the lower limb motions are predicted and assisted
by the exoskeleton. Similar to eLEGS, ReWalk [Fig 1.7 (¢)] and Vanderbilt [Fig 1.7 (d)] also
utilize crutches for walking stability and safety [5]. The Vanderbilt exoskeleton introduces
a modular design concept in which the exoskeleton only consists of 3 main modular parts:
left and right lower limb frames, and the hip orthosis attached with the embedded system.
Moreover, the gait training trajectory of the Vanderbilt is preprogrammed and obtained from
a healthy subject with the normal biomechanical walking trajectory [24].

However, these exoskeletons are significantly expensive, leading to development of a
more affordable version while maintaining the necessary functions of assistance, such as
the AUSTIN exoskeleton [Fig 1.7 (e)]. This exoskeleton introduces a new approach that
minimally actuates the exoskeleton by using only 1 actuator for each exoskeleton leg. The
actuator powers the hip motion while the knee motion is generated through the proposed
coupling mechanism using wire ropes for the power transmission [78].

Not only is the gait trajectory developed by using the kinematics information, but certain
biological signals can also be utilized for such a purpose. The HAL5 [Fig 1.7 (f)] detects
the EMG signals to determine the proper amount of assistive torque based on the cybernic
voluntary control scheme [31].
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Figure 1.7: The mobile lower extremity exoskeleton: (a)-(b) eLEGS [72],[52], (¢) ReWalk
[5], (d) Vanderbilt [52],[24] and (e) AUSTIN exoskeleton [78], and (f) HAL5 [71].

1.4.5 Lower Extremity Rehabilitation System - Knee and Ankle
Rehabilitation Device

The rehabilitation devices for specific use at the knee and ankle joints are presented in Fig
1.8 and Fig 1.9, respectively. The active knee rehabilitation orthotic device (AKROD) [Fig
1.8 (a)] is developed particularly for correcting knee hyperextension during stance phase and
the stiff-legged gait of stroke patients [81]. This device utilizes a resistive, variable damper,
electro-rheological fluid (ERF) based component to generate resistance to knee buckling in
order to yield motor recovery. During the swing phase, the device helps patients achieve
both adequate knee flexion and extension, resulting in toe clearance and preparation for
heel strike. Fig 1.8 (b) shows the knee exoskeleton with an antagonistic configuration of
two pleated pneumatic artificial muscles (PPAM) and four bar linkages [4]. The two PPAM
actuators are independently controlled for precise radial expansion and axial contraction
according to the desired contraction forces. Moreover, this device also demonstrates the
optimal hardware design to satisfy the kinematic and dynamic requirements. To create
these design criteria, the representative clinical gait analysis (CGA) data is used to identify
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Figure 1.8: The rehabilitation devices for the knee joint: (a) AKROD [81], (b) The knee
exoskeleton using the antagonistic configuration of double pneumatic artificial muscles [4],
and (c) Tibion Bionic Leg [83].

Figure 1.9: The rehabilitation devices for the ankle joint: (a) MIT Active AFO [17], (b)
Redundantly Actuated Parallel Mechanism for Ankle Rehabilitation [70], and (¢) MR Brake
AFO [28].
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the required design specification.

The Tibion Bionic Leg [Fig 1.8 (c)] is a commercial single-joint wearable robotic knee
orthosis (RKO). This RKO utilizes plantar pressure sensors to determine the gait phase.
The knee joint angle and knee joint torque are obtained from the angle sensor and torque
sensor respectively. These signals are used to define the knee state so that the assistance
mode is properly assigned, including stand-to-sit, free knee swing, stair ascent, and knee
flexion-extension assistance [83].

For ankle rehabilitation, the MIT active ankle-foot orthosis (MIT-AFOs) [Fig 1.9 (a)]
uses a series elastic actuator (SEA) connected to the passive AFO [17]. The SEA is con-
trolled to precisely vary the impedance of flexion/extension of the ankle. In contrast, the
redundantly parallel mechanism [Fig 1.9 (b)] can allow multi-DOF motions at the ankle joint
such as plantar/dorsiflexion and inversion/eversion [70]. The geometric design parameters
are optimally selected to achieve the most dexterity of the device. Given the desired orien-
tation of the foot plate, the desired linear position of each actuator was computed by using
inverse kinematics. In addition, each actuator is independently controlled using impedance
control scheme for guaranteed accuracy.

The last example of this section is the magneto-rheological fluid (MR) brake AFO [Fig
1.9 (c¢)] that utilizes a shear-type compact MR brake as the main actuator [28]. With control
of magnetic flux across several layers of MR fluid disks, the resistive torque is applied against
the foot motion so that the patient can maintain dorsiflexion and prevent foot drop during
the swing phase.
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1.5 Dissertation Outline

Several sensing and actuation systems for rehabilitation application are developed in this
dissertation. The details of each chapter are as follows.

[Chapter 2: Human Joint Motion Sensing and Torque Estimation during
Walking for Human Gait Analysis]

In order to provide complete insightful knowledge for the effective diagnosis of a patient’s
abnormal gait, the main contribution of this chapter is the development of a human gait
sensing system (7-DOF passive lower extremity exoskeleton) that can deliver both kinematic
information and estimated human joint torque during walking. To measure human joint
motions, several position sensors are attached to the passive exoskeleton equipped with
multiple adjustable exoskeleton frames and smart shoes for ground contact force sensing.
The human joint torque estimation is performed with an inverse dynamic approach that
requires a dynamic model of walking motion, particularly the equations of motion for human
walking. Since the kinematic constraints of the lower extremity vary depending on gait
phases, the dynamic model of walking movement can be described by multiple sub-dynamic
models, which are derived using Lagrangian mechanics. The joint kinematic measurements
and estimated human joint torque results are verified by experiments.

[Chapter 3: Human Motion Capture System Based on Inertial Sensing and
Complimentary Filter for the Analysis of Human Upper Extremity Motion]

The human motion capture system is becoming one of the most useful tools in rehabil-
itation application because it can record and reconstruct patients’ motions accurately for
motion analysis. The contribution of this chapter is the development of a human motion
capture system based on inertial sensing. The proposed system is affordable, practical to use,
and accurate-precise (in term of attitude sensing guarantee). An embedded microprocessor
is implemented in the central processing unit to provide accurate attitude estimation. A
forward kinematic model of the human is developed to create an animation for the patients
and physical therapists. Performance of the hardware and filtering algorithm is verified by
experimental results.

Note: Only this chapter relates to the upper extremity rehabilitation application. Due to
hardware and time limitation , the author decided to build foundations of a motion capture
system for the upper extremity motions as a starting point, which will be further extended
to a case of lower extremity motions in future work.

[Chapter 4: Design and Control of Active Lower Extremity Exoskeleton for
Gait Rehabilitation]

This chapter presents an active rehabilitation device for gait rehabilitation, specifical-
ly an active lower extremity exoskeleton. The design methodology and controller design
method are considered as the main contributions of this chapter. The design methodology
of this exoskeleton includes several design criteria, actuator selection, and the exoskeleton
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prototyping procedure. A rotary series elastic actuator (RSEA) is developed as the main
active actuator for this exoskeleton system. A modular design concept is utilized so that the
hip, knee, and ankle joint modules can be conveniently assembled or detached. Moreover,
this exoskeleton does not restrict natural movements of lower limbs while walking since the
proper DOF of exoskeleton is carefully assigned to cover ROM of each human joint.

Frequency domain based system identification is performed to obtain a nominal plant
model of RSEA as well as multiplicative model uncertainties. To achieve robust and precise
control of RSEA, the disturbance observer method with PID and friction compensation
is implemented. Controller design and analysis are also discussed here. Furthermore, the
control performance of RSEA is tested by experiments.

[Chapter 5: Concluding Remarks and Open Issues]
The concluding remarks are summarized in this chapter. Open issues including future
works and promising research topics are also discussed.
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Chapter 2

Human Joint Motion Sensing and
Torque Estimation during Walking for
Human Gait Analysis

2.1 Introduction

Walking plays a critical role for human locomotion. In normal walking movement, repetitive
motions of an upper body (defined as a passenger unit including a head, a neck, a trunk
and both arms) and lower extremities (defined as locomotor units including a pelvis, both
hips, knees and ankles and interconnected bone segments) are biomechanically functioning
as follows [82]. A reciprocal arm swing generates an angular momentum in the opposite
direction of the angular momemtum generated by the swing of a leg, helping stabilize the
human body during walking. Concurrently, the lower extremity is controlled by neurological
signals and actuated by muscular forces that allow the body to move along the desired path.
Such actions happen simultaneously and smoothly if a gait is normal.

However, elderly people and some patients with impaired neurological motor control units
(i.e., brain and spinal cord) or nonfunctional biological actuator units (i.e., muscles) often
have abnormal gait patterns. In order to restore their motor control capability and to correct
abnormal gait patterns, lower extremity rehabilitation is necessary. For diagnosis of the level
of gait abnormality, there are two important quantities to consider: joint kinematic infor-
mation and force/torque information of the target joints. The joint kinematic information
refers to joint position, joint velocity and joint acceleration. In addition, the force/torque
information refers to an internal force/torque of the specific joint, muscular force, and an
action-reaction force resulting from the environmental interaction such as a ground contact
force. Several gait monitoring systems have been developed to obtain these measurements.

For kinematic information, human motion capture systems (HMCS) have been widely
used in rehabilitation applications because HMCS can detect the movement of target limbs
and provide collection of kinematic data for medical records and diagnosis. HMCS may
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be largely categorized into two groups by their sensor types: a vision sensor based human
motion capture system (V-HMCS) and a position sensor based human motion capture system
(P-HMCS). The V-HMCS uses several cameras and multiple reflective markers which are
attached to the subject’s body [30]. By modelling the human body as multiple rigid body
segments that form the human skeleton, these cameras can track the motion of each segment
in each time frame. This allows the reconstruction of human motion in three-dimensional
space. However, the V-HMCS is generally developed for the indoor use only. To overcome
this limitation on the portability of the V-HMCS, the P-HMCS has been proposed and it
uses various types of position sensors such as an encoder and an inertial measurement unit
(IMU) sensor. For instance, the accelerometer can measure the human joint angle, given that
the translational acceleration and the gravity are known [77]. In addition to obtaining the
joint kinematic information by direct measurement with these sensors, a state estimation
technique such as Kinematic Kalman Filter (KKF) can also be performed. The angular
velocity of the limb segment is estimated by using the information of the angular position
of the joint and the angular acceleration of the limb. While the angular position of the
joint is measured directly from the encoder, the angular acceleration of the limb is indirectly
computed from the outputs of a 2-axis accelerometer [1].

For the kinetic (force/torque) information, various types of forces can be utilized for the
gait abnormality diagnosis. For example, the ground contact forces (GCFs) can be used for
determining a human gait phase, recognizing abnormal level of the gait, and measuring the
center of pressure (COP) of a foot while walking. To measure the GCFs during walking, a
set of smart shoes with embedded force sensors between the insole and the shoe cushion is
introduced [44]. The force sensor unit of the smart shoes consists of an air bladder and a
pressure transducer. Four force sensor units attached under the insole are installed at the first
and the second metatarsophalangeal joints, the fourth and the fifth of metatarsophalangeal
joints, the toe, and the heel.

Other important information for the diagnosis of neuromuscular diseases is human joint
torque. If the human joint torque data is available, a physical therapist can determine which
specific weak muscle group generates insufficient torque at the target joint. Unfortunately,
the direct measurement of the human joint torque is rarely performed because a surgery for
the torque sensor installation inside the human joint is impractical. Therefore, human joint
torque is generally estimated. Even the definition of human joint torque can be interpreted
in various ways. One interpretation is the torque resulting from the muscular forces [79].
Another interpretation is the equivalent torque against the perturbation under the assump-
tions of quasi-static conditions and passive muscle co-contraction [39]. In this dissertation,
the human joint torque refers to the resultant torque at the target human joint including
the torques resulting from muscular forces, the stiffness and damping torque corresponding
to the viscoelasticity [65], and the friction torque at the joint.

