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Abstract

Stroke is the primary cause of permanent disabilities worldwide. Hemiparesis and hemiplegia
(the most common consequences of stroke) are the decreases in motor-functionality of the brain
on one side of the body which will affect the daily life activities of the patient. There are sev-
eral challenges with the current state of delivering rehabilitation services such as limitations on
the number of the clinics, financial resources needed for providing rehabilitation, associated costs
of transportation, and human resources. To overcome the issues related to conventional ways of
delivering therapy, different robotic systems have been developed to benefit healthcare systems
and patient with disabilities. Although various devices have been developed for rehabilitation
on either upper or lower extremity, there is no robotic system in the market for physical reha-
bilitation on both upper and lower limbs. Developing such devices is useful particularly in the
case of hemiparesis as the rehabilitation process can be performed on both upper and lower limbs
using the same device. This thesis represents the design process, manufacturing, and control of
a novel robotic rehabilitation device for delivering post-stroke therapy on both lower and upper
extremities. This portable, lightweight, inherently safe robot has five degrees of freedom, and its
mechanical characteristics are modifiable to suit different modes of therapy. An ethics application
was submitted and approved by the Western University Ethics Board to validate the functionality
of the device by performing experiments on healthy participants. The proposed robot has been

manufactured, verified through the experimental tests and been tested on the healthy subjects.

Keywords Robotic Rehabilitation, Stroke Rehabilitation, Multi Degrees-of-freedom Robot,

Inherently Safe Mechanisms, Mathematical Modeling, Experimental Trial.
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Chapter 1

Introduction

1.1 Introduction

According to the World Health Organization (WHO), stroke is “a clinical syndrome typified by
rapidly developing signs of focal or global disturbance of cerebral functions lasting more than
24 hours or leading to death, with no apparent causes other than of vascular origin” [27]. A
stroke happens when brain cells die when they do not receive oxygen because of interruption
in blood circulation to the brain. The symptoms of stroke are: (a) numbness or weakness, (b)
sudden problem in speaking and speech recognition, (c) sudden problem with vision, and (d)
sudden issues with walking or loss of balance [28]. It is estimated that about 15 million people
suffer from stroke each year worldwide. In addition, five million stroke survivors experience
permanent motor disabilities and require therapeutic services [29]. This means that stroke is the
leading cause of permanent disability in developed countries [30]. This trend results in a high
burden on healthcare systems and families of health care providers [29]. The majority of stroke
survivors require assistance in activities of daily living (ADL) and experience different levels of
disability [31].

The two major consequences of stroke are hemiplegia and hemiparesis. According to the

website of the National Stroke Association (NSA) of the United States,
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“Hemiplegia is a paralysis that affects one side of the body. It is often diagnosed
as either the right or left hemiplegia, depending on which side of the body is affected.
As many as 9 out of 10 stroke survivors have some degree of paralysis immediately

following a stroke [32].”

Hemiparesis occurs when one side of the body is weakened and is the most common conse-

quence of stroke. According to the website of the NSA,

“Hemiparesis or one-sided (“hemi”) weakness (paresis) affects about 8 out of 10
stroke survivors, causing weakness or the inability to move one side of the body.
One-sided weakness can affect your arms, hands, legs and facial muscles. If you
have one-sided weakness you may have trouble performing everyday activities such
as eating, dressing, and using the bathroom. Rehabilitation treatments, exercises at

home, and assistive devices can help with your mobility and recovery [32].”

Experiencing weakness in one side of the body will result in: (a) difficulties in grasping ob-
jects, (b) loss of balance and walking difficulties, (c) muscle fatigue, and (d) lack of coordination.
Although, hemiplegia and hemiparesis are serious disabilities, rehabilitation, physical and occupa-

tional therapies can assist patients to regain some of their motor skills and increase their mobility.

1.1.1 Post-Stroke Physical Rehabilitation

A common regime of treatment is through motor rehabilitation therapies where a therapist in-
teracts with a patient to provide various types of kinesthetic exercises. The goal is to initiate
neuromuscular recovery in addition to preventing joint stiffening and pain related to the lack of
sufficient mobility. It has been shown that these therapy exercises have a desirable effect on the
recovery of the patients especially in cases where a therapy procedure is initiated in the first 6
months after paralysis and is delivered for a minimum amount of time [30]. In addition it has been
shown that early involvement in rehabilitation therapies can significantly accelerate the recovery

procedure [24]. This indicates that to make the therapy process fast and effective for the patient,
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the rehabilitation process should start right after the stroke incident. Such therapies include (a)
passive movement therapy, (b) interactive kinesthetic therapy, and (c) functional therapy.

The goal of rehabilitation is to prevent joint stiffening and pain through combining the physical
self-actuated muscle movement by patients added to the therapist-guided joint movement right
after experiencing stroke [30]. This physical rehabilitation process can strengthen the damaged
cerebral tissues to regain lost motor functionality of the body after stroke [33, 34]. During the
initial stages of therapy, although patients show some improvement in the recovery of motor skills,
the gains achieved in motor functionality are limited [35]. It has been shown that the two factors,
(a) initiation time of the therapy and (b) focusing on functional tasks such as walking and grasping
have significant impact on decreasing the recovery time and more effective recovery of their motor
functionality [24,36,37].

In physical and occupational therapy, the goal is to increase flexibility, strength, coordination,
motor control and endurance of the muscles [38]. During this process the therapist guides the
patient in performing movements, doing stretching exercises and teaching movement strategies
[39]. The first step of rehabilitation therapy starts within 48 hours of the stroke. As the weakness
is severe in the initial stages, the patients are encouraged to change positions frequently to engage
in passive and active movement exercises. In passive exercises, the motion is performed by the
therapist whereas in active exercises, self-actuation of muscles performed by the patient creates
the motion [40]. Depending on the severity of the impairment, the position of the patient while
performing the exercises can be a bed, a chair, a standing position or walking with no assistance.
The therapist helps the patient to recover faster through sets of simple exercises to more complex
ones such as bathing, dressing or walking to be able to perform activities of daily living. This
rehabilitation process may take from months to years depending on the level of impairment, timing
and duration of therapy sessions, therapist’s experience and patient’s motivation through out the
process.

Rehabilitation movement therapy can be categorized based on the part of the body involved.

For the lower limb, the exercises are more towards walking, standing and stretching the leg, while
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for the upper limb, reaching and grasping objects are practiced during the therapy sessions. Figure
1.1 shows a therapist practicing with a patient on how to grasp an object. For the case of shoulder
and hip, the concept of the exercises is the same since the types of the joint in both cases are
similar. This can also be extended to case of wrist and ankle rehabilitation since the movements

are flexion/extension, pronation/supination and inversion/eversion [41].

Figure 1.1: Therapy exercise on UE for grasping an object [1]

1.1.2 Conventional Therapy Challenges

There are several challenges with the current state of delivering rehabilitation services such as
limitations on the number of the clinics, financial resources needed for providing rehabilitation,
associated costs of transportation, and human resources [42]. In addition to that, uneven distri-
bution of resources, lack of knowledge and insufficient insurance coverage limit the access of
patients to rehabilitation services [43]. The aforementioned challenges can result in (a) excessive
delays in initiating rehabilitation regimes, and (b) limited duration in which a patient can receive
supervised therapy. For the case of Lower Extremity (LE) rehabilitation, the situation is even more
challenging. For example, due to the relatively high weight and possible excessive rigidity of the
lower limb following a stroke, it is sometimes even required to have multiple therapists collabora-
tively assisting a patient to perform an exercise as shown in Fig. 1.2. This increases the cost of the

therapy and may necessitate more manpower. Some other issues associated with performing the
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therapy at clinics are the limitation of the clinic facilities and the cost and discomfort related to
transportation to clinics [42]. In addition to the above mentioned issues, it has been shown that in
order to achieve the best and fastest results from therapy sessions, the rehabilitation process should
start in the early stages after stroke. Therefore it is important to overcome the above mentioned
challenges as much as possible so patients can have access to therapy sessions and facilities. Apart
from various methods such as cortical stimulation, it is suggested that assistive devices can also

be used to increase the strength and the control of the movement of an impaired limb.

Figure 1.2: Therapy procedure for gait training performed by three therapists in a manual assis-
tance process [2].

1.2 Robotic Rehabilitation

To overcome the previously mentioned issues associated with the conventional ways of delivering
therapy, different robotic systems have been developed to benefit both the healthcare systems and

the people with disabilities [44—46]. Several studies have been performed to measure the outcome
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of these robotic systems in comparison to that of the conventional therapy methods [47-53].

The most important component for improving the functionality and motor skill learning after
stroke is task-specific practices and repetitions, this is where robotic devices play an important
role as these systems are ideally suited for repetitive tasks. The main advantages of the robotic
application in motor function training are: (a) reducing the cost of the rehabilitation process, (b)
enabling home and self training and (c) enabling modification for different therapy applications.

There are four types of robotic configuration for application of upper and lower limbs, (a)
end-effector based, (b) programmable foot-plates, (c) exoskeleton and (d) mobile base robots [3].
Various types of robotic systems for the lower and upper limb rehabilitation are shown in Fig. 1.3.

Each of these configurations have some advantages and disadvantages in rehabilitation appli-
cation. For example, end-effector and mobile types robots provide design simplicity, flexibility in
the actuation mechanism and wide range of motion (working volume). However, applying specific
isolated movement to a particular joint is difficult in this type of robots as the motion generated
by these robots is complex.

To independently and concurrently control the movement of the joints, exoskeleton type of
robots are the best option. However, to ensure the proper movement at each joint from patient to
patient, the length of the links should be adjustable which adds up to the setting up time and the
complexity of the device. Additionally, the complexity of the joint movement in the case of the hip
and shoulder, makes the design of the exoskeleton type robots challenging [54]. Additionally, as
the exoskeleton robots are attached to the limb of the patient through different points, the control
algorithms and mechanical complexity of this type of robots are significantly high to ensure the
safety of the patients [46].

For each configuration and concept of operation on upper or lower limbs, several robotic sys-
tems have been developed. Some notable examples of the end-effector type robotic systems for
the upper-limb application are, (a) MIT-MANUS [4], (b) the ACRE [5], (¢c) NeReBot [6], and Re-
0Go [7]. In comparison to the end-effector type, exoskeleton type robots, such as CADEN-7 [8],
PURPERT IV [9], ARMin III [10] and ArmeoPower (commercially available version of ARMin



1.2 Robotic Rehabilitation 7

Body weight
support

Body weight
support

Mobile

Programmable
robotic base

foot plates

(© (d) (e)

Figure 1.3: Various configuration of the LE and UE robotic systems (a) end-effector type for UE,
(b) exoskeleton type for UE, (c) end-effector type for LE, (d) exoskeleton type for LE,
and (e) mobile base for LE [3].

for upper extremity applications have attracted more attention in the literature. Fig. 1.4 and Fig.
1.5 show the above mention robotic systems that have been developed for robotic rehabilitation
on upper extremity, with the end-effector and exoskeleton structure respectively.

MIT-MANUS is a planar end-effector type robot introduced by Interactive Motion Technolo-
gies, Inc. for delivering physical rehabilitation on upper limbs [4]. MIT-MANUS is a two DOF
commercially available robot for therapeutic rehabilitation on upper limb as shown in Fig 1.4(a).

Lower Limb Rehabilitation Robots (LLRR) can assist patients and therapist with (a) gait train-

ing, (b) various joint movement or (c) exercising leg muscles. Lower limb robotic systems devel-
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(b)

(d)

Figure 1.4: End-effector type robots for UE robotic rehabilitation, (a) Commercial version of the
MIT-MANUS , the ACRE , (¢) NeReBot , and (d) ReoGo [4-7].

oped for rehabilitative purposes can be categorized into three configurations: (a) programmable
foot-plate, (b) exoskeleton, and (c) mobile base [3]. In the programmable foot-plate type robotic
system, the feet of the patient are placed on the end-effector of a robotic system which simulates
the motion required for gait training or other joint movements. In general this type of robots
are less bulky, joint specific and have simpler mechanism in comparison to the exoskeleton type
robots for gait training. On the other hand, the exoskeleton type of robots are similar to actuated
orthosis that can be attached to a patient’s limb and can be used for either gait training with the
help of a treadmill or specific joint rehabilitation while the patient is stationary. This type of robots
can deliver motion directly to a specific joint related to the human biomechanics. Some examples
of the robotic rehabilitation devices currently being developed for LE applications are shown in

Fig. 1.6 and Fig. 1.7.
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Figure 1.5: Exoskeleton type robots for UE robotic rehabilitation, (a) CADEN-7, (b) PURPERT
IV, (¢) ARMin III, and (d) ArmeoPower [8-10].