Most algorithms for estimating the human joint torque use an inverse dynamic approach.
This approach requires a human model and the kinematic information of the human move-
ments in order to estimate the human joint torques. When the human is walking, several
body parts also move corresponding to their functionality, such the arm swing motion for
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generating counter-angular momentum caused by the motion of both legs. If all types of
body movements are included in the human model, the resulting model has many DOF and
is very complex. Therefore, proper simplification of the human model must be considered.
For instance, the upper extremity can be grouped into a single lumped mass. Similarly, the
lower extremity may be modelled as a single rigid bar representing the human leg. This
2-DOF human body model is used for the human joint torque estimation during the stance
phase [30].

An alternative approach to estimate human joint to torque is to use an electromyography
(EMG) sensor instead of using position sensors according to the inverse dynamic approach.
The EMG sensor measures the electrical potential of muscle activation when the target
muscle group is active. The estimated torque using an EMG sensor generally refers to the
torque resulting from the muscular forces. For example, the hybrid assistive limb (HAL-5)
robot uses EMG signals to predict the human intention before the assistive torque from the
robot is generated [31]. The linear relationship between the estimated muscular torque and
the measured EMG signal is proposed and used for the exoskeleton control. Generally, the
electrical potential of the muscle activation is a low power signal which is easily contaminated
by various noises such as ambient noise and transducer noise at the electrode attached to the
skin. Therefore, to improve the quality of EMG signal measurement, a user sometimes needs
to shave excess body hair and put electrode gel on the skin for better electrical conductivity.
Furthermore, the measured EMG signal is generally amplified and filtered for noise reduction.
If the EMG signal is inappropriately filtered, some information of the muscle activity may be
unintentionally excluded. Because of theses inconveniences of the EMG sensor, the inverse
dynamics approach for estimating the human joint torque is utilized in this chapter instead.

This chapter introduces a sensing system that integrates the kinematic sensing and human
joint torque estimation. Such a system can provide the comprehensive information that
is particularly useful for the gait abnormality diagnosis. Considering the practical use of
the human motion capture for various environments, the P-HMCS is chosen because of
its portability and affordable sensor cost. In addition to the sensor implementation, the
human joint torque estimation based on the inverse dynamic approach is also discussed.
This approach requires the proper human model, knowledge of human joint kinematics and
the known external torque resulting from the environmental contact such as GCFs.
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2.2 Gait Phase Fundamental and Human Modeling
for Dynamics Analysis

2.2.1 Gait Phase

The gait cycle, the duration from when one heel strikes the ground to when the same heel
strikes again, describes a sequence of human body actions while walking. The gait cycle
can be divided into 8 unique gait phases [Fig 2.1]. These 8 gait phases can be also grouped
to two main gait phases: a stance phase when one foot touches the ground, and a swing
phase when this foot is lifted from the ground and swings towards the desired direction of
walking. Note that when one foot is in the stance phase, the other foot will be in the swing
phase, and vice versa. During the initial contact (IC) phase, the foot initially touches the
ground indicating the start of the stance phase. Then the body weight is supported by
the foot of the stance leg, demonstrating the action in the loading response (LR) phase.
Considering the stance leg in this phase, the contacted heel is locked for a forward rotation
of the stance leg and the knee is flexed for shock absorption. In the mid-stance (MS) phase,
the body progresses over the fixed foot yielding the dynamic stability of the limb and truck.
The single limb support - defined as the duration when only one leg touches the ground -
completes during the terminal stance (TS) phase while the heel is preparing to lift and the
body weight consequently shifts forward. This is followed by the pre-swing (PSW) phase
in double support (when both feet touch the ground), and the stance leg begins to swing
forward. In this period, a toe-off movement starts at the same time as the knee flexion,
and the hip flexion prepares for the forward swing of the stance leg. After that, this foot is
lifted and begins to swing; the knee flexion and the hip flexion increase in the initial swing
(ISW) phase. For the mid-swing (MSW) phase, the leg swings forward and ends at the late
extension of the shank. To complete the gait cycle, the swinging foot strikes the ground in
the terminal swing (TSW) phase. In this work, the initial swing phase, the mid-swing phase,
and the terminal swing phase are grouped together and referred as the swing phase because
of the similar dynamic characteristics and motion of the forward-swinging leg. Therefore,
only six gait phases are considered: the initial contact phase, the loading response phase,
the mid-stance phase, the terminal stance phase, the pre-swing phase and the swing phase.
These are sufficient to describe the walking dynamics in one gait cycle.
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(LR) (MS)

Figure 2.1: A gait cycle: Initial Contact (IC), Loading Response (LR), Mid Stance (MS),
Terminal Stance (MS), Pre-Swing (PSW), Initial Swing (ISW), Mid-Swing (MSW), and
Terminal Swing (TSW). Note that each of the gait phase pictures of LR - TSW includes 2
pictures of sequential walking motions: the left picture is the human walking motion from
the previous gait phase, and the right picture is the human walking motion in the current
gait phase.
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Figure 2.2: The proposed human model: (Left) The 7-link human body for dynamic anal-
ysis, (Right) The generalized coordinates for describing the walking motion and the sign
conventions for each joint angle.

2.2.2 Human Model

To develop a human model of walking motion, the following assumptions are made. First,
all body segments are assumed to be rigid. The internal dynamics inside the human joint are
neglected; for example, the microscopic level of muscle dynamics. This assumption allows
certain anthropometric parameters such as the center of mass (COM) of each segment and
the associated moment of inertia of each segment to be calculated using the property of a
rigid body. These anthropometric parameters are shown in Table 2.1. Second, the upper
extremity is modelled as a single lumped mass - representing the head, both arms and trunk
(HAT). Combining the these two assumptions, the human body segments can be divided
into 7 links that consist of the HAT link, the left and right thighs, the left and right shanks,
and both feet. Third, regarding the sagittal plane as the main plane of walking movement,
the motions in the frontal plane and the transverse plane are ignored. As a result, 2D planar
dynamics are used to described the walking dynamics in this dissertation. To quantitatively
describe the walking dynamics, a set of generalized coordinates is proposed as shown in Fig
2.2, where

e Opar is the HAT rotation about the hip joints;
e «ap is the flexion/extension of the right hip joint;

e « is the flexion/extension of the left hip joint;
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Segment Proximal Radius

Weight /Total ~ Center of of Gyra-
Body Weight Mass/Segment tion/Segment

Segment  Definition

-] Length -] Length -]
Foot Lateral - malleolus/head ) ) /5 0.500 0.475
metatarsal 11
Log Femoral condyles/medial 0.0465 0.433 0.302
malleolus
Greater
Thigh trochanter /femoral 0.1000 0.433 0.323
condyles
HAT Head, arms, and truck 0.6780 0.626 0.496

Table 2.1: Anthropometric Data [82].

e (g is the flexion/extension of the right knee joint;
e [, is the flexion/extension of the left knee joint;
e g is the dorsiflexion/plantar-flextion of the right ankle joint;

e ~y is the dorsiflexion/plantar-flextion of the left ankle joint.

The sign conventions for each joint angle are specified as follows. At the HAT body, the
torso forward rotation in the direction of walking indicates a positive angle of rotation. At
the hip joint, the knee joint and the ankle joint, if the interconnected link rotates forward
with respect to the vertical axis at the joint, the rotation ankle is positive. Otherwise,
opposite rotations of these joint are negative.

2.3 7-DOF Passive Exoskeleton Design and Sensor
Implementation

2.3.1 The Design Concept

A passive exoskeleton suit has been developed to measure the kinematic information and
the GCF signals during walking. The exoskeleton has 7-DOF which includes the flex-
ion/extension of the left and right hip joints, the flexion/extension of both knee joints, the
dorsiflexion /plantarflexion of the ankle joints, and the HAT rotation about the hip joints.
This exoskeleton is considered a passive type since no actuator is used. The exoskeleton
frame is compact and consists of a hip brace and 4 straps for the secure attachment between
the exoskeleton suit and the human body. The HAT body is connected to the exoskeleton
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6 Encoders

Adjustable Mechanism

Smart Shoe

Figure 2.3: The design of 7-DOF passive exoskeleton for the gait analysis.

by the hip brace. Moreover, the exoskeleton is designed for custom fitting for users with
different sizes of lower extremity. Each interconnected link between the two joints of the
exoskeleton can be adjusted to align the exoskeleton joint to the human joint. The user can
move the exoskeleton joint upward or downward along the lateral side of his/her legs, and
the distance between the encoder frame and the leg depending on his/her leg sizes.

2.3.2 Kinematic Sensing

To measure the kinematic quantities, several types of position sensors such as encoders,
gyroscopes and inclinometer are installed on the exoskeleton suit [Fig 2.3]. Six encoders
(US Digital S2 model) with 2500 counts per revolution are used to measure the human joint
angle at the exoskeleton joints. To measure the angular velocity at these joints, seven digital
MEMS gyroscopes (ADIS 16255 from Analog Devices Inc.) are attached at the center of
each interconnected link between the adjacent joints. The other gyroscope is installed at
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the hip brace to determine the angular velocity of the HAT body. In addition, the single
axis analog incliometer (SCA100T from VTI Technologies Inc.) is attached to the hip brace
to measure the absolute angular position of the HAT body. Considering that human joint
motion appears in a low frequency range of 4-8 Hz, a low pass filter with a cut-off frequency of
50 Hz is implemented to remove the high frequency noise. For data acquisition, a LabVIEW
program is used with an FPGA (NI PCI 7831R model) for the hardware interface and real
time measurement of the kinematic signals using a sampling rate of 1 kHz.

2.3.3 Ground Contact Forces (GCFs) Sensing

The smart shoes with embedded force sensors were used for measuring the ground contact
forces (GCFs) [44]. Given the measurements of ground contact forces, the human gait phase
can be directly determined. First, each force sensor measurement output is a high and low
threshold function of each pressure sensor unit, which can be expressed as:

(2

fz’LOW (l’) -1 fiHigh (.I'), j = 1’ ce ’4 (2.2)

fHiEh (o % ftanh s (z — z,) + 1] € [0, 1] (2.1)

where s is the sensitivity of each pressure sensor, x is the raw measurement of GCF as the
analog signal, and z, is the offset of GCF. Also, 7 is the index of the pressure sensor unit,
where ¢ = 1 represents the heel sensor unit; ¢ = 2 represents the sensor unit at the first and
the second metatarsophalangeal joints; ¢ = 3 refers to the sensor unit at the fourth and the
fifth metatarsophalangeal joints; and ¢ = 4 is the toe sensor unit. The likelihood of each
gait phase is calculated by a fuzzy logic algorithm. For example, the likelihood of the initial
contact phase, ¢, is given by

pic (k) = fi7 (21 (R)) f° (2 (k) S5 (25 (K)) fi (24 (R)) (2:3)

where k is the discrete time index. For more details of the smart shoes and the fuzzy logic
algorithm for the gait phase detection, see [44].

2.4 Human Joint Torque Estimation Algorithm

2.4.1 The Effect of the Instantaneous Pivot Location Change in
the Gait Cycle for the Human Model Selection

As stated earlier in Section 2.2.1, each gait phase has unique characteristics including the
kinematic constraints of each limb segment and the different biomechanical functions for
walking stability. One of the main assumptions for the kinematic constraints is that the
left and right leg each have a unique instantaneous pivot point. If this instantaneous pivot
position is known, the absolute position of center of mass (COM) of each limb segment can
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be directly calculated. These COM positions can be further used in deriving the equation
of motion of walking based on rigid body dynamics. Since the instantaneous pivot position
of each leg depends on the gait phase that changes the kinematics constraints, the dynamic
model of human walking can be presented by multiple sub dynamic models. According to the
pre-defined gait phases in this work, 6 sub dynamic models are proposed, each corresponding
to a gait phase.

To determine the instantaneous pivot position corresponding to each gait phase, the pivot
location can be described as follows. At the beginning of the gait cycle [Figure 2.4], the right
heel initially strikes the ground during the initial contact phase. As a result, the right heel
can be considered as a fixed point of rotation of the right leg. Then, the sole of the right
foot touches the ground during the loading response and mid stance phases. Therefore,
the instantaneous pivot position moves to the right ankle joint. After that, the right heel
rises while the right forefoot still touches the ground, especially during the double support
period in the terminal stance phase, so the instantaneous pivot position shifts to the right
toe. Following this sequence, the right foot is lifted and the whole right leg swings forward
during the pre-swing phase and swing phase. Consequently, the instantaneous pivot position
is located at the right hip joint.

In addition to the change of the instantaneous pivot position corresponding to each gait
phase, the procedure of determining the COM position of each limb segment can be explained
by the following. Assuming that a person is walking (not running), there is always at least
one foot that contacts the ground. This assumption is useful so that the absolute position of
the COM of each limb segment can be calculated with respect to the ground. Another key
to calculating the COM position is that the COM position of the stance leg is determined
first, since the point of contact at the foot is known. Then, the COM position of the other
leg can be found with respect to the known hip joint position of the stance leg. Thus, the
COM position of the swing leg can be calculated, even in the single support gait phase. In
addition, especially in the double support period when both legs touch the floor, the COM
position of each leg can be directly calculated.

2.4.2 The Equation of Motion of the Human Walking

In this section, the derivation of the equation of motion (EOM) of the walking movement is
discussed. In order to derive the EOM, Lagrangian Mechanics is utilized. As described in
section 2.2.2. the generalized coordinates as the states of walking are:

7=ln-al (2.4)
= [0gar ar Br YR oL P ’VL]TG?R?XI (2.5)

Also, the total energy of the walking movement (E7.,;) is the sum of both kinetic energy
and potential energy, expressed by:
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(LR-MS)

(ISW-MSW) (TsSw)

g : Instantaneous Pivot Position

Figure 2.4: The change of the instantaneous pivot position of each gait phase throughout
the gait cycle.
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anthropometric parameters are m;, the mass of each limb segment, and /., ;, the moment of
inertia about the COM [Table 2.1]. The kinematic parameters are v <g?, cf) , the translational

velocity of COM of each limb segment, and ¢;, the angular velocity of each human joint.
Furthermore, z; is the absolute vertical position of each COM, and ¢ is the gravitational
constant. The horizontal position of each limb segment can be calculated by assuming that
the walking speed on a treadmill is constant. Note that ¢ = 1,---,7 refers to the HAT body,
the right thigh, the right shank, the right foot, the left thigh, the left shank, and the left
foot respectively. Let the index j = 1,---,6 refers to the IC, LR, MS, TS, PSW and SW
gait phases. In addition [Figure 2.5], define the human join torques corresponding to each
gait phase by:

# = (700 Fer); j=1,0.6 (2.9)
Note that 77 = [Tf e ,TﬂT € R, where 7/ is the torque at human joint i during the gait
phase j, and f7 (-) € R™*! can be as analytically obtained from the following equation:
d (TN or V) ey
< . — QM. =16 2.10
i (Ga) o ) =9 &1
(le—'TQj—'Tg =1
Ty — T3 =2
' ‘7'3] —‘Ti 1=3
QUM = 7] — Té*CFR 1=4 (2.11)
75 — 7'6 1=25
T — T% i =26
L 7'% TGCF,L =1

For the gait phase j, 77;¢ = 1,- - -, 7 stands for the torque of the HAT body rotating about the
hip joints, the right h1p joint torque, the right knee joint torque, the right ankle joint torque,
the left hip joint torque, the left knee joint torque, and the left ankle joint torque respectively.
In addition, the external torque TéCR(') is calculated by the torque of the GCFs about the
COM of the foot. For sign convention of the torque, the HAT body torque is positive if the
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Figure 2.5: The complete gait phase-based dynamic model of human walking

the direction of this torque is clockwise. The torques for hip and knee extension are defined
as positive. Similarly, the ankle joint torque is positive for the plantarflexion of the foot.
Otherwise, the torque of corresponding joint is negative if its direction is in the opposite to
the positive rotation defined above.

2.5 Experimental Results

The experiment was conducted with a healthy 26-year-old male subject with a normal gait
pattern. The subject was wearing the designed passive exoskeleton and walking on a tread-
mill with a controlled speed of 0.67 m/s. The exoskeleton was calibrated by initially setting
zero angles for all exoskeleton joints while the subject stood still. Then the subject walked
normally on the treadmill, and all of the kinematic information and the GCF signals were
measured in real-time by the LabVIEW program with a sampling frequency of 1 kHz. Each
gait phase was successfully distinguished by the gait phase detection algorithm and the like-
lihood of each gait phase throughout the gait cycle was determined [Figure 2.6]. These gait
phase likelihoods were further used for the dynamic model selection for estimating the hu-
man joint torque. Figure 2.7 demonstrates the external torque acting at the ankle joint -
the GCF torque. The GCF torque was negative during the initial contact phase because the
only GCFs acting at the foot was the GCF at the heel which produced the negative torque
about the COM of the foot. The GCF torque increased during the loading response phase
until the terminal stance phase due to the body weight was increasingly supported by this
stance leg. Then, the GCF torque decreased during the pre-swing phase as the stance leg
prepared to swing forward. After that, the GCF torque became zero during the swing phase
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Figure 2.6: The gait phase of left and right foot during walking

since there is no GCF measurement during this period.

Figure 2.8 shows the angular position, velocity and acceleration of each human joint of
the right leg during one gait cycle. The dashed lines represent the 95% pointwise confidence
interval of the data at each percentage of the gait cycle. Note that the sign convention of
each joint is defined in section 2.2.2. In the stance phase, the angular position of each joint
measured with respect to the vertical axis [Figure 2.8 (a)] is decreasing as the whole body
is rotating about the fixed instantaneous pivot point that contacts on the floor. All joint
angles are increasing when the swing phase begins and drops down at the final period of the
swing phase; however, the ranges of each joint angle are different based on the anatomy and
constraints of the joint.

The angular velocity and acceleration of the human joints are presented in Figure 2.8
(b)-(c). During the stance phase, the angular velocity and acceleration profile of the ankle
joint is closed to zero indicating that the foot barely rotates and can be considered as the
instantaneous pivot point, while the profiles of the knee and hip joints are slightly off by
zero for certain velocity and acceleration to rotate the body forward. In the swing phase, the
velocity and acceleration profiles indicate the action of leg swing. The thigh initially rotates
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Figure 2.7: The GCF torque about the COM of the foot

with acceleration at the beginning of the pre-swing phase and decelerates at the late swing
phase to prepare for the heel strike.

Lastly, the estimated human joint torque profiles are also presented in Figure 2.9. The
estimated human joint torques are normalized by the subject’s body weight here. The
highest torque of each joint occurs during the terminal stance phase to pre-swing phase for
the purpose of providing sufficient torque to drive each limb segments in the swing phase.
Note that during the swing phase, the estimated torque of each joint is close to zero. This
result implies that the human mainly utilizes the moment generated in the terminal stance
phase to pre-swing phase for propelling the body forward while the only external torque
acting to the human body is the torque resulting from the gravity. In addition, the joint
kinematics and estimated torque of the left leg are similar to the right leg in magnitude and
pattern.
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Figure 2.8: The measurement of kinematic information: (a) the angular position, (b) the
angular velocity, and (c) the angular acceleration of the human joint during one gait cycle.
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Figure 2.9: The experimental result of human joint torque estimation: (a) the normalized
and estimated torque at the hip joint, (b) the normalized and estimated torque at the knee
joint, and (c) the normalized and estimated torque at the ankle joint during one gait cycle.
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2.6 Chapter Summary

In this chapter, a 7-DOF passive exoskeleton for both kinematic sensing and human joint
torque estimation is introduced. The walking motion in the sagittal plane is mainly discussed.
The proposed design of an exoskeleton integrates the motion sensors and smart shoes in
order to measure the kinematic information and the GCF signal simultaneously. The human
model corresponding to each gait phase and the derivation of the equation of motion is also
proposed according to the change of the instantaneous pivot position throughout the gait
cycle. Furthermore, the equations of motion of human walking, derived by the Lagrangian
dynamics approach, is used for estimating the human joint torque. Both hardware design
and the real time implementation described here can be further improved. The current 7-
DOF passive exoskeleton limits the human motion in the transverse plane and the frontal
plane, which compromises walking stability. A 3-DOF passive hip joint is suggested to
utilized that allows motions in those planes and yields more natural gait in experiment. As
a result, the kinematic information as well as the GCF signals will be more accurate. The
estimation algorithm can be further implemented in real time for the clinical test of patient’s
gait diagnosis.
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Chapter 3

Human Motion Capture System
based on Inertial Sensing and
Complementary Filter
Implementation

3.1 Introduction

Typical rehabilitation therapy begins with the patient’s motion observation for the abnor-
mal motion diagnosis performed by a physical therapist or a doctor. Before providing any
rehabilitation treatment, it is very important to evaluate the patient’s condition correctly
so that appropriate training plans will later be assigned. Most of the cases, the physical
therapist can only observe the patient’s motion without utilizing measurement tools for cap-
turing the motion; therefore, the physical therapist has to diagnose the patient’s condition
based on experiences. This typical diagnosis procedure demonstrates several disadvantages,
for example, the patient’s motion data is not recorded quantitatively for future comparison
of patient’s recovery results or further study.

In this chapter, sensing and capturing of human motion information is emphasized since
it is very useful for the diagnosis step during rehabilitation and other applications. Such
human motion information can include the kinematic information such as a position, velocity,
acceleration of the target segment of human body. Acceleration and velocity information are
often used to evaluate the performance of athletes [10]. Inertial sensors can be attached to
the trunks and limbs of workers to perform an ergonomic evaluation of the workspace [23].
In addition, a human motion capture system (HMCS) can also provide raw kinematic data
to perform fall detection and prediction for elderly people in order to prevent possible injury
and feedback warning signal to the human [84].

For the development of HMCS, several researchers proposed various designs and hard-
ware implementations of HMCS, which can be generally categorized into two groups based
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on their sensor type: the vision sensor based human motion capture system (V-HMCS) and
the position sensor based human motion capture system (P-HMCS). As discussed in chapter
2, between these two types of HMCS, the V-HMCS provides more accurate position sensing
due to the utilization of multiple high-resolution cameras with fast sampling during opera-
tion. However, these types of cameras are much more expensive than most of the position
sensors such as the encoder or the inertial measurement unit (IMU) sensor. Additionally,
the image processing may not be computationally friendly. Furthermore, since the cam-
eras are fixed, the V-HMCS can only be used in an indoor environment in a limited spatial
range. On the other hand, the P-HMCS is generally cheaper, more compact, and more
mobile to use in various environment especially outdoor environment. Furthermore, most
of the P-HMCS is configurable and more functions can be customized. For instance, the
wireless modules can be integrated with the IMU sensor so that the attitude sensing signals
can be transmitted through wireless network for ease of use and more convenience [6]. In
the rehabilitation application, the measurement of the human joint angle information for
the neuromuscular disease diagnosis and health monitoring purpose is usually obtained. Al-
though the measurement from some P-HMCS such as IMU sensor is less accurate than that
of V-HMCS, it still provides acceptable accuracy and precision considering the rehabilitation
application. To improve the accurate and precise attitude sensing of the IMU sensor, several
scholars had developed some filtering approaches such as a complementary filter [48],[49]
and a quaternion-based extended kalman filter (EKF) [69]. However, most of the previous
research works focused on filtering algorithm design, but few researchers proposed how to
practically and effectively calibrate the IMU sensor leading to one of the challenging points
of utilizing IMU sensor.

In this work, an upper extremity motion capture system is proposed based on inertial
sensing. The IMU sensor is used to obtain raw sensing data of triaxial acceleration, angular
velocity, and local magnetic field. Hardware design for sensor alignment is introduced to
guarantee the firm attachment between the IMU sensors and the human upper limbs. To
reject the noise in accelerometers, drift in gyroscopes, and magnetic distortion in magnetome-
ters, a time-varying complimentary filter is proposed and compared its sensing performance
with other sensing algorithms for verification. For data visualization, animations are created
based on the forward kinematics of the human upper limbs. Experimental results are shown
to demonstrate the performance of the proposed IMU-based human motion capture system.