Pedago: Pedago is an end-effector type robotic system developed by the LokoHelp Group for
gait training. The studies on the performance and the efficiency of this system show that the
improvement in gait training can be achieved similar to the manual locomotor training while

providing more assistance to the therapist [55].

Lokomat: This system is a combination of an actuated exoskeleton orthosis, a treadmill and a
weight support system developed by Hocoma AG. The speed of the treadmill and the motion of the
exoskeleton orthosis (at each hip and knee) is precisely synchronized for accurate rehabilitation
on gait training. Lokomat is the most clinically evaluated system for LE rehabilitation [56-58].

Fig. 1.6(d) shows a high performance ankle rehabilitation system developed at the Istituto
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() (d)

Figure 1.6: Programmable footplate and mobile based type robots for LE rehabilitation, (a)
Pedago gait trainer by LokoHelp group, (b) GaitMaster5: a footplate type gait reha-
bilitation, (c) KineAssist robotic system, and (d) Ankle Rehabilitation Robot [11-14].

Italiano de Tecnologica. This system can generate plantar/dorsiflexion and inversion/eversion
motion of the ankle by using a Stewart parallel mechanism similar to the Rutgers Ankle [59].

Most of the systems designed for robotic rehabilitation are still in the research phase and are

not commercially available whereas the robots that are commercially available and are accessible
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(©) (d)

Figure 1.7: Exoskeleton type robots for gait training or stationary training on LE, (a) ReoAm-
bulator robotic system (Motorika Ltd.), (b) Lokomat system by Hocoma, (¢) Motion-
Maker (Swortec SA), and (d) ReWalk wearable system (ARGO Medical Technologies
Ltd.) [15-18].

in the clinics have not yet been designed for in-home applications. The main reasons behind this

are (a) lack of clinical evaluations of the effectiveness of the robots, (b) high cost, (c) need for

direct supervision by therapists, and (d) the need for therapy protocol and assessment.

Most of the existing robotic rehabilitation systems have been developed for delivering UE ther-
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apy. In comparison to the mechatronic devices designed for UE therapy, LE rehabilitation robots
have not attracted the attention they deserve especially for the joint movement rehabilitation. This

can be related to the specific difficulties associated with LE rehabilitation.

1.2.1 Drawbacks of current robotic systems

Several robotic systems have been developed for delivering therapeutic rehabilitation in order
to overcome the issues related to the conventional methods of delivering therapy. However, some
challenges still exist in the current state of rehabilitation robotic technologies such as: (a) relatively
higher cost, (b) complex mechatronic design, (c) larger weight and size of the mechanism, (d)
portability issues, (e) difficulty in operation, (f) complexity of the systems in the initial stages of
therapy, (g) no personalized therapy and need for direct supervision to monitor operation safety,
and (h) no robotic system for delivering therapy to both upper and lower limbs. [3].

As mentioned before, the high cost associated with delivering therapy is high and this prevents
patients from receiving services within appropriate time or for a sufficient duration. Additionally,
most of the commercially available robots are expensive which adds up to the above-mentioned
costs. The price-to-performance ratio is also not satisfactory in most of the developed systems
when the benefits to clinics and patients are considered [60].

It has been shown that the number of repetitions in performing therapy procedures for neuro-
motor recovery is important [61]. One of the factors that limits the number of therapy sessions
that the patients can attend is the therapist’s and clinic’s availability. This eventually increases the
cost and decreases the comfort level of patients receiving therapy services. One way to reduce
the cost and provide more therapy time to patients is to allow home or personalized therapy to
patients through tele-rehabilitation. The benefits of tele-rehabilitation are: (a) decreasing the the
travel between rural communities and specialized urban healthcare facilities, (b) better clinical
support, (c) delivering rehabilitation technology to rural communities, (d) indirect education to
isolated rural clinicians, and (e) improvement in the stability of the services to regions with high

clinician turnover [62]. One of the factors that makes robotic tele-rehabilitation more feasible is
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the development of robotic systems that are (a) lightweight, (b) easy to operate by patients, (c)
transportable, (d) safe to operate, and (e) low cost. Almost all of the systems that are commer-
cially available are either not transportable easily or require direct in-person supervision by the
therapist.

Although various devices have been developed for rehabilitation on either upper or lower
extremities, there is no robotic system in the market for physical rehabilitation on upper and
lower limbs. Developing such devices are useful particularly in the case of hemiparesis (which is
the most common consequence of stroke and affects %80 of survivors) where the patients suffer
from disability on one side of the body. Developing technologies for this application is useful
as the rehabilitation process can be performed on both upper and lower limbs using the same
only one robotic system. This multi-functionality feature can significantly decrease the cost of
rehabilitation for both patients and the healthcare system as one device can be used for both upper
and lower extremity rehabilitation.

Addressing the aforementioned problems can increase the number of facilities that are equipped
with the appropriate technology which will increase the availability of these devices for a large
number of patients. The ultimate goal for researchers in the field of physical robotics rehabilita-
tion is to provide in-home user friendly robots that can significantly increase the number of hours
during which a patient can receive kinesthetic therapies. Additionally, more patients can have
access to the equipment at home under the supervision of a therapist in the clinic. This solution
will significantly reduce the cost associated with factors such as manpower, transportation and
therapy time. In addition, as a result of performing therapy at home, the number of sessions can

be increased which should lead to faster recovery.

1.2.2 Control Strategies For Robotic Rehabilitation

The goal of control strategies is to control developed robotic systems in performing the reha-
bilitation exercises to enhance neural plasticity and increase neuromotor recovery. Overall the

high-level control strategies that have been developed for rehabilitation robotics are: (a) assistive,
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(b) challenge based, (c¢) simulate of normal tasks, and (d) non-contact coaching [63]. The most
developed mode of control is the assistive one. In this mode the tasks are made easier for the
patient to complete with the assistant provided by the robot. This results in more repetitions and
faster skill recovery [46]. Significant effort has been made in the past two decades on validating
the design and proposed control strategies for robotic rehabilitation and the effect of each strategy
on the improvement of patients. Although most of the studies on clinical evaluation of the robotic
technologies are sparce, most of the studies show promising result on the developed technologies

and the control strategies for faster and more efficient recovery and motor learning skills.

1.3 General Problem Statement

As mentioned earlier, one possible step to address some of the above-mentioned difficulties (in
particular, cost and complexity) is to develop devices that are designed specifically for one partic-
ular therapy regime and one joint. In other words, the solution could be a simple device that can
be used for multiple simple therapy regimes. This will decrease the complexity of each system,
increase portability, decrease the cost of the devices and allow for customization of the therapy
for each patient [26].

It is worth mentioning that the problems for current LE robots are interlinked in a way that
addressing one can improve the others. For example, to target the complexity and the size of the
system by making function-specific robots will decrease the cost and the weight of the system.

One of the disadvantages of the devices developed for robotic rehabilitation, especially in LE
applications is the relatively high cost of the devices. Also most of the commercially available
robots are too complex for movement therapy and are mostly designed for functional therapy like
gait training. There are some limitations with the currently existing technology for LE, such as:
(a) not providing active hip abduction/adduction therapy that is necessary for maintaining balance
during walking [20]. (b) unsuitability for in-home self-performed therapies due to size, price and

technical issues.
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An other limitation of the current systems is the need for having separate devices for upper-
limb and lower-limb rehabilitation when the patient is experiencing hemiparesis. There is cur-
rently there is no system that can deliver physical therapy for both UE and LE. Developing such
a device is a challenging task as the motions in the two cases are different. Another challenge is
related to the range of force and motion required for these two cases which can create complexity
in the design.

In recent work in the REACT lab at Western University, a six degrees of freedom (DOFs)
rehabilitation robot was designed and implemented for LE rehabilitation [20]. The implemented
prototype is an end-effector mobile footplate-type robot that is designed to be used for different
therapy tasks such as early-stage motion assistance and ankle training. The robot consists of a
mobile base with a parallel Stewart platform mechanism that is used to provide the rotational
movements required for plantarflexion/dorsiflexion and supination/pronation of the ankle joint.
Initial tests showed the feasibility of the mobile platform in generating the appropriate motions
for LE rehabilitation.

Although the Stewart mechanism used in [20] is capable of generating the required range of
forces and motions, due to the considerable weight of its linear actuators, the overall weight of the
robot is relatively high. In addition, due to the type of lead-screw actuation system, the parallel
mechanism has high intrinsic impedance and is not back-drivable (backdrivability is an important
feature for rehabilitation robots). More importantly, similar to most of the existing examples, the
Stewart platform results in a rigid linkage between the limbs of the patient and the moving parts
of the robot. Consequently, the mechanism is not inherently safe.

The only possible safety feature for most of the existing LE devices is to implement software-
based limitations on the applied forces. Although, by using software-based safety features, we
may be able to limit the transmitted forces, the mechanism can be unsafe if the software fails to
properly detect a fault and limit the force or if some part of the sensory system fails to report
an adverse event [64]. Considering all of the above-mentioned difficulties associated with the

classical design of LE robots, a novel mechanism is proposed in this thesis which addresses several
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of the major challenges.

For the UE rehabilitation, various robots have been developed and are available on the market.
One of the interesting types of these is the Armotion by Reha-Technologies shown in Fig. 1.8(a)
[19]. This is an end-effector mobile-base type robot. This robot has three degrees of freedom, two

translation and one rotational, designed for shoulder and elbow motion exercises.

(b)

Figure 1.8: (a) Armotion mobile/end-effector type robot for UE rehabilitation and (b) Six DOFs
LE rehabilitation platform designed at CSTAR [19,20].

The purpose of this thesis is to design and implement a novel versatile mobile rehabilita-
tion robot that can be used for both upper and lower limb therapy on patients suffering from
neuromuscular trauma such as hemiparesis. The proposed concept for the robot will have the
following characteristics: low cost, portability, multi-functionality, simple mechanism, inherently
safe mechanisms and home training capability. More details about the concept and the design are

described in Chapter 2.

1.4 Overview of the Thesis

In Chapter 2, a set of requirements for LE and UE robotic rehabilitation systems is given. The

design procedure, concept generation, detailed design of the system and component selection are
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described. In Chapter 3, the system model including the Jacobian and inverse kinematics and the
algorithms used for trajectory control are then discussed. In Chapter 4 various experiments are
presented to validate the design of the system and the controller algorithms. At the end of Chapter
4 the healthy subject validation including the ethics board form application and trial protocol is

explained. Concluding remarks and suggestions for future work are given in Chapter 5.



Chapter 2

System Design

2.1 Introduction

The device described here is a novel Active Mobile End-effector Foot-plate/Handle-grip (AME-
F/H) type robot that can be used to conduct motor rehabilitation for both UE and LE limbs. It has
several novel features including (a) dual-usability (UE and LE), (b) light-weight, (c) adjustable

mechanism for transferring forces and torques, (d) inherent safety and (e) portability.

2.2 Concept Design

Robotic rehabilitation systems designed for Upper-Extremity(UE) and Lower-Extremity(LE) ther-
apy require different specifications and requirements. The range of motion, accuracy in the gen-
erated motion, resistance impedance and generated output force/torque are some examples of the
requirements that are different for application of UE and LE rehabilitation. This diversity in the
specifications presents interesting mechatronic challenges in finding a workable solution to satisfy
all these needs.

To initiate the design process, a list of requirements and specifications of the currently devel-

oped systems for the UE and LE is presented. Table 2.1 summarizes the list of all requirements

18
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and specifications necessary for concept design process initiation.

From the functionality point of view, the key parameters considered for designing the robot
are: (a) adequate range of torques and motions, (b) minimum friction, (c) low impedance for
back-drivability and (d) minimal overall mass. The values considered for each requirement in-
terpreted from the existing devices in the literature. For example, as given in [14], with the in-
version/eversion direction, the required torque for ankle rehabilitation is 40Nm, and the needed
range of motion is £30°. Also, considering the application, the mechanism should have a small
equivalent moving mass and a low intrinsic impedance for UE application, and it should be back-
drivable [14,65].

From the safety point of view, as the device is in direct contact with the patient, the amount
of force applied by the robot should be restricted. This has been done, as mentioned in the liter-
ature, through software limits [66]. However, relying only on a software-based safety feature for
inherently unsafe systems can be problematic if the software fails to detect a faulty event or if the
sensory system fails to report an unsafe event to the software. The alternative approach proposed
in this research is to design and implement an inherently safe mechanical mechanism that can be
adjusted to tune the maximum amount of force allowed to be transferred to the patient’s limb.
This concept is proposed in this chapter and results in a novel and safe mechanical design for UE
and LE rehabilitation robots. It is worth noting that to enhance safety, attention should be paid
to designing the robot compactly. This is done to ensure that the robot does not pinch or stick to
the patient’s limb. All moving parts are enclosed in the robot’s case. Furthermore, the electrical
voltage used in the device is set to be as low as possible to prevent any shocks in case of failure.

Following several brainstorming sessions and a literature review, a mobile footplate /handle-
erip end-effector type robot was chosen as the base platform. This concept was chosen as it
provides important features such as more simplicity in structure design and actuator type, a wide
range of motion(workspace) and its capability for the multi-purpose application. It is important
to note that a wide range of motions is achievable as the robot is a mobile platform. It can be said

that ground type robots generally provide more simplicity in design than the exoskeleton type.
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2.2.1 Concept of Operation

The concept behind the rehabilitation procedure with this novel robot is to perform therapy on
patients in the seated position. For the UE therapy case, the robot will be equipped with a handle
and will be placed on a table. By attaching the patient’s hand or forearm to the handle, various
movement therapies can be performed on the UE. To perform therapy on the LE, a small number
of adjustments to the robot are needed. First, the handle is replaced by a foot-plate. Second,
the gear ratio in the power transmission mechanism is increased to match the requirement of
LE rehabilitation. Third, the stabilizer arms are extended to prevent the robot from tilting. The
robot is placed on the ground on a specially designed pad. After attaching the patient’s foot to
the footplate, the rehabilitation exercises on the LE can be started. For a better understanding
of the device, Fig. 2.1(a) and Fig. 2.1(b) are provided to show the robot in different modes of
operation, one with a grip handle for UE and the other with a footplate and unfolded balancing

arms (explained later) for the LE application.

(a) (b)

Figure 2.1: The concept of operation for the proposed robot for the (a) UE application; (b) LE
application
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Device Description: The robot consists of a mobile platform that is driven by three omni-
directional wheels. The mobile platform provides two translational degrees-of-freedom in planar
motion and one rotational degree-of-freedom for the yaw rotation. Attached to the mobile platform
is a mechanism that can provide two decoupled rotational degrees-of-freedom that correspond to
the pitch and roll rotations. Overall the end-effector of the system can generate motions in five
degrees-of-freedom to control the movement of the patients limb.

Translation Mechanism: For the mobile platform, a three-DOF Omni-directional mechanism
is selected which provides a large workspace for translation motion. The platform is capable of
generating two linear DOFs in the plane of the mat and one rotational DOF perpendicular to that
plane as shown in Fig. 2.2. Using these three DOFs, the robot can activate knee flexion/extension
and hip abduction/adduction and internal/external motions in LE and elbow flexion/extension and

shoulder abduction/adduction and internal/external in UE.

Figure 2.2: The concept of motion generation using the Omni-directional mechanism

Rotation Mechanism: To generate necessary motions corresponding to ankle and wrist, e.g.,
Dorsiflexion/Plantar-Flexion and Inversion/Eversion motions, two rotational DOFs are needed.
After considering different concepts, an omniwheel-based and a cable-based mechanism were

selected which will be described here. As mentioned before, having an inherently safe robot



2.2 Concept Design 23

is vital for the rehabilitation purposes and is essential for In-home use where the safety of the
patient is the top priority. As a result, in order to limit the amount of transferred forces/torques,
the connection between the actuated mechanical elements of the system (e.g. motors) and the part
supporting the patient’s limb was designed such that it does not use conventional direct mechanical
connections (such as linkage power transmission).

The proposed solutions for generating the rotational motion are indirect techniques which
utilize tunable friction-based power transmission mechanisms (such as those using the concept of
clutches). This will ensure that the forces/torques applied to the patient’s limb will not exceed the
adjusted power transfer capability of the system. The adjustable design is motivated by the fact
that the maximum allowable force in a rehabilitation regime is affected by several factors, such
as the state of motor deficits, the biomechanics of the patient’s limb, gender, age, the place where
the therapy is delivered (clinic versus home). As a result, it is important to make the maximum
transferred power of the system adjustable. For this purpose, the proposed designs allow for tuning
the maximum inherent power capability (for example by simply adjusting a thumb-nut).

In both mechanisms, there is a rod attached to the center of a base plate using a universal
mechanism as shown in Fig. 2.3(a). Using a universal joint with two DOFs at the center of
rotation instead of a commonly used three DOFs spherical joint will (a) decrease the friction and
(b) eliminate the backlash associated with commercially available spherical joint.

(a) Omni-wheel Based Rotation Mechanism(Concept A): To achieve the other two rota-
tional degrees-of-freedom, a novel friction-based mechanism is used to transfer the power to the
rod (as explained below). This friction-based mechanism consists of a dome, a rod, a universal
joint and three omni-directional wheels attached to the base as shown in Fig. 2.3(a). The dome is
a hemispherical shell that is attached to the rod using a set screw. It is important to mention that in
this assembly, the center of the hemispherical dome is coincident with the center of the joint. As
a result, the rotation of the dome that is attached to the rod occurs around the center of the joint.
The wheels are attached to the base and are in contact with the dome at the inner circumference

surface. By driving the wheels, due to the friction in the contact points of the wheels and the
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dome, the dome will move. The motion of the dome results in the rotation of the rod around the
center of the joint and consequently moving the end-effector of the robot. For power transmission
between motors and the wheels for both LE and UE applications, a two-mode gear train power
transmission is used which will be described in Section 2.3.2.2 . This power transmission mech-
anism can be adjusted with two gear ratios which enables different ranges of output forces for

different therapeutic applications.

Omni-Wheel Dome

niversal Joint

()

Figure 2.3: (a) Different component of orientation mechanism (b) Manufactured components with
the center rod in the middle

(b) Clutch-based Cable Mechanism(Concept B): The other alternative mechanism that can
be used to actuate two orientation DOFs of the rod is a novel cable-driven mechanism with con-
figurable output torque. As shown in Fig. 2.4(a), in this mechanism the orientation of the center
rod is controlled with tension and length of three cables attached to the rod. These cables are
driven by three motors equipped with cable/drum mechanisms. To incorporate the safety feature,
a friction clutch is attached to each drum and the motor. This way, by adjusting the maximum
capacity of the friction clutch, the maximum amount of the force transferred to the cables can be
adjusted and accordingly limited. Fig. 2.4(b) shows the cross section view of the concept design

for the proposed cable-driven mechanism.
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Cable

Friction Clutch Joint
(a) (b)

Figure 2.4: CAD model of the concept design for cable driven orientation mechanism (design
”B”), (a) the first concept model; (b) different components in the mechanism

2.2.2 Adjustable Force/Torque Mechanism

As mentioned earlier, to ensure the safety of the patient when using the device, the robot should
be inherently safe. This means that the mechanism designed and utilized in the system should be
mechanically adjustable for power transmission. Both of the concept mechanisms described above
for generating orientation DOFs have a unique capability in limiting the transferred force/torque.
Using the specific proposed design, it is possible to adjust the amount of force transterred to the
rod and accordingly to the user. Here, these features will be described in details for the concept

mechanisms A and B.

Adjustable Torque Mechanism A: In this mechanism, the force transferred to the dome is the
result of the friction force between the wheels and the dome. Consequently, there is a maximum
threshold for the amount of the transferable force that depends on two factors, (a) normal force
between the wheels and the dome and (b) friction coefficient of the contact area. If the generated
force by the wheels exceeds a particular value (maximum friction force), the wheels will slip and
the force transferred to the user will be mechanically limited. To change this specific value (max-
imum transferable force), the two above-mentioned factors can be modified with two methods.

First method is by changing the coefficient of friction of the contact area (e.g. by changing the
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material of the wheels and the dome), and the second method is by changing the amount of the
normal force between the wheels and the dome. As the friction coefficient is a constant parameter,
the amount of the transferred force can not be modified after the materials are selected. The only
method that can be used to control the value of the transferred force is by controlling the normal
force between the dome and the wheels. The novel mechanism depicted in Fig. 2.5(a) and Fig.
2.5(b) can change the normal force between the dome and the wheels. This mechanism consists
of a thumb-nut, a compression spring and a set-screw attached to the middle rod. Turning the
thumb-nut around the set-screw (red arrow) consequently changes the compression force in the
spring located between the thumb-nut and the dome (green arrow). The force applied to the dome
by the spring (green arrow) is transferred to the wheels which consequently changes the normal
force between the wheels and the dome (blue arrows). Therefore, by twisting the thumb-nut, the
maximum transferred force of the mechanism can be controlled mechanically. Fig. 2.5(b) shows

various components of the adjustable torque mechanism A.

L ]
——Foot plate

(b)

Figure 2.5: (a) ) Force transmitted diagram; (b) detailed view of components in the adjustable
mechanism.

Adjustable Force/Torque Mechanism B: In this mechanism, as described above and depicted
in Fig. 2.4(b), a friction clutch is placed between the motor and the pulley. By adjusting the
slippage threshold of the clutch, the maximum torque transferred from the motor to the central

rod can be limited and accordingly, the amount of force applied to the user is controlled. It should
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be noted that the clutch used here to limit the output torque of the motor can be chosen from any

type of clutch such as friction, magnetic, etc.

2.3 Detailed Design

In this section, the concept design is elaborated more, and the process of the design is explained
from the power calculation to the component selection and detailed structural design. Like most of
the mechatronic systems, the design process followed in this project went through various iteration

steps.

2.3.1 Power Analysis

Orientation Mechanism: Based on the required range of force and velocity of movement given
in Table.2.1, an estimate of the power required for the orientation mechanism and the actuators
was calculated as explained below. Based on the existing research and commercially available
devices for ankle rehabilitation training, a rotational speed greater than % rad /s is not usually
expected [14,67]. Also, considering the required output torque given in Table. 2.1, the minimum

power of the orientation mechanism can be calculated as

PS:Txa):4ONm><gmd/s:62.8W 2.1)

where Ps is the minimum power required, 7 is the minimum output torque, and @ is the
minimum output velocity of the system. In both of the orientation mechanisms, we have three
actuators in the device. This means that by calculating the minimum power required for each
actuator in one mechanism, the same actuators with the same power can be used in the other
mechanism. In the case of mechanism ”A”, to calculate the contribution of each wheel on the
overall output force, an analysis of the output force is performed under static conditions. As

shown in Fig. 2.6, considering the alignment of the omni-wheels, the contribution of each wheel
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in generating motion in the roll and pitch directions can be summed up to calculate Tx and 7y, as

- FW1 RP
Iy

|
e ML
|
w
e}

(2.2)

Figure 2.6: Global and local coordinates assigned to describe kinematics: (a) side view, (b) top
view

where Tx and Ty represent the generated torque in the roll and pitch directions, respectively.
Rp is the distance between the contact point of each wheel and the center of rotation of the dome.
In this mechanism, the value of Rp is same for all of the wheels. Fy;,, k = {1,2,3} are the forces
applied to the dome by each wheel. The value of Fyy, can vary in the range of [—F,ax, Finax| Where
Fax 1s the maximum force that each wheel can generate. Using (2.2) the contribution of each
actuated omniwheel system, in generating the total output torque, was calculated. To simplify
the analysis, this equation was normalized with respect to the geometrical parameters. For this

purpose, the normalized value of F;,,, was 1 N and that of the normalized Rp was 1 m. Fig. 2.7
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shows all possible values of Tx and 7y when Fy, varies in the range of [—1, 1] N. Changing the
values of Fiy, generates the torque in the range of [~2,2] Nm and [—+/3, /3] Nm for Tx and Ty,

respectively.