3.2 Rotation Kinematics

Before discussing and deriving relevant equations for the filter design and forward kinematics
formulation, a brief introduction of useful principles and equations are introduced here. To
begin with Euler’s fundamental theorem on rotation, it states that a rotation R can be
defined by an angle of rotation ¢ and an axis of rotation = [55]. A rotation tensor can be
expressed, using notation introduced by Gibbs, as

R=1L(¢,r)=cos(¢p)I —r@r)—-sin(¢)(er)+rr (3.1)



CHAPTER 3. HUMAN MOTION CAPTURE SYSTEM BASED ON INERTIAL
SENSING AND COMPLEMENTARY FILTER IMPLEMENTATION 38

where I and € are the identity tensor and the alternator respectively. If right-handed basis
vectors {p1, p2, p3} are chosen for the reference frame W, and these vectors are transformed
by a rotation to the set {#;,%s,t3}, which are the basis vectors associated with the body
frame W,. Considering a free vector r expressed with respect to these two sets of basis
vectors as:

T =71Pp1 + r2p2 + r3p3 = bity + bats + bsts (3.2)
In addition, the two coordinate vectors can be related using a rotation matrix A as

Note that b = [by by b3]T,7 = [r1 7 r3]t, and Ay = Ry for i,k € {1,2,3}. The
rotation matrix, A € SO(3) (special orthogonal group) is subject to a unity determinant
constant, det (A) = 1, because it is a non-minimal non-singular attitude parameterizations.
Its kinematic equation can be described as follows,

A=—lwx]A (3.4)

where the cross product matrix of the angular velocity of ¥, with respect to ¥, expressed
in the body frame, w = [w; wy ws)T, is given by

0 —Ws3 (09))
wX]=|ws 0 —uw (3.5)
—Wa w1 0

Alternatively, the attitude parameterizations can be represented by a quaternion, which
requires the least number of variables among non-singular parameterizations. Similarly, the
quaternion is also defined by a rotation axis r and a rotation angle ¢ by the following,

PR sl 5

In addition, let g4 be the quaternion of body A orientation and gp be the quaternion of
body B orientation respectively. The relative quaternion of body B with respect to body A
is described by [13],

rel

dBwrtA — 4B ® qzl
= [E(aa') aa'las

where

[1]

wuI®? + (g, X]} 1 l—qv}
= and = 3.9
w= """ =] 3.9)
Given the rotation matrix A, the Euler angles are defined by decomposing a rotation into
three relatively simpler rotations,

1 0 0 cos 0 sinf| [cosy —siny 0
A= 10 cos¢ —sing 0 1 0 siny cosY 0 (3.10)
0 sing cos¢ —sinf 0 cosf 0 0 1
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Here, the 3-2-1 set of Euler angles are presented. The Fuler angles are extensively used
because the rotation represented in this form is easy to visualize and gives physical meanings.

3.3 Forward Kinematics

3.3.1 Human Upper Extremity Model

A human upper extremity includes a shoulder complex, an elbow joint, a wrist joint, an
upper and lower arm, a hand and fingers. A shoulder complex has 5 degrees of freedom
(DOF): 2 DOF at the sternoclavicular joint and 3 DOF at the glenohumeral joint, providing
a complete translational motion and orientation of the shoulder joint [2]. The elbow joint
allows a flexion/extension motion and an internal/external rotation; therefore, the elbow
joint has a total of 2 DOF [40]. Moreover, the wrist and the hand together have a total
of 2 DOF corresponding to flexion/extension motion and abduction-adduction [64]. For the
thumb, 5 DOF correspond to 1 DOF for flexion/extension of the interphalangeal joint and
2 DOF for flexion/extension and abduction/adduction for both the metacarpophalangeal
joint and trapeziometacarpal joint. Each of the other four fingers has 4 DOF: 1 DOF for
flexion/extension of the distal interphalangeal joint and the proximal interphalangeal joint,
and 2 DOF for flexion/extension and abduction/adduction of the metacarpophalangeal joint.
Therefore, all fingers together have the total of 21 DOF [22]. Among the large number of DOF
of the upper extremity, some of the DOF are excluded regarding the hardware limitation
and computation time. The assumptions made in this dissertation are as follows:

1. We assume that the shoulder joint is fixed in position. As a result, the upper ex-
tremity motion is analyzed with respect to this fixed point and the 2 DOF at the
sternoclavicular joint are neglected;

2. Only the glenohumeral joint is included in the model implying that the shoulder joint
is modeled as a spherical joint with 3 DOF rotation;

3. Another spherical joint implying 3 DOF is introduced and attached at the elbow joint
which represents both the elbow and wrist rotations;

4. The motions of hand and fingers are ignored for the purpose of this application.

Therefore, a 6-DOF human upper extremity model is proposed which consists of 2 spher-
ical joints at the shoulder and elbow joint, as shown in Figure 3.1. Note that, the upper
arm length L; is measured between the shoulder joint and the elbow joint. Similarly, the
lower arm length Ly denotes the length between the elbow joint and the wrist joint. The
human hand and fingers are grouped and defined as the end effector of this 2-joint manip-
ulator system. In addition to the human upper extremity model, two sets of Euler angles
corresponding to the upper arm orientation about the shoulder joint and the lower arm ori-
entation about the elbow joint are introduced in Table 3.1. Note that, subscript S and E
stands for the shoulder joint and the elbow joint respectively.
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Figure 3.1: The 6-DOF Human Upper Extremity Model

ith Joint | State Description Type of Motion
1 bs Shoulder Abdution/Adduction
2 fs | Shoulder Internal/External Rotation
3 s Shoulder Flexion/Extension
4 oy Elbow Abdution/Adduction
5 Or Elbow Internal/External Rotation
6 Vg Elbow Flexion/Extension

Table 3.1: The definition of Euler angles based on the proposed 6-DOF human upper ex-
tremity model
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Figure 3.2: The definition of coordinate system at each joint for the forward kinematics
formulation

3.3.2 Forward Kinematic Formulation

To generate a forward kinematic model of the human upper extremity motion, several coor-
dinate systems that describe the position of the elbow and wrist joints with respect to the
fixed shoulder joint position are introduced in Figure 3.2.

A inertial global frame, Vg, is defined for determining the absolute position and the
orientation of the both upper and lower arms. In addition, two body frames, ¥p; and
Up 9, are introduced and rigidly attached to the upper and lower arms respectively, coincide
with the global frame when the arm is in the straight down position. Wg; and Vg, are
sensor frames of the upper and lower arms, respectively. Note that, these sensor frames
may not initially coincide with the body frames. Therefore, the sensor frame calibrations
are required to compensate for the sensor frame misalignments. Based on these defined
coordinate systems, the abduction/adduction motion is defined to be the first rotation along
the E, direction. The internal/external rotation occurs the second along the E, direction
and the flexion/extension rotation consequently occurs along the E, direction to complete
a rotation in 3D space. If the Euler angles g, 0s, ¢s are measured, then the elbow position
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expressed in the inertial global frame can be written as,

v
rgl{ts)ow = Rg,l (¢Sa 95’7 ¢5) REl%olW (311)
Rg,l (¢SJ 987 ¢s) = RZ (wS) RY (QS) RX (wS) (312)
cosg —sinyg 0 cosflg 0 sinfg| |1 0 0
= |sinyg cosyg O 0 1 0 0 cos¢g —singg
0 0 1] |—sinfsg 0 cosfg| |0 singg cosog

(3.13)

where rglf;gw is the elbow position with respect to the body frame ¥p;. Similarly, if the
Euler angles {5, 0, ¢ are obtained, the wrist position can be expressed by,

)4
r\%]fist = rglf)ow + Rg,l (1/137 95’7 ¢S) Rgé (¢E7 QE'? ¢E) eri,SQt (314)

where T\?vfiit is the wrist position expressed to the body frame Up .

3.4 System Overview

3.4.1 Hardware Design and Implementation

In this section, the hardware design and software implementation of the inertial sensing
system will be described. The proposed upper extremity human motion capture system
includes two onboard sensing units and a central processing unit. Figure 3.3(a) shows a
single onboard sensing unit that consists of a 9-DOF IMU sensor stick (the 3-DOF ADXL345
accelerometer, the 3-DOF HMC5883 magnetometer, and the 3-DOF 1TG-3200 gyroscope)
and an Arduino Pro Mini microprocessor with 8MHz processing rate. The Arduino processor
requests the sensing data from the IMU sensors every 10 ms at a sampling rate of 100 Hz and
transmits the raw data to the central processing unit via serial ports. A desktop computer
is employed as the central processing unit, and LabVIEW is used to read the raw sensing
data from the serial ports.

It is very important to guarantee tight attachment of the sensing units to the human
arm so that there is none of the relative motion between the sensing units and the arms.
A simple and intuitive solution seems to be the direct attachment with velcro straps [69],
but this method cannot guarantee the firm attachment of the sensing units. To solve this
problem, the upper extremity orthoses are utilized that firmly attach the sensing units by
the designed locking mechanisms as shown in Figure 3.3 (c).

3.4.2 Sensor Calibration

The accuracy of any attitude estimation algorithm is significantly dependent on the quality of
sensor calibration. In this work, the accelerometer calibration is relatively intuitive because
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Figure 3.3: The proposed IMU-based human motion capture system: (a) The sensing unit,
(b) The Quanser 3-DOF gyroscope, and (c) Two sensing units attached to the upper limb
orthoses.
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the magnitude and the direction of gravity are known that can serve as the ground truth.
In order to calibrate the gyroscope, the Quanser 3-DOF gyroscope [Figure 3.3 (b)] is used of
which each gimbal has its own optical encoder with a resolution of 5000 counts per revolution
providing the true angular velocity. Even though the calibration of the accelerometer and
gyroscope can be performed easily, the calibration of magnetometers has the most challenging
point regarding the complexity of its measurement model and the lack of true reference for
the local magnetic field. In this work, the methodology for calibrating the magnetometer
proposed by Foster et.al. is applied [27]. The external reference is not required if only the
relative intensity of the magnetic field is of interest. The gains, offsets and non-orthogonality
angles are estimated using the least squares.

3.5 Filter Design

3.5.1 Attitude Determination From Vector Measurement

Given the defined two reference frame such as the sensor frame and the body frame, in order
to calculate the relative orientation of the sensor frame with respect to the body frame,
the attitude estimation algorithm that provides an accurate attitude estimate utilizing the
available inertial sensor measurement is necessary. Several researchers presented various
sensing algorithm as discussed in the literature review, however, the TRIAD algorithm is
well suited for this application based on its simplicity in implementation [27].

The TRIAD algorithm provides a deterministic solution for the attitude parameterized
by a rotation matrix. Let the vectors measured in U, are b; € 231 i = 1,---,3 and the
other vectors measured in ¥, are r; € R¥>! i =1,--. 3. Two triads W = {w;, w,, w3} and
V = {vy, vy, v3} can be constructed deterministically from the vector measurements. Then,
the rotation matrix A, that represents the relative orientation between the two reference
frames can be calculated by the two triads as,

3
A = Z 'wz-'U;‘F (315)
i=1

For this human motion capture application, the two vector measurements are defined as the
normalized gravitational vector and the normalized magnetic flux. During the initialization
of IMU sensors, we first obtain the constant frame misalignment between the inertial sen-
sors and the human body. When the human upper extremity is in motion, the accuracy of
the TRIAD algorithm is inhibited because the accelerometer also measures motion acceler-
ations and the environmental magnetic field is space-varying. Therefore, the time-varying
complementary filter is proposed by [80]:
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Figure 3.4: The time varying complementary filter (TVCF): (a) The details of TVCF block
diagram, (b) The TVCF + TRIAD block diagram for rotation matrix estimation [80].

e attenuate the high-frequency noise in the vector measurement;
e attenuate the low-frequency bias in the rate measurement;

e identify possible motion accelerations and magnetic distortions in the environmental
magnetic field.
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3.5.2 Time-Varying Complementary Filter for Sensor Frame
Attitude Estimation

Since the rate (gyroscopes) and angle (accelerometer and magnetometers) sensors have d-
ifferent noise characteristic such as frequency range, a complementary filtering method can
be utilized to provide a more accurate attitude estimation. Wang et al. [80],[8] proposed
the time-varying complementary filter that can accurately and precisely estimate the vec-
tor measurement in the sensor frame. The TVCEF block diagram is shown in Figure 3.4.
In this work, the high-frequency noises presented in both accelerometer and magnetometer
measurement signals are attenuated by the low-pass filters in the TVCF algorithm. Conse-
quently, less oscillatory behavior is observed in the attitude estimation result. In addition,
the bias shown in the gyroscope measurement does not accumulate for long term operation,
because the angle measurements are incorporated. The discrete-time TVCF equation can
be expressed as,

wei (k+ 1) At
2 +we (k4 1) At

24 we (k+1) Ao )

A (b3 (k) + By (k+1)] 5i=1,2

b (k+1) = [b; (k) 4+ b; (k+1)] +

N At

(3.16)

where by; (k) = A (k) 7; and the gravity vector expressed in the global inertial frame Wy is
constant. Alternatively, by; (k) can be expressed by,

— [w (k) x] A (k) 7 (3.17)
~— w '
Note that At is the sampling time period, we; is a fuzzy-logic based time-varying cutoff
frequency, bl, and b, are the best estimate of the gravity vector and the local magnetic
flux expressed with respect to the sensor frame [Figure 3.4]. If the best estimate b,, and
b, is obtained, then the rotation matrix A can be calculated using the TRIAD algorithm.
Chang-Siu et al. [8] developed a fuzzy logic rule that takes unique advantage and limitation
of the physical properties of the accelerometer and the magnetometer, to properly adapt the
cutoff frequencies based on different types of body motions. The TVCF can vary the cutoff
frequency based on the trustworthiness between the rate sensor and the angle sensors. In
details, the fuzzy logic is derived based on the intuition that the angle sensors should be less
trustworthy when the magnitude of the accelerometer or magnetometer signals significantly
deviate from their initial reading values implying that rotational or translation acceleration,
and magnetic disturbances occur. On the other hand, if the current measurement values
of the accelerometer or magnetometer are closed to their initial reading values, then these
sensors should be more trustworthy.
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3.6 Experimental Results

3.6.1 Calibration for Sensor Frame Misalignment

The IMU sensing units with the 5 rad/s high cutoff frequency and 0.1 rad/s low cutoff
frequency were firstly calibrated with the Quanser setup. The sensing performance result
was shown in reference [80]. Once the IMU sensins units were verified in accuracy and
precision of attitude sensing, then the misalignment between the sensor frames and initial
human body frames were needed to be considered. The experiment was conducted with
a healthy 25 year-old male subject with the normal upper extremity motions. The vector
measurements, namely the gravity vector r; and the magnetic flux ry, were taken in the
inertial global frame. The IMU sensing units were rigidly attached to the upper and lower
arm orthoses. During the experiment, the subject wore the orthoses at his right arm that was
initially in the straight down posture. We assumed that the body frames coincided with the
inertial global frame during those periods of time. The vector measurements with respect to
the sensor frames b; and by were recorded. Utilizing the TRIAD method, the misalignment
orientations from the sensor frames to the body frames were obtained. Therefore, the vector
measurements and the angular velocity vectors were written with respect to the body frames.
With this information, the body frame orientations were later estimated using the TVCF
method.

3.6.2 Body Frames Orientation

The subject moved his upper limb following the pre-defined motion patterns including two
cycles of 0° — 90° — 0° shoulder abduction/adduction, shoulder flexion/extension and elbow
internal/external rotation. At the same time, these motions were also record by a video
camera for the forward kinematic verification.

Figure 3.5 (a) and (b) shows the quaternion profiles of the upper and lower arm orienta-
tions. Note that these quaternions are calculated using different estimation algorithms; gyro
integration, TRIAD and TVCEF. In addition, ¢, ¢» and g3 represent the abduction/adduction,
internal /external rotation, and flexion/extension of the arm expressed to the inertial global
frame. The first two dominant cycles of ¢; indicates two cycles of 0° — 90° — 0° shoulder
abduction/adduction motion. This implication is also the same for ¢ and g3 which are the
internal /external rotation, and flexion/extension motion respectively. During the shoulder
abduction/adduction and the shoulder flexion/extension, the lower arm rarely rotates rela-
tively to the upper arm. Therefore, the upper and lower arm quaternions are close to each
other, and the relative quaternion between the lower arm and upper arm is close to the i-
dentity quaternion. However, in the last motion pattern, the lower arm internally-externally
rotates larger than the upper arm significantly. In addition, this phenomena can be seen
from the last plot in Figure 3.5 (c), in which the relative quaternion ¢» is dominant in the
last two cycles due to the lower arm internal/external rotation.



CHAPTER 3. HUMAN MOTION CAPTURE SYSTEM BASED ON INERTIAL

SENSING AND COMPLEMENTARY FILTER IMPLEMENTATION 48
§ iy
= gyroscope drift
L 05 e
©
S
S o
R A Al it
<
5 -05
& (@)
D _1 1 1 1 L A

0 5 10 15 20 25 30
o
R
£
)
®
S
(¢
E
<
[
=
S
|
Time (s)

E
i 1 Ty —— T W
§ ------- gYro --------- TRIAD ——TVCF = £
S o5+ —al q2 — q3 —aq4 4
S
E 0
<
g
> 05
|

1 T

) :'__- - oscillatory esimation 2

£ 08 w7 (TRIAD)
< s
(7]
g 06
)
;: 04+
3
< 02}
)
; {
s

0=

L 1 L el L 1 1 L
22 225 23 235 24 245 25 255 26
Time (s)

Figure 3.5: The raw measurement of IMU sensor: (a) Quaternion of upper arm rotation, (b)
Quaternion of lower arm rotation, (c¢) Relative quaternion of lower arm rotation with respect
to upper arm rotation, and (d) Zoom-in plot of the relative quaternion in (c).
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The relative quaternion figure is zoomed in and shown in Figure 3.5 (d). It can be seen
that the TRIAD without TVCF algorithm gives a good attitude estimation when the arm
motion is slow (i.e. during 22.5s - 23.0s). However, when the arm motion is fast, the gyro
integration provides reasonable estimation result (i.e. 23.5s - 24.0s). For a long period of
using gyroscope, a gyroscope drift occurs [Figure 3.4 (a), during 25 - 30 s] because of the
integration of bias. In summary, the TRIAD together with the TVCF algorithm is deployed
to get the best attitude estimation result.

3.6.3 Euler Angle Conversion Results

Conversion attitude estimation from quaternion information to euler angle information pro-
vide more intuitive and insightful result to physical therapist and/or doctor. The experimen-
tal result of the Euler angle conversion is performed and shown in Figure 3.6. During the first
motion pattern, the experimental result shows 0° — 90° — 0° shoulder abduction/adduction
pattern (roll). Even though the subject was asked to perform pure 0° — 90° — 0° shoulder
abduction/adduction motion, the subject was unable to perform this pure motion ideally
since there exists some coupled motion in the pitch and yaw directions as seen in Figure
3.6. Similarly, this phenomenon of coupled motion can be also observed during the shoulder
flexion /extension and the elbow internal/external rotation.

In addition, when a fast motion of upper extremity occurs (i.e. Elbow Flex/Ext after 20
s), a TRIAD algorithm provides inaccurate and oscillatory attitude estimations. In contrast,
the gyro integration algorithm can capture and provide more accurate estimation of fast
motions. However, gyroscope drift happens when the gyroscope sensor is used for long period
of time (i.e. Shoulder Flex/Ext, Int/Ext Rot, Ab/Add after 20 s), if the gyroscope sensor is
not calibrated well. Since the euler angles can be calculated from quaternion information,
accurate estimated quaternions also result in correct euler angle estimations. Similar to the
quaternion estimation result, TVCF algorithm tprovides the best estimation result among
these three algorithms.

3.6.4 Forward Kinematic Animation

The subject’s upper extremity motion was also simultaneously recorded by a video camera for
comparison with the forward kinematic animation, as shown in Figure 3.7. In the animation,
the subject’s torso head, left upper extremity and the right shoulder joint were assumed to be
fixed while the positions of the right elbow and wrist joints were calculated using the forward
kinematic formulation and estimated Euler angle information. Since the forward kinematics
completely transformed both elbow and wrist positions to the inertial global coordinate and
the misalignment between sensor frames and the body frames were also compensated, the
forward kinematic animation presents the absolute positions of upper extremity while in
motion. It is verified in Figure 3.7 that the forward kinematic animation matches the upper
extremity motion recorded by the video camera.
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Figure 3.7: The snapshots between both forward kinematic animation and subject’s upper
extremity motion recorded by a video cameral at different time
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3.7 Chapter Summary

In this chapter, a human upper extremity motion capture system based on inertial sensing
is presented. To ensure the accuracy of the inertial sensing, the calibration method using
the Quanser 3-DOF gyroscope is performed. Moreover, three types of attitude estimation
algorithm: the gyro integration, the TRIAD, and the TVCEF are deployed. To provide quan-
titative information for the upper extremity motion analysis in rehabilitation application,
the FEuler angle representation and human motion animation are utilized. The method for
compensation of sensor misalignment is also proposed using the TRIAD algorithm. In the
experiments, the TVCF shows the superior attitude estimation results compared to the gyro
integration and the TRIAD algorithm Moreover, the animation based on the the forward
kinematics matches the video record of the subject’s upper extremity motion.

As for future work, the proposed human motion capture system will be compared with a
vision sensor based human motion capture system. Additionally, a wireless human motion
capture system based on this inertial sensing is under the development and the forward
kinematic animation should be demonstrated in real-time.
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Chapter 4

Design and Control of Active Lower
Extremity Exoskeleton for (ait
Rehabilitation

4.1 Introduction

On top of sensing systems for rehabilitation application presented in chapters 2 and 3,
this chapter will introduce and describe the development of active rehabilitation system,
particularly a walking assistive/rehabilitation device. Such a device generally includes an
active prosthetic limb for assisting an amputee’s walking movement, and an active lower
extremity exoskeleton for the purposes of both walking assistance and rehabilitation. In the
past decade, the developments of the active walking assistive/rehabilitation device have been
researched intensively in both academic [45], [15], [78], [81]) and industrial sectors ([3], [72],
[5], [71]).

Throughout these developments, several research scholars have proposed various design
and control methodologies to guarantee the effectiveness of the walking assistive/rehabilitation
devices. One of most promising and challenging development of the walking assistive /rehabilitation
devices is the development of an active lower extremity, which is a type of wearable robot
that directly interacts with human by means of an interaction torque - in this case, it is
commonly referred to an “assistive torque”. This assistive torque can be applied differently
based on the type of usage, which can be categorized into 2 groups:

1. Power Augmentation - a class of wearable robot that aims to empower or strength-
en the human power ability, widely used in military applications, such as Hardiman
exoskeleton prototype [5], Raytheon/Sarcos exoskeleton [5], BLEEX exoskeleton [87],
Austin exoskeleton [78], and HULC exoskeleton [86];
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Figure 4.1: The human torque profiles given the assistive torques for both empowering human
power ability and assistance/rehabilitation

2. Human Motion Training/Rehabilitation - the other class of wearable robot that can
provide assistive torque to correct or rehabilitate the patient’s abnormal movements,
such as HAL-5 exoskeleton [71], Rewalk exoskeleton [5], and Lokomat gait training
robot [3].

To achieve precise assistive torque generation for the gait rehabilitation application, sev-
eral criteria need to be considered during the hardware development process, such as actuator
design and control algorithm of the actuator.

The actuator used for a human robot interaction can be considered as a safety-critical
system [25]. Typical industrial robots are designed to maximize the payload capacity and
deliver fast robot motions. To achieve these desired characteristics, a robot actuator should
have a high power capacity. Note that motor power is the product of motor torque and motor
speed. However, an actuator with high torque is generally very heavy. Therefore, such an
actuator cannot be used if the weight is required to be minimal. Instead, a gear reducer can
be used on a low-torque, high-speed (and lighter) actuator in order to multiply the torque
output. On the other hand, actuators should not be too heavy. These considerations let the
designer generally use low-torque and high-speed motors with speed reducers. Gear reducers
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generally introduce several nonlinearities, such as backlash, friction, and compliances in the
gearbox, which need to be considered in the control design procedure. This issues have
been considered by many researchers for the applications to industrial robots [9]. The geared
actuator directly connects to an end effector or a linkage to the near joint. With this actuator
configuration, when the robot needs to directly contact the environment such as a workpiece
or a human, the control design must guarantee a safe contact and interaction force between
the robot and the environment. Unfortunately, the control action is the secondary safety
protocol for safe operation in contact with the environment. If the controller does not work
properly, due to hardware problems of the controller or any other causes, the robot itself is no
longer safe for physical interaction with the environment. This is because the conventional
robot design concept follows the principle of “rigidity by design (primary safety protocol),
safety by sensors and control” [25].