R 0 1 2
TX [Nm]

Figure 2.7: Map of possible normalized torques achievable in roll and pitch

Based on the force decomposition shown in (2.2) and visualized in Fig.2.7, the amplitude of
the output torque vector 7' = 4/ T)% + TY2 has the least value equal to v/3 Nm in the “X” direction
(pitch). To achieve the minimum required power for the system in the pitch direction, the power
of each actuator was calculated to be \/Lg of the total required power. This gave us the required
value of 36.3 W for each actuator in the orientation mechanism that was used in both designs ”A”

and "B”.

Mobile Base: Similar derivations was made for the mobile base mechanism to compute the
minimum power required by the actuators. As mentioned in Table.2.1, for LE application, the
maximum force in the planar direction is 400 N. Also for the therapy procedures proposed in
Chapter 1, the velocity more than 0.2 m/s is not expected. This means that the minimum power
required by the system for the mobile platform is 80 W (product of force and velocity). Using the

Jacobian matrix which will be explained in Section3.2.2, the minimum power required by each
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actuator in the mobile platform was calculated as \% of the total power which is equal to 46 W.

2.3.2 Structure Design
2.3.2.1 Mobile Platform:

The mobile base consists of a platform with three actuated mechanisms attached to the omni-
wheels. By driving these three omni-directional wheels, the robots base can be moved on a flat
surface in two translational directions and one rotational direction (as shown in Fig. 2.2). Also,
three balancing arms are designed to be attached to the base of the robot, which can be folded
and unfolded as needed (which will be described later). The purpose of the balancing arms is to
increase the contact point of the robot with the ground and prevent tilting in LE cases. They can
also be folded when the robot is in use for the UE application to reduce the size of the robot. At
the end of each arm, there is an eye-ball bearing for enduring normal force and reducing friction
in contact points.

As the robot has a mobile platform, to decrease the sizes of actuators, decrease the endpoint
impedance and make the device portable, the structure of the system should be as light as possible.
For this, all components were attached to a single base plate made from aluminum alloy 7075T6
with thickness of 6.35 mm and overall diameter of 290 mm. The thickness of the plate is calculated
to endure the maximum force of 1000 N with safety factor of 4. Finite element analysis was
performed using SolidWorks Simulation with static loading conditions. Diameter of 290 mm is the
minimum size that can fit all components attached and enclosed inside the base plate. Minimizing
the diameter of the base decreased the overall size of the robot and increased portability which
consequently makes the robot more suitable for UE application. However having a small base for
the mobile platform decreased the distance between contact points of the wheels and the ground
padding which increased the instability of the robot to tilt specifically in the LE application. To
address this issue, a foldable mechanism (balancing arms) was designed on the side of the mobile

platform that could be opened in the LE application mode for increasing the contact points of the
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device with the ground. It can also be folded inside to decrease the overall size of the device in
UE mode. At the end of each arm, an eyeball bearing was attached to minimize the friction at
the contact point with the ground padding. Fig. 2.8 depicts the stabilizer arms in different modes
of operation. Using these stabilizing arms, the distance between the contact points was increased

two times without changing the size of the robot’s base.

(@) (b)

Figure 2.8: Robot in two modes of operation, (a) UE mode with wrapped stabilizer arms, (b) LE
mode with stabilizer arms opened and (c) base plate with stabilizer arms wrapped
inside

2.3.2.2 Power Transmission Mechanism:

To select the type of power transmission mechanism (PTM), some factors should be considered.
For the application of rehabilitation, the accuracy of the motion is of the order of 0.1mm. Addi-
tionally, the size of the PTM should be as small and light as possible for the mobile type robot.
These requirements suggested the use of gear-type PTM which was custom designed and manu-
factured using WEDM as shown in Fig. 2.9. One of the important requirements of end-effector
type rehabilitation robots, specifically for UE application, is the low intrinsic impedance of the
end-effector. This feature is particularly useful in the assistive stages of therapy when the patient
tries to move the limb without any help from the robot. At this stage, the motion of the robot should
be smooth to the patient’s impaired limb as the muscles are still weak. In other words, the robot

should have the least possible resistance to the motion. Having this feature in mind requires us
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to design the transmission mechanism to be back-drivable and with lowest possible power trans-
mission ratio (PTR). As the application of this robot also includes LE rehabilitation, to satisfy
the output force requirements, the power transmission mechanism should provide enough output
force. This means that to keep the size and power of the actuators as low as possible, the PTR
should be high enough to increase the output torque of the actuator. Keeping PTR low for UE and
high for LE applications requires us to have a mechanism with multi PTR that can be adjusted
ecasily. Fig. 2.9 shows the CAD design of the two-stage gear PTM that can be adjusted by sliding
the motor to either side of the curved slot. This can be done by turning a thumb-nut attached on
the bottom of the robot. To satisfy the output force requirement, the PTR can be adjusted between

5:1 for UE and 25:1 for LE application.

(a) (b)

Figure 2.9: Power transmission mechanism at (a) low PTR (5:1); (b) high PTR (25:1) and (c)
Custom made omni-wheels, gearbox and MAXON EC45 50W motor for mobile base

Mobile base Power transmission can be performed using different mechanisms, such as gears,
belts, cables and so on. In this robot, to decrease the size of the structure, a set of custom-
made gears is used to transmit power, reduce the rotational speed and increase the output torque
of motors. The gear-set is designed to have different ratios which are adjustable between two
settings, the higher one is designed and implemented for the LE application, and the lower ratio

is designed for UE applications. The gear ratio setting can be easily adjusted by the user with
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a simple mechanism at the bottom of the robot (explained below). For this purpose, the motors
are attached to the power transmission with a sliding mount (shown in Fig. 2.9(c)). By moving
the motors from one side of the slider to the other side, the pinion of the motor can be engaged
with different gears and the transmission ratio can be changed as shown in Fig. 2.9. To move the
motors and change the transmission ratio of all wheels, the three sliders are attached to cables that
are connected to a turning nub at the bottom of the robot. By turning the nub, the motors can be
moved to the corresponding side of the slide. Having this novel feature, the system can represent
low intrinsic mechanical impedance due to the low gear ratio for UE applications while being able
to be used for high force and torque LE applications. This is an important feature of the designed
rehabilitation robot. Since patients are weak and cannot initiate movements in the initial stages of
therapy, having a low intrinsic mechanical impedance is essential to make sure that the patients
are engaged in participating in the therapy. That is why for UE, we need to ensure low mechanical
impedance. Also, the design mentioned above allows for providing sufficient output forces as a

result of the possibility of increasing the gear ratio for LE applications.

Orientation Mechanism, Design ’A” For the design ”A”, the PTM is a two-stage gear set as
shown in Fig. 2.10. In this PTM, the position of the motor’s pinion determines the gear-set stages
engaged which results in the ratio. Low ratio PTM in this case is 5 : 1 as shown in Fig.2.10(a)
and high ratio is 10 : 1 as depicted in Fig. 2.10(b). Using this PTM for design ”A”, the maximum
achievable output torque for the implemented system is 60 Nm for the roll (X) direction and 52 Nm

for the pitch (Y') direction.

Orientation Mechanism, Design ’B” To decrease the size and the capacity of the required
clutch in the design, the clutch is located directly after the motor in PTM where the amount of the
transferred torque is minimum. In this way, the capacity of the selected clutch would be minimum
which consequently minimizes the size of the clutch. After a wide search on different available

products in the market, an EAO12 friction clutch by Dynatech Inc was selected. This small clutch,
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(a) (b)

Figure 2.10: Power transmission mechanism at (a) low ratio(5:1); (b) high ratio(10:1) and (c)
Custom made omni-wheels, gearbox and MAXON EC45 50W motor for orientation
mechanism ”A”

as depicted in Fig. 2.12(c), is an adjustable multi-plate friction-based clutch with the maximum
torque capacity of 1 Nm. By twisting the thumb-nut of the clutch, the compression force in the
springs inside the clutch varies which will changes the slippage threshold of it.

To have back-drivability in case of UE and enough output torque for LE, two PTRs are de-
signed for the cable-driven module of design "B’ as shown in Fig. 2.11. In this module, by
engaging a different set of gears, PTR can increase from 5: 1 to 16.25: 1.

In the cable mechanism designed here, the cable passes through the guides and goes around
the pulley which is connected to the biggest gear in the gear set shown in Fig. 2.10. It is important
to mention that by adjusting the clutch threshold, the amount of the torque transferred to the
gear is going to be limited mechanically which consequently limits the maximum tension in the
cable and the force transferred to the handle. Fig. 2.12(a) and 2.12(b) depict the CAD and the
manufactured models of the module for the design ”B” with important components highlighted.
The assembled CAD version of three modules with cables attached (and highlighted) of the final
orientation mechanism ”B” is shown in Fig. 2.13. As can be seen, the cables are attached to the
middle rod and by controlling the tension in the cables, the orientation of the middle rod can be

controlled.
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(a) (b)

Figure 2.11: Power transmission mechanism for the orientation mechanism design "B”: (a) Low
PTR and (b) High PTR

Guiding Cable
Rollers

(a) (b) ()
Figure 2.12: Orientation mechanism module "B”: (a) CAD model with important elements high-

lighted; (b) manufactured model; and (c) friction clutch used in this model

2.3.2.3 Omni-Wheels:

To have the flexibility in the design, decrease the overall size of the robot, provide smooth motion
with the lowest friction and maximize the strength of the components, the wheels were specifically
designed and manufactured for this robot. Fig. 2.14 depicts the manufactured Omni-wheels for
mobile platform and orientations mechanism ”A”. The size of these wheels is optimized based

on the internal spur gear attached to them and the maximum desired strength. Additionally, they
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Handle

Figure 2.13: Orientation mechanism design "B’ with cables highlighted

are designed in a double row so the contact point of the wheels and mat stays as a perfect circle.
Having this feature, the mobile platform will not wobble while moving which consequently makes

the motion smooth and less noisy.

2.3.2.4 Safety Features:

As mentioned earlier, to ensure the safety in case of sensor failure in detecting the force transferred
to the patient’s limb, the system should have inherently safe mechanisms to limit the transferred
forces or torques. In this robot two main inherently safe mechanisms are implemented in the
mobile base and the orientation mechanism. In the mobile base, as the motion is created by omni-
wheels on the surface, the amount of the transferable forces/torques can be adjusted in two ways:
(a) by changing the PTR, and (b) by changing the type of material of the mat. Modifying the PTR
based on the application type (UE or LE) will limit the output force created by the robot. Also

changing the material of the mat will change the friction coefficient between the wheels and the
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Figure 2.14: Manufactured Omni-wheels for mobile platform and orientations mechanism "A”

mat and limits the output force generated by the robot.

In the case of orientation mechanisms, design ”A” or ”B”, the amount of the transferred torque
can be limited by changing the PTR and by adjusting: (a) the normal force between the dome and
the wheels in design ”A”, and (b) by changing the threshold of the friction clutches in design
”B”. In both mechanisms, the inherently safe implemented features will ensure safe interaction

between the robot’s end-effector and patient’s limb.

2.3.3 Electrical Components Design

To initiate the electrical component design, first, we have to take a look at the necessary elements
in the control system. Fig. 2.15 shows the schematic diagram of the elements in the system.
For electrical components, the criteria and selection procedure are described in this section. It
is important to mention that one of the main criteria considered in selecting and designing the
electrical components is to eliminate the need for designing new PCB boards by selecting off-the-
shelf products. The reasons for selecting off-the-shelf products are (a) to reduce the number of
newly designed components, (b) increase the reliability of the system, (c) reduce the overall price

of components, (d) reduce the chance of failure, and (e) decrease the manufacturing challenges
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and time.
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Figure 2.15: Schematic representation of the components in the proposed system

2.3.3.1 Sensor Selection

To allow for different rehabilitation exercises (such as passive movement therapy and kinesthetic
interactive therapy), different modes of operation are needed, namely: position, velocity, and cur-
rent control modes. For each mode, the corresponding feedback is required. The aforementioned
feedback modalities are (a) the position, (b) the velocity and (c) the current in the actuators to-

gether with (d) the force resulting from the interaction between the patient’s limb and the robot.