A solution for guaranteeing safety against all possible causes is to design the robot to
achieve safety by mechanical design and to satisfy the performance by control. To realize
this concept, another passive mechanical component is introduced between the geared motor
head and the end-effector contacting the environment. The first of this type of actuator is a
series elastic actuator (SEA), named by Pratt and Williamson [63], [66]. Utilizing an elastic
spring in the SEA can decouple the actuator inertia from the end effector inertia. The SEA
shows several advantages including:

e The spring in the SEA can be also used as a cheap torque sensor. By measuring the
spring deflection between the motor side and the end effector, and knowing the spring
deflection-force relationship (i.e. a spring constant in linear case), the interaction
torque between the two ports can be directly determined.

e By decoupling the two inertias, the SEA acts like a shock absorber and has low output
impedance. These SEA characteristics are greatly suitable for the rehabilitation ap-
plication. If the wearable robot joint is elastic, it can allow unintended human motion
from the end effector side. From the human safety perspective, this means that the
SEA provides a certain window for the human to move if necessary, so that the SEA
will not cause damages to the human joint.

e The spring can store an elastic potential energy when impact or shock absorbtion
occurs. Consequently, the spring can release the stored energy in a form of kinetic
energy for the motion of the end effector. This phenomena is widely utilized for the
legged robot locomotion.

In addition to the SEA a series damping actuator (SDA) was also introduced for the robot
force/control application [11]. For decoupling the inertias of both ends, some passive viscous
elements have been used, such as an MR fluid damper and newtonian viscous damper [12].
The SDA is introduced to overcome the force fidelity of SEA. The SDA is controlled to
achieve the high compliance similar to the SEA, or to be resistive based on the damper
property. Without any control action, the SDA is rigid since the damper friction is high
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at low speeds. As a result, the SDA is rarely used for the rehabilitation application, since
the SDA becomes self-locking when the controller is turned off. This is not safe for humans
because the SDA constrains human motions when unintended or unpredicted human motion
may occur.

The reflected masses of SEA and variable structure parallel mechanism connected with
the SEA is an unstable coupled mechanical oscillator. Including a dissipative mechanical
element, such as a damper, in series with the spring in SEA yields a stable haptic interaction
between the device and human. A series viscoelastic actuator (SVA) is another type of
actuator that utilizes both elastic and viscous mechanical components to decouple the end
effector inertia. The applications of SVA are demonstrated in [54], in which the authors utilize
the SVA for the upper extremity rehabilitation haptic device. However, the proposed design
of SVA is not compact and includes several complicated mechanical mechanisms. Of the
three mechanisms discussed, the SEA is the most commonly used as a compliant actuator in
rehabilitation applications. Although the SEA has certain disadvantages, a proper controller
design also enhances the SEA performance, including higher force bandwidth and guarantee
of precise interaction torque in contact with the environment.

This chapter presents a design of SEA for lower extremity rehabilitation purpose. If the
SEA generates rotary output motions, this type of SEA is named rotary series elastic actuator
or RSEA [41],[42]. The design methodology of RSEA is discussed including conceptual design,
motor selection, and torsion spring selection. In order to firmly attach the RSEA to human,
wearable exoskeleton frames are utilized consisting of thigh and shank orthoses, 3-DOF
passive hip joints and ankle joints, and smart shoes. The proposed full body lower extremity
exoskeleton has 6 joints with 14 DOF in total. Only the right knee joint is active assisted by
the RSEA. For precise assistive torque guarantee of RSEA, this chapter also discusses the
controller design methodology. Since the RSEA utilizes a gear reducer for the output torque
amplification, nonlinearities such as friction and backlash in gearbox must be accounted for.

In addition, frequency domain based system identification is used to obtain the dynam-
ic model of RSEA, which is required for the model based controller design. Therefore,
the nominal plant model of RSEA, as well as model uncertainties of RSEA, are identified.
Generally when a servo-actuator is in operation, disturbances can arise and perturb the
system, which results in worse control performance. The inherent nonlinearities, model mis-
matched dynamics, and disturbances make the controller design of RSEA challenging. The
designed controller structure includes a feedforward controller for friction compensation, PID
controller for tracking performance given the desired assistive torque trajectory, and distur-
bance observer for disturbance rejection. The stability of DOB is discussed, as well as the
design methodology of Q filter for effective disturbance rejection. The control performance
of RSEA is verified by experiment.
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4.2 Mechanical Design of Rotary Series Elastic
Actuator (RSEA)

4.2.1 Selection of Motor and Gear Reducer

In this dissertation, RSEA is developed for a purpose of rehabilitation. Therefore, not
only is conventional mechanical design consideration required, but characteristics of human
motions must also be considered in the design procedure. The proposed RSEA is designed
for assistance/rehabilitation only at the knee joint as a proof of concept. A fully developed
lower extremity exoskeleton will have such actuators at every joint.

In order to determine the size of the motor (Power), the characteristics of human motions
are first analyzed. Considering a male subject with a body weight of 64 kg, the power
consumption of the knee joint for walking is approximately 1.53 W /kg, which is equivalent
to 97.92 W [82]. Note that this calculation is computed if the knee joint is fully active with
healthy condition. For the use of this RSEA, a target patient is assumed to have partial
motor controls. Polarized patients are excluded since this patient group requires at least
100% of joint power to generate the knee joint motions. As a result, a brushless dc (BLDC)
motor of 90 W (EC 90 Flat model) from Maxon Motor Company is chosen [51]. EC 90 flat
BLDC motor has a nominal speed (no load) of 3190 rpm and a nominal continuous torque of
0.387 N.m, while knee joint dynamics demonstrates the angular velocity profile within 450
rpm, and the maximum knee joint torque of 80 N.m based on the subject’s kinesiological data
[36]. We set the maximum assistive torque of RSEA up to 20 N.m according to the assistive
torque range of a professional gait training robot, such as Lokomat, in a clinical test [19]. This
RSEA version can deliver twice the maximum assistive torque of its previous generations:
RSEA (version 1) [42] and cRSEA (version 2) [41]. To satisfy this design criteria, the GP 52
planetary gear head with a gear reduction of 53:1 is selected, resulting in the nominal output
speed of 20 N.m as desire and nominal no load speed of approximately 60 rpm. Although
the output speed of RSEA is slow compared to the nominal speed of the knee joint, this is
allowable for gait rehabilitation that regularly assists/rehabilitates patients at low speed.

The output shaft of RSEA geared motor connects to a torsion spring which can be
manually changed for different spring combinations. Then, a helical spur gears with gear
reduction ratio 1:1 are used to change the rotation axis of RSEA output shaft to coincide
with the rotation axis of knee joint. As a result, the total gear reduction ratio of RSEA
becomes 53:1. In order to realize these conceptual designs, a 3D CAD model of RSEA and
its prototype are shown in Figure 4.2 (a) and (b). For safety considerations, mechanical
safety stoppers are also introduced [Figure 4.2 (a)| to limit the range of motion of RSEA
within the natural range of motion of human knee joint.
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EC 90 Flat BLDC Motor

GP 52 Planetary Gearhead
(53:1)

Safety Stoppers

Output shaft

Helical Spur Gears
(1:1)

Figure 4.2: The mechanical design of RSEA: (a) 3D CAD model of RSEA, and (b) RSEA
prototype
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Figure 4.3: The designed torsion spring: (a) Prototype of torsion spring, (b) Dimensions of
torsion spring, and (c) Different combination of torsion springs.

Spring Coil  Di- Mean Di- Spring Length (a) Measured

Number ameter (d) ameter (D) Length (L) [mm] Stiffness
[mm]| [mm)| [mm)| [N.m/deg]

1 3.0 33 25.50 6.085 0.022

2 3.5 33 27.75 6.098 0.038

3 4.0 33 30.00 6.112 0.071

4 3.0 45 25.50 6.042 0.017

5) 3.5 45 27.75 6.073 0.035

6 4.0 45 30.00 6.083 0.052

7 3.0 57 25.50 6.033 0.014

8 3.5 57 27.75 6.058 0.031

9 4.0 o7 30.00 6.066 0.043

Table 4.1: Design parameters of torsion springs. Note that the number of active coils of all
torsion springs is 4.
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Figure 4.4: The experimental result: Torsion spring torque - deflection relationship

4.2.2 Torsion spring design

The torsion spring is a dominant mechanical component in the RSEA, resulting in an elastic
actuator joint. An assistive torque generated by RSEA is the interaction torque between the
motor side and human side, which can be measured by utilizing a torsion spring as a torque
sensor. If the relationship between a torsion spring torque and its deflection is determined,
the assistive torque can be directly determined. Generally, the torque-deflection relationship
of a torsion spring is nonlinear. For certain ranges of the torsion spring deflection, it may
have a linear behavior, such as 7 = kf, where 7 is the torsion spring torque, k is a torsion
spring constant, and 6 is the deflection of torsion spring. Considering design point of view,
if the torsion spring is too soft and the maximum of torsion spring deflection is also small,
then less assistive torque can be generated. On the other hand, utilizing a stiff torsion spring
can provide more assistive torque but is less comfortable for humans regardless of control
algorithms. The torsion spring selection must be carefully considered since utilizing improper
torsion spring can affect the RSEA performance and human safety.

To verify these conceptual designs, 9 torsion springs with different stiffness values are
prototyped, and the mechanical design parameters are presented in Table 4.1 and Figure
4.3 (a)-(b). Considering 20 N.m as maximum assistive torque capability of RSEA, a certain
combination of multiple torsion springs (e.g. spring 3 + spring 6 + spring 9) is utilized to
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achieve this amount of assistive torque generation [Figure 4.3 (c)]. Moreover, if the RSEA
is used for less assistive torque generation, we can manually change torsion springs by using
the different combinations [Figure 4.3 (c)]. To obtain the stiffness of these torsion springs,
given known external torques to the RSEA output shaft while the geared motor shaft is
fixed, the deflection of torsion spring is measured under static condition [Figure 4.4].

4.2.3 Sensors and Data Acquisition

To measure angular positions of the geared motor and RSEA output shaft, two US digital
encoders with resolution of 2500 counts per revolution are installed. The locations of these
sensor attachments are demonstrated in Figure 4.2 (a). A DEC 70/10 4-Q-EC amplifier
(4-quadrant digital controller) supplies power to a EC 90 Flat brushless dc motor equipped
with Hall sensors. The power supply for this motor controller is a 24 V battery. For real
time data acquisition, a LabVIEW program with an FPGA card (NI PCI 7831 model) is
used with a sampling rate of 1 kHz.

4.2.4 Discussion of RSEA Hardware Design

Table 4.2 presents hardware specifications of different RSEA versions: RSEA version 1 [42],
RSEA version 2 (cRSEA) [41], and RSEA version 3 (current prototype). The significant
improvement of the current RSEA prototype compared to previous RSEA generations is the
increased level of assistive torque (from 10 N.m to 20 N.m), which is closer to the actual
assistive torque capacity of commercial lower extremity exoskeletons such as Lokomat [19].
However, this also results in decreased nominal output speed of RSEA (down to 50 rpm).
Therefore, only assistive torque profiles with slow speed patterns can be generated by the
current RSEA. This RSEA may be only suitable for the early phase of gait rehabilitation
which commonly rehabilitates patients with the slow lower extremity movements.

The current RSEA can also provide maximum assistive torque up to 247.51 N.m as stall
torque under limited operational conditions, such as short duration. With high reflective
inertias of these three RSEA versions, they are not back-drivable if the controllers are off.
Another improvement of the current RSEA version is the ability to manually change the
torsion spring combinations to match the desired assistive torque capacity. The cRSEA
uses a soft torsion spring which often breaks if an undesired operational condition occurs,
such as excessively large external torque from the human. This problem is solved in the
current RSEA version by robustly designed torsion springs with several spare parts for quick
maintenance.

The overall actuator weight of current RSEA (4.2 kg) is about twice as heavy as the pre-
vious version, cRSEA (2.1 kg) . Ideally, the actuator weight must be light enough to wear
so that it does not introduce discomfort to the patient or result in unnatural gait motion
patterns. In order to solve this issue, the lower extremity exoskeleton frames are introduced
for better actuator weight support and guaranteeing unconstrained lower extremity motions
while walking. In addition, the exoskeleton frames can be utilized for firm RSEA attachmen-
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RSEA version 1 RSEA version 2 RSEA ver-
[42] (cRSEA) [41] sion 3 (current
prototype)

Motor

Model Maxon EC- Maxon  RE40 EC 90 Flat
Powermax BLDC motor BLDC motor
(305013) BLDC
motor

Power [W] 200 150 90

Volt [V] 24 24 24

Nominal Speed [rpm] 16200 8200 2650

Nominal Torque [N.m] 0.114 0.181 0.387

Stall Torque [N.m)] 3.18 2.29 4.67

Efficiency [%] 88 91 83

Roter Inertia [g.cm?] 33.3 134 3060

Gear Reducer

Gear Ratio [N:1] 113 60 53

Desired Max Assistive Torque 10 10 20

[N.m]

Nominal Output Torque [N.m] 12.88 10.86 20.51

Nominal Output Speed [rpm] 143.36 136.67 50

Output Stall Torque [N.m] 359.34 1374 247.51

Torsion Spring

Stiffness of Torsion Spring 0.23 0.0056 0.014 - 0.166

[N.m/deg]

Desired Maximum Deflection +25 +300 +90

[deg]

Actuator Weight [kg] Not Available 2.1 4.2

Table 4.2: Hardware specifications of different RSEA versions
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(@) (b) (©)

Figure 4.5: The degrees of freedom (DOF) of lower extremity exoskeleton modules: (a) 3-
DOF's passive hip joint module (Left and Right), (b) 1-DOF passive knee joint (Left), and
(c) 3-DOF's passive ankle joint module (Left and Right). Note that the 1-DOF active right
knee joint module is actuated by RSEA.

t or equipped with additional sensors(such as encoders at hip and ankle joints, and smart
shoes), or more actuators at hip and ankle joints for future developments. An alternative
solution would be to redesign the RSEA by selecting a thinner and lighter gear transmission.
A pancake harmonic drive is great candidate since it is generally thin and light. Therefore,
utilizing a harmonic drive can result in more compact size of RSEA and lightweight guar-
antee. However, an affordable harmonic drive with compact size and desired gear reduction
ratio is hard to find in the market. In this dissertation, instead of using a sophisticated and
expensive harmonic drive, the design of lower extremity exoskeleton frames is chosen.

4.3 Mechanical Design of Lower Extremity
Exoskeleton Frames

Lower extremity exoskeleton frames are proposed to both secure attachment of the RSEA
on the patient’s leg and weight support, while relieving constraints on lower extremity mo-
tions during walking. Utilizing modular design concepts, several designed modules of lower
extremity exoskeleton frames and their DOF descriptions are presented in Figure 4.5. Only
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3 DOF Passive
Hip Joint

Rotary Series
Elatic Actuator
(RSEA)

1 DOF Passive
Knee Joint

3 DOF Passive
Ankle Joint

Smart Shoes

(e}

Figure 4.6: The proposed lower extremity exoskeleton: (a) CAD model of the lower extremity
exoskeleton, (b) Prototype of the lower extremity exoskeleton, (c) details of joint modules
and hardware components of the lower extremity exoskeleton.
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Specification Value-Unit
RSEA weight 4.2 kg
Overall weight 8.0 kg
Power 90 W
Number of active joints 1 (Right knee actuated by RSEA)
Number of passive joints )
Number of total DOF's 14

DOFs of hip joint module 3 (Flexion/Extension, Abduction/Adduction, Up-
ward/Downward Translation)

DOFs of knee joint module 1 (Flexion/Extension)

DOFs of ankle joint module 3 (Flexion/Extension, Abduction/Adduction, Up-
ward/Downward Translation)

Maximum assistive torque 20 N.m

Torsion spring stiffness 0.014 - 0.166 N.m/deg

Table 4.3: Summary of hardware specifications of proposed lower extremity exoskeleton

the right knee joint module is active and equipped by RSEA, while the other joint modules
are passive.

The left and right passive hip joint modules each have 3 DOFs which correspond to
hip flexion/extension (X}, axis), hip abduction/adduction (Y} axis), and upward/downward
translation along a thigh (7, axis) [Figure 4.5 (a)]. The hip joint module is attached to a hip
brace, and the position of this hip joint module can be adjusted to match flexion/extension
of exoskeleton frame with natural hip flexion/extension of the patient. The left passive knee
joint module has only 1 DOF which is knee flexion/extension (X}, axis) [Figure 4.5 (b)]. In
addition, the left and right passive ankle joint modules each have 3 DOFs which are ankle
flexion/extension (X, axis), ankle abduction/adduction (Y, axis), and upward/downward
translation along a shank (Z, axis) [Figure 4.5 (c)]. This ankle joint modules are connected
to the smart shoes. Therefore, the weight of lower extremity exoskeleton frames can be
supported by ground contact during walking, especially in stance phases.

Figure 4.6 shows the details of proposed lower extremity exoskeleton. The CAD model of
the lower extremity exoskeleton is designed in order to realize design concepts and hardware
details before manufacturing the actual prototype [Figure 4.6(a)]. The shank and thigh
orthoses are custom designed and fabricated based on the shape of user’s lower extremities.
The actual prototype of lower extremity exoskeleton is shown in Figure 4.6 (b). The upper
body harness is also utilized for secure attachment of the hip brace to user’s hip. In addition,
actual prototypes of each joint module, smart shoes, and RSEA prototype are shown in
Figure 4.6 (c) as the complete assembly of lower extremity exoskeleton. In conclusion, the
specifications of proposed lower extremity exoskeleton are summarized in Table 4.3.
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Figure 4.7: Frequency response of rotary series elastic actuator (RSEA)

4.4 System Identification of Rotary Series Elastic
Actuator (RSEA)

In order to design a controller for stabilizing and improving the accuracy of assistive torque
generation, a model-based controller design approach is conducted, which requires a math-
ematical model (i.e. differential equation, state space representation, or transfer function)
of controlled system (RSEA). To obtain this model representation, a frequency-response-
based system identification approach is performed. Given sinusoidal inputs with different
frequencies (i.e. 0.1-10 Hz) and amplitudes (3-10 V) to the RSEA, frequency responses of the
actuator are measured. For each frequency (w) and amplitude (Up) of sinusoidal input, the
gain |G (jw)| and phase shift ZG(jw) of the system G(s) are calculated and shown in Figure
4.7. From the experimental result of system identification, it is evident that the RSEA is
not linear; the |G(jw)| and ZG(jw) are both input-amplitude dependent. Nonlinearities are
due to backlash and nonlinear friction among others. The open loop bandwidth of RSEA
is approximately 1 Hz. For high frequency ranges, such as 2-10 Hz, the frequency response
of the system has large variation which is difficult to accurately identify. As a result, a
nominal plant model G,,(s) combined with multiplicative model uncertainty A(s) is chosen
to represent an actual system model of RSEA G(s). The nominal model is chosen to be the
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transfer function of RSEA at 6 V, since it represents dynamic behaviors in average from low
input (3 V) to high input (10 V). Suppose G(s) is given by:

G(s) = Gn(s) 1+ W(s)A'(s)];  [[A(s)]le< 1 (4.1)
=Gu(s)[L+A)]; As) = W(s)A'(s)

Note that W(s) is a weight function corresponding to a unit multiplicative uncertainty
(A’(s)). In addition, the weight function W (s) is chosen so that it satisfies:

G(jw) - Gn(jw) . W
ngX Go(j) <|W(s)]; VweR (4.3)

Where G is the set of possible perturbed plant models. The experimental result of multiplica-
tive model uncertainty identification is shown in Figure 4.8 (a). Ws(s) has low magnitude in
low frequency range because of small model variation, and it covers all mismatched models
at 3-10 V. The RSEA system identification is summarized as:

38.34
e nominal plant mode Gin(s) s2+1.512s Y
0.8096s + 0.6697
The weight function : ~ W(s) = 0
e weight function (s) s+ 2.09 48)

Note that a 2nd order nominal plant model of RSEA is obtained instead of a higher order
model, which may be more accurate to fit frequency responses but more difficult to use to
design and implement a controller. The frequency response of the actual plant model is
presented in Figure 4.8 (b).

Even though, we estimate the RSEA mathematic representation as a linear system, some
nonlinearities may be excluded by this approach. One of the dominant nonlinearities of a
servo motor is friction. To identify the friction model, a standard coulomb friction identifica-
tion approach is conducted. When RSEA is initially stationary, the input voltage is increased
until RSEA starts rotating. As a result, the estimated coulomb friction is approximated by

Coulomb __ +1075 [V] ;6) > O (4 6)
Friction =1 1348 [V] ;0 <0 '
On top of coulomb friction, other nonlinearities may occur during operating RSEA, such as
backlash. Therefore, unidentified nonlinearities and other mismatched model uncertainties
are needed to consider in controller design step.
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Figure 4.8: Experimental results of system identification: (a) Identified multiplicative un-
certainty, and (b) Frequency response of actual plant (RSEA).
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Feedforward Controller
(Friction Compensation)

PID Controller
(Tracking Performance)

Disturbance Observer (DOB)
(Disturbance Rejection)

Figure 4.9: Controller structure of rotary series elastic actuator

4.5 Controller Design of Rotary Series Elastic
Actuator (RSEA)

In order to design a controller that can stabilize a controlled system and ensure control
performance (i.e. accurate and precise tracking of a reference trajectory), several controller
design criteria must be considered, such as characteristics of the nominal model, mismatched
model dynamics, and inherent nonlinearities. A block diagram of the proposed controller
is presented in Figure 4.9, which is motivated by previous control structure implemented in
the RSEA version 1 [42]. Note that the reference trajectory (r) is the desired motor position
of RSEA (57*"*?) which is calculated by:

Desired
r = Qﬁesired _ ADI{ + QH (47)

where 77557 is a desired assistive torque to the patient, K is the stiffness of torsion spring,

and Ay is a human joint position.

The proposed controller includes 3 main parts: (1) PID controller C'(s) for guaranteeing
tracking performance and closed loop stability, (2) Feedforward controller F'(s) for friction
compensation, and (3) disturbance observer (DOB) for disturbance rejection under model
uncertainty and external perturbation to the system. PID gains are obtained by manual
tuning in experiments. As a result, the final tuned PID controller is C'(s) = 3s +0.7; K, =
0.7, Kg = 3, and K; = 0. The feedforward controller includes a coulomb friction model
(according to section 4.4) for friction compensation. To include a disturbance observer loop
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for disturbance rejection, we first consider a plant model given by:
Guy(s) = Gu(S) L+ A(s)]; Als) = W(s)A'(s), [JA(s)[lw< 1. (4.8)
Then, an output, Y*(s), can be expressed as:

o[ G Ty [O+AGDQET]  [Curl1 - Qs))
¥ils) = L+A(8)Q(s)] Us) [ T AE)Q) }"( )+ [ L+ ABQG)

N
-~ -~ -~

Gu*—)y* (s) Gn—>y* (s) Gd—»y* (s)

} D(s). (4.9)

From equation 4.8, If we select Q(s) ~ 1 in the frequency range of disturbance (i.e. low fre-
quency range), disturbance rejection can be achieved under existence of model uncertainties
[76]. On the contrary, sensor noise attenuation is desired at high frequency range by choosing
Q(s) =~ 0. As a result, one possible candidate for the @ filter is a low pass filter. However,
Q(s) must have the relative degree greater than the relative degree of the nominal plant
transfer function G, '(s), such that Q(s)G,,'(s) is realizable for implementation. In addition
to the disturbance rejection performance, the robust stability of DOB loop and closed loop
system must be guaranteed. For the stability of DOB loop, it is robustly stable if and only
if:

W(s)Q(s)I< 1 A (s)]le< 1 (4.10)

and the closed loop stability is satisfied if and only if
IW(s)T'(s)loo< 15 [|A'(8)[|oo< 1 (4.11)

where

Gn(s)C(s) + Q(s)
1+ Gu(s)C(s)
Note that T"(s) is a closed loop complementary sensitivity function. In order to satisfy

required relative degree of @(s), and achieve both stability conditions (equation 4.9 and
4.10), we design the Q filter as:

T'(s) = (4.12)

21 fy

2
—_— ik, =0.1 =110 4.13
S+27qu) ) Mg afq ( )

Q(s) = ky (
A cut off frequency of 110 Hz and DC gain of 0.1 of the Q filter are tuned experimentally.
Given the designed Q filter, the verification results of achieving stability conditions for DOB
loop and closed loop system are shown in Figure 4.10. Based on the proposed Q filter, both
1/Q(s) and 1/T"(s) (similar to high pass filter) have greater magnitude than the magnitude
of W {(s) for entire frequency range. For implementation of Q(s), a discrete time domain of
Q filter Q(z7!) is obtained by bilinear transformation [75].
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Figure 4.10: Verification results of achieving stability conditions for DOB loop and closed
loop system