Localization Sensor: To localize the position of the mobile base on the ground mat, different
methods are possible. The previous method used for localization of the first generation of the
lower limb robot developed in the REACT lab at Western University [20], is the stereoscopic
vision tracking system developed by ClaroNav, a Micron Tracker model BB-BW-S60 stereo cam-
era [68]. Using this technique requires the camera to be installed beside the workspace and the

tracking patterns to be attached to the robot while being visible to the camera at all times. This
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creates additional difficulties in the calibration process. Additionally, the update rate of the posi-
tion measured using the tracker is 30 Hz, which is very low for the high-quality control required
for the therapeutic applications. Adding all of these issues requires us to look for a better method
for localization. To achieve proper accuracy in motion and low overall cost, commonly used in-
cremental sensors are selected for this application. Comparison between different incremental
sensors, suggests the use of two ADNS-9800 laser motion sensors to measure the relative dis-
placement of the robot’s base on the ground mat. The sensors are attached at specific locations on
the bottom of the base plate to measure the velocity of the motion in two directions as depicted
in Fig. 2.16. Each of these sensors is able to measure the incremental motion in two directions
(local x and y coordinates). By fusing the data collected by the two sensors, we can measure the
amount of movement in two linear directions (global ”X” and Y”’) and one rotation (global *Z”
direction). For the type of motion expected for rehabilitation therapy applications, the position of
the robot can be measured with an accuracy of 0.05mm on the ground mat.

The only problem associated with this type of laser sensor is that as the measurement is in-
cremental, the global position of the robot’s base depends on the initial (starting) position. To
overcome this issue, three sets of infrared proximity sensors, Sharp GP2Y0A21YK, that can pro-
vide global motion measurements are used. These sensors can measure the distance between the
robot and the surrounding walls of the workspace with an accuracy of 5 mm up to the range of
1.5 m and are attached on the side of the mobile base as shown in Fig. 2.17(a). The purpose of
using these sensors, despite their low accuracy, is to overcome the above-mentioned problem of
laser sensors. By fusing the high accuracy measurements from the incremental laser sensors and
the low accuracy data of these absolute proximity sensors, the global position of the robot can be

determined.

Orientation Sensor: To measure the orientation and the angular velocity of the handle, two
alternative methods are possible, namely, (i) indirect method using the position of the actuators

and kinematics calculations, and (ii) direct measurement of the handle’s position. It should be
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(b)

Figure 2.16: (a) ADNS 9800 laser sensor, and (b) location of the two ADNS sensors on the bottom
of the Robot.

noted that the indirect method cannot be used as feedback for the position/velocity control loop
of the robot. This is because as mentioned earlier, the proposed mechanical safety feature allows
the wheels to slip (in design ”A”) or clutches to slip (in design ”B”’) when the applied force is
higher than the adjusted threshold. As a result, it is not possible to calculate the Cartesian motion
of the end-effector of the robot (which interacts with the patient’s limb), based on the joint space
measurements of the actuator position.

The alternative solution is the direct measurement of the orientation and the angular velocity
of the handle. For this purpose, one approach is to attach incremental or absolute encoders to
the corresponding axes of the spherical joint at the base. However, due to the size limitation of
the spherical joint and the cost of small size encoders, this method may not be the best option.
Another approach is to attach a gyro sensor to the handle to measure the orientation of the robot’s
end effector. By integrating the output of the gyro, which is the angular velocity in two DOFs
provided in precise interrupt cycles, the relative amount of rotation with respect to the initial
position can be measured. The sensor selected for this purpose is the triple axis gyro breakout
board MPUG6050 with 16bits ADC and the full-scale range of 2000 dps. By using this sensor,

an accuracy of 3 x 1072 deg/sec in angular velocity can be achieved which is high enough to
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control the orientation of the handle. The sensor is attached to the handle rod and is depicted in

Fig. 2.17(c).

1 ), il

(a) (b)

Figure 2.17: (a) Sharp sensor locations on the base plate ; (b) Sharp proximity sensor on the side
of the mobile base, and (c) the MPU6050 gyro sensor attached to the handle rod.

However, the estimated position calculated by the indirect method can be used to measure
the amount of slippage. This can be done by comparing the position measured with the direct
method and the position obtained from the indirect measurement. The slippage calculation is
helpful in practice to (a) minimize the power consumed by the actuators during slippage, and (b)
prevent excessive wear caused by slippage between the inner surface of the dome and the wheels

in design ”A” or the clutches in design "B”.

Force measurement: To allow for haptics-enabled rehabilitation therapies, the amount of in-
teractive force and torque between the patient and robot should be measured. One method to
measure these interaction forces and torques is to install a force sensor at the interface of the robot
and the patient’s limb. Considering different factors such as the range of forces in LE therapy, the
size of the force sensor, the data acquisition technique, and cost, a six-axis HEX-70-CE-2000N
OptoForce sensor was selected [69]. The maximum update rate of the sensor data is 1 kHz that
can be read through the DAQ module using UART interface. As shown in Fig. 2.5(b), the force

sensor is attached to the foot plate and the connecting rod.
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2.3.4 Actuator and Driver Selection

There are a variety of motors can be used for the proposed design, namely, EC or DC motors
from different manufacturers. Some of the constraints regarding the actuator selection are driver
availability, ease of use, high-speed communication, size, weight, operating voltage and technical
support of the manufacturer. Among all possible solutions, Maxon EC flat motors were chosen
as they can provide high torque at low speed with a reasonable price. This option is suitable
for this particular application due to the weight and size constraints and comparably higher output
torque on other motors. MAXON EC45 50W 36V motors were selected to drive the Omni-wheels
with continuous and stall torque of 0.09 Nm and 0.48 Nm, respectively. To decrease the amount
of wiring to and from the mobile platform, the drivers were designed to be installed inside the
mobile base. This way the connection between the motors and drivers would be inside the mobile

base and the cabling would be minimized. The process of driver selection was as follow.

2.3.4.1 Electronic Driver Selection

To correctly select the electronic drivers, several design considerations should be considered such
as (a) power, (b) operating voltage of the actuator, (c) available space for installation, (d) possible
modes of operation (position, velocity or current modes), and (¢) communication interface. To
deliver various types of rehabilitation exercises (such as passive movement therapy and interactive
kinesthetic therapy), it is necessary to control the actuators in position control, velocity control and
current control modes of operation. To achieve high-quality force and torque control, the operating
frequency of the low-level control loop needs to be high. It has been shown that for general haptic
rendering systems, the sampling frequency defines the allowable strength of the force reflection.
This is related to the concept of Z-width [70]. In this regard, the capability of the implemented
communication interface plays a significant role in the sampling frequency and the speed of the
control loop. This is due to the different Baud-rates of the interfaces which directly affects the

speed of the control loop.
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For the selected actuator, based on different operating voltages and currents, Maxon provides
a variety of digital positioning controllers. To minimize the size and the price of the controller,
the EPOS2 Module 36/2 was selected which has the required control modes with 1 Mb/sec US-
B/CANOpen communication interfaces and is depicted in Fig. 2.18. Using this module gives us
the opportunity to connect all six drivers in series and control the actuators using USB/CANOpen

interface on the first Node.

Figure 2.18: Maxon EPOS2 Module 36/2 motherboards connected in series and the EPOS?2 driver

2.3.4.2 Processing and Communication Devices

For high-level control, the real-time Quarc library (from Quanser Inc, Markham, ON, Canada)
was used in MATLAB/Simulink. The Quarc library provides powerful tools and capabilities such
as real-time and multi-threaded control that can easily interact with hardware interfaces such as
Ethernet and DAQ cards. To simplify and reduce the amount of wiring and cabling, a local in-
termediate processing system was utilized as an interface between the robot and Quarc. The task
of this processing unit is to receive actuator commands from the high-level controller and send
them to the EPOS drivers, while it reads the sensor’s data and sends them back to the high-level
controller. Based on the computational power and the size required for this processing unit, a

Raspberry Pi (RPI) version 3B was selected as the low-level processing unit on the robot.
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The data transfer protocol between Quarc and Raspberry Pi is based on the UDP protocol via
an Ethernet cable. This communication interface provides fast and real-time (measured transfer
time<400 us for 64-Bytes packet size) data transfer between the high- and the low-level con-
trollers. The schematic diagram of the system and the components involved together with the
communication protocol are shown in Fig. 2.19.

It should be noted that to achieve a robust and high-quality force and torque control, the high-
level controller loop is suggested to have an update frequency of at least 1000 Hz. This means that
the low-level control loop should be able to send command data and receive feedback (position,
velocity or current) from all EPOS drivers and the feedback data from OptoForce DAQ and gyro
sensor in less than 1 ms for each loop. Based on the communication data-sheet of the Maxon
driver, using USB interface an update rate about 2.3 ms can be achieved for each driver. This
would result in a total sample time of 13.8 ms to send and receive data to/from the six EPOS
drivers. To make the communication between the Raspberry Pi and the EPOS drivers faster, the
CANOpen interface was used by attaching a PICAN2.0 shield to the Raspberry Pi. Using the
Socket CAN library, the sample time including all EPOS drivers was reduced to 1 ms. This will
be described in Section 2.3.5. Fig. 2.19 shows the communication diagram for transferring data

between the Raspberry Pi and EPOS drivers.

2.3.5 Programming the PI

Some of the interesting features of the RPI are (a) small size unit with comparably powerful
processing power (as small as a mobile phone), (b) wide variety of I/O interfaces such as Universal
Asynchronous Receiver/Transmitter(UART), Serial Peripheral Interface(SPI), Ethernet(LAN and
WAN), and (c) the Linux operating system environment (Raspbian) for developing the codes and
User Interfaces (UI). Having all of these interesting features together was the reason to select
RPI for the Local Processing Unit (LPU) as (a) it can be used to read the sensors data locally
(eliminates lots of cabling to and from the robot), (b) communicate (send commands and receive

feedback from the motors) with the EPOS drivers using Serial or CANOpen protocol, and (c)
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Figure 2.19: Communication protocol between different components of the system; The compo-
nents inside the mobile base are wrapped with the dashed line

send and receive the control commands to the PC (running MATLAB) using the UDP protocol.
Adding all of these features significantly reduces the number of cables attached to the robot which
is advantageous as the robot is a mobile platform. To optimize the RPI for running the local
control loop, the overall tasks were split into 4 major semi-independent functions: (I) Controlling
the EPOS drivers, (II) UDP send and receive, (III) Configuring and reading OptoForce data, and
(IV) Reading the sensor data from Arduino through UART. The details of each task are described

below.

2.3.5.1 (I) Controlling the EPOS Drivers Using RPI

USB vs CANOpen: To connect the EPOS2 drivers to the RPI, the first interface option of the
RPI that was used was the USB. By using the libraries provided by Maxon for Linux systems, a
C++ program was developed to control the EPOS drivers in Raspbian by sending and receiving

the command to Nodel while measuring the elapsed time. It took 8 ms on average to send and
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receive the command and feedback to one Node of the EPOS drivers. As in total, the system
has 6 actuators (Driver Nodes), it took about 48ms to command all actuators in one control loop.
This elapsed time would limit the control loop speed to 20 Hz which is much lower than the
desired value of 1 kHz for high-quality digital control of the system. The problem with the slow
communication speed was found to be the USB communication interface in the RPI. Based on
the Maxon datasheet, to increase the speed of communication, the CANOpen interface on EPOS
was suggested. As the RPI does not have CANOpen interface, the PICAN?2 shield on RPI for
CANOpen communication was used to control the EPOS2 drivers with faster speed.

By using SocketCan libraries, contributed by Volkswagen Research to the Linux kernel, an-
other code was developed to control EPOS2 on Raspbian. Using this method, the elapsed time
for sending the command data to each EPOS Node was decreased to 150 mus. The elapsed time
to communicate with all of the 6 Nodes of EPOS was measured as 900 mus. As this elapsed time

value is lower than 1 ms, having a control loop with the speed of 1 kHz was possible.