4.6 Experimental Results of Control Implementation

For robotics rehabilitation applications, it is required to verify control performance, when a
patient operates or wears rehabilitation device during rehabilitation session. Even though
the proposed controller performance is verified in the design step (section 4.4), direct contact
or physical interaction between human and robot may result in poor control performance of
RSEA, i.e. less accurate and precise assistive torque generation. Therefore, an experiment
with a 28-year-old male subject is conducted. The subject wears the lower extremity ex-
oskeleton and walk on a treadmill with slow speed of 0.09 m/s. We assume that an assistive
torque profile is predefined prior to the experiment for the verification of RSEA control per-
formance. The experimental results are shown in Figure 4.11. Note that we test the RSEA
capability of assistive torque generation at both low (2 N.m) and high (10 N.m) magnitude of
assistive torque. Both assistive torque profiles are sinusoidal trajectories with low frequency
of 0.1 Hz. Note that positive knee joint position refers to the knee flexion and negative knee
joint position is the knee extension. According to experimental results, the RSEA generates
more accurate assistive torque at the lower magnitude with RMS of torque error 0.0841 N.m
and maximum torque error magnitude 0.4848 N.m. For the 10 N.m assistive torque case, the
RMS of torque error is 0.4561 N.m and the maximum torque error magnitude is 1.8346 N.m.
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The higher assistive torque results in more knee joint motions, therefore, more disturbances
from human or resistive torque caused by human reflex can influence the control performance
of the RSEA. Furthermore, more assistive torque applied to the subject causes faster change
of knee joint motions compared to the lower assistive torque case. The RSEA may not be
able to accurately generate assistive torque, if the knee joint motions are out of range of the
RSEA bandwidth limitation (~ 1 Hz).

4.7 Chapter Summary

The chapter proposes the design and control of lower extremity exoskeleton for a rehabili-
tation application. A rotary series elastic actuator (RSEA) is developed as a main actuator
of the exoskeleton system, which consists of BLDC motor, planetary gear transmission, and
torsion spring. Utilizing a torsion spring in the RSEA results in elastic joint behaviors and
introduces several advantages, such as capability of measuring interaction torque (assistive
torque) and shock/impact absorption. The RSEA is attached at lower extremity exoskeleton
frames for secure attachment and actuator weight support purpose. The exoskeleton frames
include two 3-DOF passive hip joint modules, two 3-DOF passive ankle joint modules, 1-
DOF passive knee joint module, RSEA supporting frame, hip brace, upper body harness,
and smart shoes. The proposed lower extremity exoskeleton has 14 DOF in total and does
not constrain leg motions while walking.

In order to guarantee stability and actuation performance of the RSEA (i.e. accurate
and precise assistive torque generation), a model-based controller design approach is applied.
Starting with system identification, a nominal model of RSEA and its model multiplicative
uncertainties are identified using a frequency-domain-based approach. The proposed con-
troller of RSEA consists of three main parts: (1) PID controller (stability and tracking per-
formance), (2) feedforward controller (friction compensation), and (3) disturbance observer
(disturbance rejection under existence of model uncertainties). The proposed controller is
verified by experiment with a human subject. The experimental results indicate that the
RSEA can generate assistive torque accurately. Lower assistive torque generation has a s-
maller error of assistive torque compared to higher assistive torque generation because of
less perturbation from the human. If human motions exceed the bandwidth limitation of
RSEA| the actuator may not generate assistive torque accurately, as seen from some regions
of 10 N.m experimental result.

Future works include both design and control aspects. From the design point of view, a
more compact and lighter RSEA can be achieved by selecting a new transmission, such as
a pancake harmonic drive. In addition, improved version of RSEA units can be installed at
the rest of exoskeleton joints (i.e. hip and ankle joints), so that human lower extremities can
be fully assisted. In terms of control, a more accurate model of friction is recommended so
that the friction compensation will be more effective and result in more linear characteristics
of RSEA. Lastly, a more realistic assistive torque profile should be applied in experiment, as
well as clinical tests.
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Figure 4.11: The experimental results with human subject: (a) Assistive torque level at 2
N.m, and (b) Assistive torque level at 10 N.m.
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Chapter 5

Concluding Remarks and Open Issues

5.1 Concluding Remarks

Through a mechatronics approach, this dissertation proposes several sensing and actuation
systems for rehabilitation applications, including (1) Human joint motion sensing and torque
estimation during walking for human gait analysis, (2) Human motion capture system based
on inertial sensing and complementary filter implementation, (3) Design and control of ac-
tive lower extremity exoskeleton for gait rehabilitation, and (4) Human-in-the-loop (HITL)
control of active lower extremity exoskeleton for gait rehabilitation. The contributions from
this dissertations are concluded as follows:

5.1.1 Human Joint Motion Sensing and Torque Estimation
during Walking for Human Gait Analysis

In order to analyse and evaluate the patient’s conditions of abnormal movements as a first
procedure of rehabilitation, experience-based observation by a physical therapist or doctor
is generally performed without utilizing sensing technologies. Sometimes, this conventional
diagnosis method results in inaccurate diagnosis and ineffective rehabilitation plan. To
enhance the effectiveness of the diagnosis procedure, this chapter proposes development of
sensing system that is capable of measuring human joint motion data and estimating joint
torque as insightful information for evaluation of the patient’s conditions. A 7-DOF passive
exoskeleton is developed and equipped with multiple sensors such as encoders, gyroscopes,
and smart shoes. It can measure human joint kinematics, ground contact forces, and gait
phases. For joint torque estimation, a gait-phase-based walking dynamic model is derived
by utilizing an inverse dynamic approach. This walking dynamic model describes walking
dynamics in the sagittal plane and consists of multiple sub-dynamic models corresponding
to each gait phase. The joint kinematics measurements and estimation results of human
joint torques are verified by experiments.
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5.1.2 Human Motion Capture System Based on Inertial Sensing
and Complimentary Filter for the Analysis of Human
Upper Extremity Motion

This chapter investigates a 3D human motion capture system used for rehabilitation ap-
plication. To measure the 3D orientation of each limb segment, a 9-DOF inertial sensor
measurement (IMU) sensor is utilized with several embedded attitude sensing algorithms,
including gyro integration, TRIAD, and TVCF. The IMU sensor is first calibrated with a
Quanser 3-DOF gyroscope to ensure accuracy of attitude estimation. To deliver meaningful
quantitative information for upper extremity motion analysis, an Euler angle representation
associated with a forward kinematics model of the upper limb movements is developed. A-
mong the three sensing algorithms, TVCFE demonstrates the best attitude estimation result,
while gyro integration results in drifted estimation and TRIAD causes noisy estimation result
if magnetic distortion exists. Moreover, an animation that recaptures the upper extremity
motion is introduced as an intuitive visualization for the diagnosis procedure.

5.1.3 Design and Control of Active Lower Extremity
Exoskeleton for Gait Rehabilitation

This chapter proposes the development of assistive technology for rehabilitation applications,
particularly a design and control methodology of the lower extremity exoskeleton. Utilizing a
rotary series elastic actuator (RSEA) in the exoskeleton introduces several advantages, such
as the capability to measure assistive torque, and shock /impact absorption. This exoskeleton
has 14 DOF in total and includes multiple sub-modules: two 3-DOF passive hip joint mod-
ules, two 3-DOF passive ankle joint modules, one 1-DOF passive knee joint module, RSEA,
hip brace, upper body harness, and smart shoes. The exoskeleton is tested and verified in
experiment that it does not constrain leg motions while walking. For RSEA control, the
controller proposed in this chapter is designed as a lower level controller for the guarantee
of precise assistive torque generation and stability of the RSEA. A higher level controller
for generating the desired assistive torque is not combined with this lower level controller
yet. However, to test the RSEA control performance, we assumed that the desired assis-
tive torque is predetermined - as a reference trajectory for the assistive torque tracking of
RSEA. In order to derive the RSEA controller, a model-based controller design approach is
utilized. Performing a frequency-based system identification of the RSEA, a nominal model
of the RSEA and its multiplicative model uncertainty are identified. The RSEA controller
consists of a PID controller to guarantee closed loop stability and achieve reference tracking
performance, a feedforward controller for friction compensation, and a disturbance observer
loop for disturbance rejection. This RSEA controller is verified by experiment with a human
subject and the experimental results show accurate and precise assistive torque generation.
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5.2 Open Issues

Future work and interesting research topics in the field of sensing and actuation systems for
rehabilitation application are proposed:

5.2.1 Sensor fusion for measuring insightful information

First, the types of insightful information from the patient’s conditions need be specified,
given recommendations from the physical therapist or doctor. In this dissertation, human
motion data, estimated torque, and ground contact force information can be obtained by
using the proposed sensing systems. However, other types of information, such as muscle
activity, brain neural signal, can be further included. A sensor fusion technique such as
Kinematic Kalman Filter (KKF) can be implemented for more accurate state estimation in
the case of human joint motion sensing [Chapter 2]. Another essential issue to consider is
the practical implementation in real-time, and a more user-friendly interface.

5.2.2 Human modeling

In this dissertation, neurological models of muscle and brain are neglected, and only a dy-
namic model of human movement is considered. To include neurological system modeling
for more realistic and accurate model leads to many open topics, such as a feasible model of
brain and muscle activity representing complex interactions inside the neural system. To im-
plement this model into the human robot interaction scheme, model reduction for practical
implementation must be considered. This human modeling topic introduces the challenge of
novel system identification techniques as well as justification of the derived human model.

5.2.3 Practical design and control of active exoskeleton

The improved version of proposed active exoskeleton can be further developed. The RSEA
can be more compact, lighter weight, and have more assistive torque capacity. To solve this
issue, a harmonic gear drive can be utilized or a new configuration of RSEA components can
be designed. The stiffness of the current RSEA prototype is changed manually, which can be
further improved to be an automatic stiffness change, such as if variable stiffness mechanism
(VSM) is utilized. Beyond the use of a common BLDC motor in the exoskeleton, other types
of actuators (such as a hydraulic actuator, a pneumatic actuator) and an adjustable actuator
impedance mechanism (such as VSM) can be potentially investigated.

Once the actuator design is concluded, the required numbers of actuators must be consid-
ered. Depending on target group of patients and the conditions of the abnormal movements,
the required numbers of actuators may vary. For example, a SCI patient with a fully par-
alyzed lower extremity may need 2 actuators at the hip and knee joints [15],[35], or only
1 actuator at the hip combined with a transmission mechanism for the knee joint motion
generation [78]. Moreover, the exoskeleton frames can be further improved by reducing the
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weight and size of passive joints at the hip and ankle joints. Reliability and failure analy-
sis of the structure of exoskeleton frames should be also performed in order to ensure safe
mechanical structure of the exoskeleton.

The controller design stage may also be challenging. Other advanced control techniques
can be implemented, such as an adaptive controller, a discrete-time sliding model controller,
or other modern control theories.

5.2.4 Rehabilitation Algorithm

The rehabilitation algorithm or higher level controller for generating the desired assistive
torque is also challenging. For example, we assume that the current desired assistive torque
for RSEA at the right knee joint is predefined based on the physical therapist’s inputs.
The current exoskeleton suit is suitable for a patient who has abnormal movement of one
leg, while the other leg is still healthy. Therefore, the useful information from this healthy
leg (i.e. joint kinematics, estimated torque, gait phase) may be utilized for generating the
desired assistive torque for the unhealthy leg. In addition, since the gait phase information
is available, the rehabilitation algorithm may be derived for a specific rehabilitation protocol
corresponding to each gait phase, such as a rehabilitation algorithm for the stance phase
and another algorithm for the swing phase. On top of the proposed methods, other novel
algorithms are also encouraged.

5.2.5 Clinical Trials

Clinical trials are important to evaluate the effective use of the proposed exoskeleton. Several
issues during clinical trials must be considered, such as the patients’ feedback and comments
on the usage of exoskeleton and the physical therapists’ recommendations for further im-
provements of both hardware and software. Most importantly, the proposed exoskeleton
should be evaluated on if it significantly results in better conditions of the patients’ gait,
and if it yields a faster recovery period.
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