Modes of Control: Different modes of control can be defined in the EPOS drivers in addition
to the different types of feedback. Controlling the drivers in a low-level C++ code in RPI requires
defining the mode of operation (profile position, velocity or current) and the type of feedback
(actual position, velocity or current) from the EPOS drivers. A summary of the procedure that
was followed in setting and operating the drivers in the CANOpen protocol is given in Table.
2.2. To communicate between Simulink and the developed code on RPI for controlling the robot,
eight modes of operation for EPOS were defined as summarized in Table. 2.3. There are two
main modes of operation in the Simulink code, (a) the Setting Mode with ID 333", and (b) the
Operating Mode with the ID starting with ”’1”. In the last version of the developed code as shown
in Table 2.3 there are ten operating modes for different commands and feedback.

It is important to mention that in the initial 0.01 s of the start of the Simulink code, the Setting
Mode would be activated to set the parameters in EPOS drivers, and after that, the specific Op-

erating Mode would be activated. The mode of operation would be sent to the RPI in the initial
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stage of the high-level control code in Simulink after the Setting Mode.

2.3.5.2 (II) UDP Send and Receive

UDP Packet Definition: As mentioned before the data transfer between mobile processing unit
(RPI) and MATLAB (Simulink on PC) will be via an Ethernet connection using the UDP proto-
col. This is the fastest way of data transfer using a single Ethernet cable attached to the mobile
platform. Having this option, in future phases of the project will be useful as the WiFi module of
the RPI can be utilized (by keeping the communication protocol the same as before) to eliminate
the need for the Ethernet cable to be attached to the robot. For UDP communication, the Stream
Client block provided by Quanser in Simulink was used to send the UDP packets to the RPI and
the Stream Server block was used for receiving the UDP packets from the RPI. The packet size for
the data transferred from Simulink to the RPI is a nine four-bytes double type packet. The packet
contains the structure shown in Table. 2.4.

For the feedback data from the RPI to Simulink, the packet size is twenty-one four-bytes
double which is described in Table. 2.5.

The measured elapsed time to send and receive the packets through UDP is 400mus that is

lower than the 1ms loop time in Quarc Simulink.

2.3.5.3 (III) Reading OptoForce Data

There are three options available for communicating to the OptoForce DAQ card, (a) RS232 (b)
UART through USB and (c) CANOpen. To have a secure connection, a USB (UART) connection
was used to connect the DAQ card to the RPI. A code was also developed and tested to read the
data from OptoForce DAQ card at four different update rates, 1 kHz, 333 Hz, 100 Hz and 33 Hz.
For our application, the fastest update rate(1 kHz) was selected. The process of reading the data
is as follow: first, in the Setting Mode, the zeroing command would be sent to the DAQ card.

Secondly, in the Operating Mode, the data would be read through the UART from the DAQ card.
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Table 2.2: EPOS configuration procedure for initialization, enabling and operating

Initialization

e Opening Communication to CAN-network

— Defining PDO and SDO masks and opening the Socketcan
network

e Configuring the each Node

— Resetting the NMT connection
— Entering the Pre-operational Mode

— Setting the Operation Mode (Profile Position, Velocity or
Current Mode)

— Configuring the parameters of each node(for example pro-
file maximum acceleration, maximum velocity, maximum
current, PID values and etc)

— Setting the PDO configuration, e.g. defining PDO Receive
and Transmit type plus setting the number and type of Rx
and Tx packages (in other words defining the type of com-
mand being sent to the EPOS and feedback like actual posi-
tion, velocity or current)

Enabling

e Entering the Pre-Operational Mode
e Shutting down the drivers
e Switching on and enabling

e Entering Operational Mode by opening the PDO

Commanding and
receiving feedback

e Sending proper PDO command (target position, velocity or cur-
rent) by writing in SocketCan

e Requesting the drivers for sending proper PDO feedback (posi-
tion, velocity or current)
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Table 2.3: Different modes of control defined at the developed code in RPI for EPOS drivers

Mode ID Definition
111 Profile position mode with actual position feedback
112 Profile position mode with actual velocity feedback
113 Profile position mode with actual current feedback
121 Profile velocity mode with actual position feedback
122 Profile velocity mode with actual velocity feedback
123 Profile velocity mode with actual current feedback
124 Profile velocity mode with No feedback
131 Current mode with actual position feedback
132 Current mode with actual velocity feedback
133 Current mode with actual current feedback
333 Setting Mode

Table 2.4: Sent packet configuration from Simulink to RPI

In the
Mode

Setting

[Setting Mode ; Max Profile Acc Dcc ; Max Current ; Max Profile
Velocity ; KP PID ; KI PID ; KD PID ; OptoForce Zeroing ; Motor
Enable]

In the Operating

[Operating Mode ; Nodel desired Command ; Node2 desired Com-
mand ; Node3 desired Command ; Node4 desired Command ;

Mode NodeS desired Command ; Node6 desired Command ; OptoForce
Zeroing ; Motor Enable ]
Table 2.5: Received packet configuration from RPI
e Gyro sensor e 2 doubles
e Sharp sensor e 3 doubles
Feedback Data e ADNS sensor e 4 doubles
Packet:
e OptoForce(Fx,Fy,Fz,Tx,Ty,Tz) e 6 doubles
e EPOS feedback e 6 doubles
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2.3.54 (IV) Reading Data Through UART From Arduino

Although SPI and 12C are among the available interfaces to attach sensors and read data by RPI,
analog sensors cannot be connected to the RPI directly. To overcome this, all of the sensors
namely ADNS, Sharp and Gyro were connected to an Arduino Micro with SPI, Analog, and 12C
interfaces respectively to configure and read the data. After reading the sensor data using Arduino
Micro which takes less than 1 ms, the data is sent to the RPI through the serial protocol (UART).

A proper code was developed in the RPI to read the data from Arduino.

2.3.5.5 Multi-thread Code on the RPI

Despite all of the advantages of the RPI (small size, a variety of interfaces, etc.), the processing
power of the CPU is limited. To make sure that the local control loop on the RPI takes less than
1 ms to complete, a multi thread code was developed to run four main semi-independent tasks
that were mentioned earlier for the four cores of the CPU. For this purpose, the ’pthread” library
was used to run four parallel threads for running the four above-mentioned infinite-loop functions.
By using this library, we made sure that all functions could complete the functional loop in less
than 1 ms and were ready for the next command loop that was precisely controlled by Quarc in
Simulink.

To prevent data corruption and to synchronize the threads, the UDP thread is in charge of
the data transfer between multiple threads. In the code, the UDP thread sends a request to other
threads for the data and sets the value of the parameters that are needed for other threads. The

pthread library was used for multi-threading and data handling.



Chapter 3

Robot Modeling and Control

3.1 Introduction

In this chapter, the robot model and the data acquisition algorithms for the sensors will be de-

scribed. Then the therapy and control modes for the different experiments will be discussed.

3.2 Robot Modelling

3.2.1 Localization

As mentioned earlier, for localization of the robot’s base on the mat, two types of sensors were
selected: (a) high accuracy incremental type ADNS laser sensors and (b) low accuracy absolute
type Sharp proximity sensors. To localize the position of the robot, the data from both ADNS
sensors and three Sharp sensors is sent to the Simulink model for processing. To obtain the global
position of the robot accurately with respect to the global coordinate system defined on the mat,
the feedback data of the two sensors is fused. Here, the localization algorithm for each type of
each sensor will be described. The data fusion of the two sensors is suggested as one of the future

steps of the project in Chapter 5.
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ADNS localization The incremental motion captured by the ADNS sensor in the 1 ms time step
is sent to the Simulink code. The goal is to use the feedback data collected from the two ADNS
sensors to measure the amount of motion of the base plate with respect to the initial position of the
robot at the start of the program. Using the method provided in [71], the incremental displacement
measured by the sensors can be transferred to the global position and orientation of the robot’s
base plate. As shown in Fig. 3.1, four coordinate systems are assigned: (a) the global coordinate
system attached to the ground mat Cg, (b) a local coordinate system on the center of the robot Cg,
(c) a coordinate system attached to the position of the right sensor Csz aligned with the direction
of the measurement and (d) a coordinate system attached to the position of the left sensor Cgy,
aligned with the direction of the measurement. The location of each sensor, Og, is determined
by the position vector 75 with the angle ys with respect to Xg. The angle between Xg and Xy is
denoted by ¢s. The incremental displacement measured by the sensors can be shown in the vector
format ZSOS = {AXsg, AYsg, AXs1, AY. SL}T. Here SR is the sensor attached to the right side of the
base plate and SL is the one on the left side. To transfer the measurement from the local sensor
coordinate frames, Csg and Csy, to the global coordinate frame, the rotation matrix R(9+¢-) can be
used. The incremental displacement of the Og in the global coordinate, Au can be calculated by

using (3.1).

Au=F"b (3.1)

where F'1 is the pseudo inverse of F

Fr=FTF) 1FT (3.2)

—_

0 —rspsin(6 + Ysg)

0 1 rercos(6 -+
F— SR ( WSR) (33)

0 —I‘SLSin(Q + I,USL)

—_—

0 1 I’SLCOS(G + lI/SL)
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4Y;

Figure 3.1: Coordinate systems assigned for localization using ADNS sensors

(cos(@ +¢sg) —sin(6 + Psg) 0 0 \
. sin(0 + ¢sg)  cos(0 + Psg) 0 0 ng (3.4)
0 0 cos(0+ dsr) —sin(0 + Psz.)
\ 0 0 sin(6+¢s1)  cos(6+9s1) )

By integrating the Au over time, the position vector of the robot’s center Og at the new step

time ¢ 4 1 can be calculated as u;| = u; + Au.

3.2.2 Jacobian Model (Planar Motion)

To control the position, and the velocity of the robot, the mathematical relations between the
velocity of the robot in local coordinate{v,,vy, ®.}7 and the rotational velocity of the wheels
{0, an, (03}T is required. As shown in Fig. 3.2(a), the center of the robot is shown with a vector

Ry to the contact point of each wheel with the mat. The angle between the vectors R; and the
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axis x is assigned with angle 6,k = {1,2,3} as depicted in Fig. 3.2(a). The relation between
the robot’s velocity in local coordinates {vy,vy, @, }7 and the wheel’s rotational velocity can be
represented as (3.5) [72]. In this equation, r,, is the radius of the wheels, and Rp is the distance

between the center of the robot and the contact point of the wheels with the mat.

W —sin@; —cos0; 1 Vy
1

(/) —sin6, —cos6, 1 Vy 3.5)
w

3 —sinB; —cos0; 1 Rpow,

Figure 3.2: Global and local coordinates assigned to describe the kinematics: (a) side view, (b)
top view
Using (3.5) and having the desired robot’s velocity in the local coordinate system, we can

calculate desired rotational velocity of the wheel that can be sent as the command to the drivers.

3.2.3 Jacobian Model (Orientation Design A)

The method used here to derive the inverse kinematic model of the system uses the velocity-based
kinematics approach in [73]. As shown in Fig. 3.2(a), two coordinate systems are defined with
origins O and o, both at the center of the universal joint. The axes of the Global coordinate system

Cg are fixed at the base plane while those of the rotating coordinate system C; are fixed with
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respect to the dome. Another set of coordinate systems Cy, are defined in the center of each wheel
shown in Fig. 3.2(a). Starting from the velocity of the point P, (the contact point of wheel k and
the dome, on the wheel) we can calculate this velocity vector in the local coordinates of the wheels

as

Vp, = W XTI = [wkvonO]T X [anarW]T = [07 _erkJO]T
3.6)

kel,2,3

Here, vp_is the velocity of the point Py in the local coordinates of Cy, @ is the rotational velocity
of the wheel “k”. Moreover, ry and ry are position vector of the point P, and the radius of the
wheel, respectively. Using the transformation matrix T; which maps the local coordinate of C, to
the global coordinates of Cg, after two rotations with respect to x; and zi, the velocity in Cy can

be mapped to that in Cg as shown in (3.7).
Vpk = TkVpk (3.7)

where
—sPr  —cBrcOk  cPrsO
T = Re(Be)Ri(0) = cBr  —sPrc6r sPrsOk (3.8)
0 56 cB;

In this equation, “c” and “s” denote the cosine and sine of the variables, respectively. Knowing
the velocity of the point of contact between the wheels and the dome in Cg, the angular velocity

of the dome can be calculated as

. R; XVpk

=
IR

(3.9
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In this equation, Ry, is the radial vector which connects the origin of Cg to the contact point B, and
|Rx||? is the second norm of that vector. Also, & is the angular velocity of the dome generated
by the k" omni-wheel, when other wheels are in free motion. Summing up the three angular
velocity vectors generated by each omni-wheel, the total angular velocity vector of the dome can
be calculated as Q = Z,%:] Q. As a result, the Jacobian matrix can be obtained from the relation

between the angular velocities of the wheels and the angular velocity of the dome as

Ju Jio Jiz| |0
szsz:Hl;# b1 Jn Jys| | @ G-10
J1 I J3| | w3
where
Ji1 = —Riy s, —Ri,sp,co, » J12=—Ro, 59, —Ro,5p,Co,
J13 = —R3, 59, —R3,5p,Co, , Jo1 = RiyS9, +R1,Cp,Co,
J22 = Ry, 59, +Ra,cp,co, , Jo3 = R3, 56, +R3,Cp,Co,
31 = Rixsp,co, = Riycp, co, 5 J32 = Raoxsp,co, = Roycp,co,

J33 = R3XSﬁ3CQ3 - R3YC[33C93

In (3.10), Ry, R1, and Ry, are the three components of the radial vector R;. As can be seen
from (3.10), the Jacobian is time-invariant and depends only on the geometrical parameters of
the system. Consequently, if the constants can be chosen such that J is non-singular, the angular
speed of each omni-wheel @y can be obtained using the desired angular velocity of the dome
Qg.s- Based on the singularity calculation performed in [73], internal singularities occur only
in impractical cases when the radius of the wheels becomes zero riy = 0 or the radius of dome
tends to infinity R — co. Boundary singularities still exist at the limits of the working volume of
the mechanism, for example, when the connecting rod touches one of the wheels. Considering
boundary singularities, the safe working volume of the robot is a cone with a tip angle of 30 deg.

The tip of the cone is at the center of rotation, and the main axis is along the Z axis of Cg.
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3.3 Therapy Modes and Control

3.3.1 Therapy Modes

The goal of the robotic systems developed for post-stroke rehabilitation purposes is to enable
patients to regain their movement ability by providing various training and therapy exercises. Dif-
ferent stages of recovery of the patient, requires different passive or active robot-assisted therapy
modes suggested by the therapist. As an overview, various therapy modes provided by robot-
assisted rehabilitation can be categorized as: (i) the passive mode, (i1) active mode, (iii) active
assist mode, and (iv) active resist mode [45]. For example, in the early stages of therapy due to
the weakness of muscles and inability of the patient in performing voluntary motions, the pas-
sive mode should be used. In this stage, the goal is to decrease muscle atrophy and increase the
movement range. By regaining muscle strength and recovering after more therapy sessions, active
modes can be used to engage the patient in the process of the rehabilitation. In this phase, the
voluntary motion of the patient modifies the trajectory of the robot in performing the tasks, so this
stage of the therapy is referred to as the ”patient in charge” phase.

Active modes can be assistive in the initial stages to increase self-initiation of the patient in
performing the tasks or they can be resistive to increase the strength of the muscles. The former
mode is similar to a ”’therapist in charge” phase in conventional therapy and the later is referred to
as an “active constrained” mode.

In this project, to test the performance of the designed system, various control strategies are
implemented for passive, active-assist and active-resist therapy modes. Each therapy mode was

tested in a study involving healthy subjects before future experiments involving patients.

3.3.2 Control Strategy

Several control strategies have been developed to utilize different feedback data such as posi-

tion, force or bio-signals to provide appropriate therapy procedure and to control the interaction
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between robotic systems and patients [45]. The four main control strategies for robotic-assisted
rehabilitation are: (a) position control, (b) force and impedance control, (c) EMG-based control
and (d) adaptive control. For this project, to validate the designed system, only the position and
force control strategies are implemented as the other methods of control are more sophisticated

and outside the scope of this project.

3.3.2.1 Position-based Tracking Control (Robot-in-Charge Phase)

Mobile Base As needed in initial stages of therapy, the robot should be controlled in position
modes. The commonly used position control loop is a closed PID control loop as shown in Fig.
3.3. Here a desired global position is the input of the control loop.

The error between the desired and actual positions is sent to a well-tuned PID controller and
the output of the controller is transferred to the velocity of the robot in the local coordinate system
using the rotation matrix. The tuning process of the PID controller was done using MATLAB
toolboxes. The model of the robot is unknown in this closed-loop PID controller and it contains
the disturbance load applied by the environment. The PID controller was tuned in the presence
of some disturbance load by a user assuming that the maximum force capability of the system is
applied by the robot. Applying the maximum force capability of the system to the robot during
PID tuning ensures the stability of the system under various therapy procedures. The load applied
by the environment during the therapy procedure is mainly due to the weight of the limb and
the static force applied by the muscles. The force capability of the robot and the PID controller
ensure a proper performance of the robot under various working conditions. It is important to
mention that only quasi-static loads (due to the nature of the rehabilitation process) were applied
to the robot during the PID tuning process. Using the Jacobian calculated in Eq. 3.5, the desired
rotational velocity of the wheels is calculated. By knowing the PTR, the desired velocity to the

EPOS drivers is sent using the UDP protocol through the Ethernet cable to the robot.
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Figure 3.3: PID control loop used for trajectory control of the mobile base
Orientation Mechanism To evaluate the performance of the mechanism in generating the re-
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Position

quired motion, first, a trajectory controller was developed in MATLAB/Simulink which uses the
orientation feedback obtained from the gyro sensor. A schematic of the implemented control loop
is shown in Fig. 3.4. As can be seen, after applying a PID controller, a velocity-based control sig-
nal is calculated which is then used to generate the desired angular velocity of the motors utilizing
the robot’s inverse Jacobian. It is important to mention that the control loop implemented in this
experiment is only meant to show the performance of the robot in providing the expected motion

and safety feature corresponding to the adjustable transferred force.

2 PID Inverse | |
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Figure 3.4: PID control loop used for trajectory control of the handle orientation base

3.3.2.2 Force and Admittance Control (Patient-in-Charge Phase)

To control the interaction force between the robot and the patients limb, a PID controller has
been designed and implemented in MATLAB/Simulink. This controller uses the interaction force
measured by the force sensor (OptoForce) as feedback. The difference between the desired value
and the measured feedback is used to calculate the desired velocity that is commanded to the

robot. In this controller, the output of the PID block is fed to the admittance control model of the
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system. This model calculates the proper command to the robot (in velocity format) to achieve

the desired force. A schematic of the implemented PID force control loop is shown in Fig. 3.5

— Actual
Robot’s

Motion

Force/
Velocity
Fo model

Force |
| Sneay

Desired Controller

Sensor |

Figure 3.5: PID control loop used for force control of the robot



Chapter 4

Experimental Results

In this chapter, various experimental tests for device validation are presented. These experiments
consist of the evaluation of the mechanisms, the algorithm used for data acquisition of feedback
data from the sensors, and testing the robot on healthy subjects to ensure the safety and perfor-

mance of the robot before future experiments involving patients.

4.1 Experimental Results

In this section, different mechanisms in the robot are tested and the algorithms for sensor data
analysis described in Chapter 3 are validated. First, the robot’s base was commanded to move
in different circular trajectories and the desired trajectory was compared to the actual trajectories
measured using two different sensors, one of which is the ADNS sensor implemented in the robot
and the other is the Motion Tracker stereo camera system. An experimental testbed was then
implemented to test the output force of the robot’s base and the orientation mechanism. In these
experiments, the actuators were commanded to generate force in a specific direction and the output

force exerted by the robot was measured.
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4.1.1 Trajectory Control In Free Motion

Mobile Base To perform a trajectory motion, the robot was commanded to move in a specific
trajectory using the control loop shown in Fig. 3.3. To validate the position measured by the
ADNS position sensors, a Micron Tracker model BB-BW-S60 stereo camera was used to track
the position of the robot. For this purpose, a marker was attached at the end-etfector of the robot
to measure the position of the end-effector with respect to the camera as shown in Fig. 4.1. In
this setup, the Micron Tracker stereo camera was installed above the robot as depicted in Fig.
4.1(b). Using the trajectory controller in MATLAB as shown in Fig. 3.3, three different desired
circular trajectories were commanded to the robot. In this experiment, the measurement of the
ADNS sensor was used as the feedback for the closed-loop controller shown in Fig. 3.3. Fig.
4.2 shows the actual measurement by ADNS sensor, Micron tracker camera, and the commanded
trajectories. The maximum error between the measurement of the ADNS and Micron Tracker was

4mm for the 100mm radius circular trajectory (4% error).

Hrmi

(b)

Figure 4.1: Free motion trajectory test on the mobile base using the Micron Tracker: (a) marker
attached on top of the robot, and (b) the Micron Tracker camera above the robot

In this experiment, the data obtained from the Motion Tracker stereo camera was used as the
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Figure 4.2: Circular Trajectories commanded and followed by the robot and measurement by
ADNS sensors and Micron Tracker stereo camera.
reference for comparison. This tracking sensor is calibrated by the manufacturing company and
the accuracy of the measurement is 0.25mm [68]. As shown in Fig. 4.2 the error between the
measurement of the ADNS sensor and the Micron Tracker increases as the trajectory becomes
bigger in size. This error is the result of the integration method used in the ADNS acquisition al-
gorithm and could be corrected using a more precise integration loop. Another alternative method
for correcting this error is by calibrating the algorithm and the ADNS data using the data obtained
from the absolute global measurement of the Sharp proximity sensors. This sensor data fusion

will be done in future steps of the project.

Orientation Mechanism To test the performance of the orientation mechanism design ”A” un-

der free-motion conditions, a circular trajectory in Ox-6y plane was considered as the desired
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motion to be tracked by the device. In this experiment, the actuators were controlled in the ve-
locity mode and the orientation feedback measured by using the gyro sensors attached to the
end-effector (middle rod). The angular velocity feedback obtained from the gyro sensor was used
to calculate the orientation of the middle rod in roll and pitch directions. The amplitude of the
desired trajectory, for both 6, and 8, was 10 and the frequency was 0.5Hz. Fig. 4.3 shows the
desired and the actual trajectories generated by the orientation mechanism. As can be seen, the
robot was capable of tracking the commanded trajectory under free motion, and the maximum

error was 0.06°.

-+— Actual Trajectory
—— Desired Trajectory

15 -

0, deg

10+

& 10 < 10 ¥

+ Qg o 0 <

Figure 4.3: The actual and desired trajectory in roll and pitch DOFs commanded and followed by
the handle

Although the results obtained for trajectories with 10° in amplitude shown high accuracy in
motion, increasing the amplitude of the motion resulted in non-smooth trajectories with errors
greater than 10% of the desired value. This significant error is due to errors in manufacturing
the wheels and the inner surface of the dome. To clarify, as mentioned before the center of the

spherical surface of the dome was designed to coincide with the center of rotation of the middle
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rod around the spherical joint. Although in practice, due to manufacturing errors, there is an error
between the location of the two centers. This error resulted in uneven motion of the dome while
rotating around the center of the spherical joint. Additionally as the motion created by the wheels
in contact with the inner surface of the dome significantly changes by the amount of the normal
force between the dome and the wheels, any small uneven motion generated by the wheels results
in a large disturbance in the motion of the dome. Consequently, any motion generating greater
than 10 in value resulted in uneven motion of the dome and denoted the effect generated by the
error in manufacturing.

Another issue associated with this mechanism was the aluminum debris created by slippage
between wheels and the dome. After performing the experiments mentioned above, three drivers
broke (burned MOSFETs) because of electrical shortcut made by the aluminum debris. As a result
of the above-mentioned issues with this design, for the orientation mechanism, design "B” was

used for the final version of the robot.

4.1.2 Safety Feature On Transmitted Force

Mobile Base To test the safety feature of the robot in limiting the output force, the robot was
tested in the setup shown in Fig. 4.5. Here the end effector of the robot is fixed in the XY
directions, and the robot (mobile base only) was commanded to generate a sinusoidal force in X
and Y directions with the amplitude of 20N and frequency of 0.5rad /sec. In this experiment, the
desired force was mapped to the current of the motors using the dynamic model of the system.
After that, the calculated currents were sent to the RPI to be commanded to the EPOS drivers.
Meanwhile, the generated force by the robot was measured by the force sensor attached between
the end-effector and the fixed structure. The test was performed on top of three different types of
mats (two wooden and one rubber), and the generated force was measured as shown in Fig. 4.4.
As can be seen, by changing the material of the mat (i.e., changing the coefficient of friction),
the amount of the transferred force to the end-effector is changed. The result obtained from this

experiment can be used to select a proper mat based on the maximum force requirement of the



4.1 Experimental Results 66

20 Ei 20 i

I

_ : — :

Z 1 =

1

S15| S15

o L&}

g &

- © N

> >

@10 T 310 |

6 - | = -+ i i

L 1 L ] el I 1 |

© 1 1 g=! 1 1 I

& 1 I g 1 !

& 87 ] ' w5 .

Z . ! - ]

@ I I 1 © T 1 :

| - e ]

= : —|— : = . : .

0! -+ ol | 0 -+ o il
Wood1 Wood?2 Rubber Wood1 Wood?2 Rubber

(@) (b)

Figure 4.4: Transferred force for three types of mat measured in: (a) X direction, (b) in Y direction

system during each therapy procedure.

Orientation Mechanism In this experiment, the goal was to evaluate the proposed safety feature
implemented by the adjustable force modification of the orientation mechanism (which limits
the transmitted forces and torques of the robot to the patient’s limb). As mentioned earlier, by
tuning the mechanism proposed in this project, it is possible to adjust the amount of transmitted
forces/torques. A particular testbed that is shown in Fig. 4.5 was developed to conduct this
experiment. In the implemented testbed, the base plate and the foot plate were both fixed to a
table. The motors were commanded to generate force in specific direction and the interaction
force was measured by the force sensors. A sinusoidal force with an amplitude of 28 N and a
frequency of 1 Hz in the “X” direction were generated by the motors.

By using the Jacobian of the system, the desired current of each actuator was calculated and
sent to the EPOS drivers. In this experiment, the drivers of the motors were controlled in the
current mode. During this experiment, the tightness of the wave spring on top of the dome was
changed in six steps from the lowest tightness (i.e. “state-1") to the highest tightness (i.e. “state-

6”).
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Figure 4.5: Experimental setup used for the slippage test.

For all states of tightness, the actuators applied similar sinusoidal torques. By tightening the
wave spring, the amount of the normal force between the dome and the wheels was increased. In
Fig. 4.6(a), the distribution of the transferred forces is compared to the 6 states of the experiment.
As a result, as can be seen in Fig. 4.6(a), the transferred force during State-1 was limited to a
value of 3.35 N. This is due to the activation of the designed slippage mechanism. Increasing the
tightness from State-1 to State-6, the maximum amount of the transferred force increases from
3.35 N to 27.3 N. As shown in the Fig. 4.6(a), the saturated sinusoidal force has the maximum
values of 3.35 N, 9N, 11.7 N, 17.6 N, 25.2 N and 27.3 N for the six states of tightness.

The results obtained from this experiment validates the proposed system in limiting the amount

of the applied force to the end-effector by using the designed mechanically adjustable mechanism.

4.2 Experimental Test Involving Healthy Subjects

4.2.1 Ethics Preparation

To determine the effectiveness of the device for rehabilitation purposes, several experiments were
performed with healthy participants. During the tests, various types of data such as interaction

force, EMG signals of the targeted muscle groups and the position of the robot were collected for
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Figure 4.6: Measured force for different adjusted (tightness) states: (a) Boxplot distribution, (b)
maximum value of the measured force.

further analysis. These experiments were conducted on healthy participants and investigated the
functionality of the robot with respect to several parameters in order to optimize its design. The
goal was to investigate the following functionalities: (1) Comfort level of the participant when
using the device in various modes of operation such as passive, active, active-assistive mode and
active-resistive; (2) Ergonomic design of the interface between the patient’s limb and the robot’s
end effector; (3) Level of motivation and engagement of the participants using the robot; (4) Per-
formance of the device under different body geometries, limb weight, and muscle power. Since
the strength of healthy subjects would, in general, be more than that of patients suffering from
hemiparesis or other types of paralysis, performing these experiments will ensure that the device
has enough power to achieve the therapy goals in the initial stages of rehabilitation; (5) Specifying
exercises to specifically target various sets of muscle groups. The purpose of this experiment was
to measure the correlation between actuation of different muscle groups and corresponding move-
ment trajectories of the robot during the therapies. This was done by measuring the EMG signals
of the muscles and comparing them to the motion of the limb and the robot; (6) Generating maps
of forces and torques for different positions of the limb. This information will enable objective
assessments of the impairment levels of limbs in future studies involving patients. For now, this

phase was performed on healthy participants.
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The data obtained from healthy subjects will be incorporated in fine-tuning therapy formats
for patients. As the designed device is a novel rehabilitation robot, new methods will be needed
to measure the level of impairment of a patient’s limb. This measurement will be useful since,
during the therapy procedure, the progress of the patient will be monitored by measuring the
ability of the patient in controlling limb movement. Additionally, to have a better understanding
of the impairment level and corresponding muscles, a guide map will be generated. In this guide
map, the amount of the force that can be applied to the limb of a healthy participant in different
orientations of the limb will be measured. Generating this map for healthy subjects will help the

therapist to compare the progress of patients throughout the rehabilitation process.

4.2.2 Methodology

The study is an experimental study to measure the capability of the system in performing therapy
tasks. Participants were picked from healthy volunteers at CSTAR who were not suffering from
osteoarthritis or a previous history of stroke, SCI (Spinal Cord Injuries) or paralysis. Additionally,
participants were eligible based on the inclusion criteria regarding height and weight. For this
study, the participants were asked to test the device and give their opinion about different aspects
of the design. The tasks were performed by participants while they were provided with visual
feedback of the tasks and trajectory that the robot follows to help them with performing the tasks.
To calculate the level and type of each muscle activation, a set of wireless Trigno EMG sensors
by Delsys Inc. [21], were attached to the participants hand or leg to measure the EMG signals of
the corresponding muscle groups. The Trigno wireless EMG sensors are depicted in Fig. 4.7. It
is important to mention that the sensors are small and wireless so they did not interfere with the
users motions and performance.

The inclusion criteria for the participants were as follows: healthy subjects 18 years of age
or older from the following range of body weight and height: (a) height (160cm-200cm) and (b)
weight (50kg-120kg). Additionally, for the exclusion criteria, subjects suffering from osteoarthri-

tis, having a previous history of stroke, SCI or paralysis were not recruited.
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(b)
Figure 4.7: (a) Trigno Wireless System, (b) Trigno EMG Flex Sensor. [21]

4.2.3 Study Procedure

The subjects were scheduled to participate in the experiments based on their availability. The
Trigno EMG sensors were attached to the limb to be tested for each subject before the experiment
to measure EMG signals of the muscles of that limb. The EMG sensors are passive sensorized
instruments with electrodes that measure the muscles contraction level. The data is used to mea-
sure the level of muscle activity during each task. After attaching the EMG sensors and collecting
the data for their limbs at rest configurations, the subjects were asked to sit on a chair behind a
table or sit beside a ground-level mat as shown in Fig. 4.8. As depicted, the EMG sensors are
attached to the participant’s leg at specific locations and the trial is performed on the mat while
the participant is sitted on a chair. For this study, the dominant arm (either left or right arm) and
dominant leg were tested for each subject. This means that each subject was asked to participate
in the study in two sessions, one for the arm and the other for the leg. For the upper limb therapy,
the robot was placed on a table, and the subjects were asked to grasp the handle of the robot. For
the lower limb therapy, the robot was placed on a specific mat on the level and the subject’s foot
was placed on the footplate on top of the robot. The subjects then were asked to perform different
tasks according to the therapy modes - passive, active, active-assistive and active-resistive modes.

For example, one task was to move the end-effector of the robot freely using their hand or foot
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to measure the corresponding muscle actuation for various limb movements. The position of the
robot and the target point are depicted in the virtual-reality display as shown in Fig. 4.9. Here the
position of the robot is indicated by the white square, the yaw angle by the orange rectangle and
the destination location by the green square. In all of the tasks of the robot, the goal is to reach

the green square in a straight line and in the minimum possible time.

F

Figure 4.8: Setup configuration for the LE experiments with healthy participants.

The sequence of the experiment all procedure was as follow:

Running the virtual-reality display

Assigning a secure ID to the participant and keeping it in the Master List

Asking the participant to fill out the information section of the questionnaire and reading

and signing the consent form

Attaching the EMG sensors to specific locations on the patient’s arm or leg based on the
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Figure 4.9: Virtual Environment used for the study trial involving healthy participants.

Test Protocol document
e Familiarizing the participant with the tasks and the process of the experiment
e Running the Trigno Control Utility to see the active sensors
e Running the EMG-MVC code for testing the signals and then closing it

e Running the Data Collection code for EMG, Browsing, Initializing, Starting Acquisition,

Recording the Data

e Running the proper Simulink code for each task

To collect data for all of the main muscle groups in LE and UE cases, a guide map was created
for the locations and places to attach the EMG sensors. For each UE and LE experiments, 16
EMG sensors were put in the locations as shown in Fig. 4.10 and Fig. 4.11. The location of the

sensors denoted by with the yellow marker in each figure.
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(® (b

Figure 4.10: EMG sensor placement for the LE experiment marked with red points (a) Quadri-
ceps Femoris, (b) Quadriceps Femoris , (¢) Quadriceps Femoris vastus lateralis, (d)
Biceps femoris, (e) Tibialis anterior, (f) Soleus, (g) Gastrocnemius Medialis, and (h)
Gastrocnemius Lateralis [22]
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(2 (h)

Figure 4.11: EMG sensor placement for UE experiment marked with red points (a) Bicep, (b)
Triceps long head , (c) Triceps short head, (d) Flexor Carpi Ulnaris, (e) Flexor Carpi
Radialis, (f) Extensor Carpi Radialis, (g) Extensor Digitorum Communis, and (h)
Flexor Digitorium Profundus [22,23]

Similar to each mode of therapy, a MATLAB Simulink code was prepared. The details of the

tasks that participants were asked to perform in these experiments are as follows:

Testing Mode Specific trajectories were shown to the subject on a monitor in a virtual reality
environment and the subject was asked to follow the trajectories generated by the robots motion.

They were asked to apply as much voluntary motion as they wanted.
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Passive Mode In this task, the subjects were asked to relax the muscles of the specified limb
and the robot moves along the trajectories defined in the previous step. The goal of this step was

to measure the amount of the force generated by the robot without the contribution of the subject.

Assistive Mode In this step, the participants were asked to perform the same task as the Passive
mode while they are in charge of the motion. The robot assisted them in performing the task by

magnifying their applied force.

Idle Mode In this step, the participants were asked to perform the same task as in the Assistive
Mode while they are again in charge of the motion. The robot did not assist them in performing the
task. By comparing the results from this mode and Assistive Mode, we can measure the amount

of assistance the robot provides to the patients during the therapy procedure.

Resistive Mode In the last step, the subject was asked to resist the motion provided by the robot
as shown in the virtual environment. The purpose of this step was to measure the capability of the
robot in following the desired trajectories in the presence of the output disturbance and resistance.

At the end of the trial session, the subjects were asked to fill out a questionnaire that included
task-related questions in order to evaluate the perception of the subjects. The questionnaire in-
cluded the following questions: (a) rate your comfort level when using the device in terms of
safety, interaction force, ergonomics with regard to the footplate and handle, (b) rate the resis-
tance of the robot in its non-actuated mode, (c) rate the force applied by the robot compared to the
maximum force capability of the subject, and (d) rate the tasks in order of the need for accuracy
of muscle control. The entire trial session took a maximum of 2 hours over 2 sessions. The trials

were completed by 15 participants.
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4.2.4 Study Results

As mentioned before the study was performed with healthy participants on both upper and lower
limbs. One of the goals of the study was to validate the operation of the robot in performing
various therapy procedures. Another goal was to have feedback on different features of the robot
from the participant’s perspective. The participant’s height and weight were 172.1 £ 10 c¢m and
75.4+20.2 kg (mean = standard deviation [SD]) respectively. 66% of the participants were in the
20-25 years of age and 93% had previous experience with robotic systems. After the trial sessions,
the questionnaire was filled by each participant and the summary of the answers is reported in
Table. 4.1 and Fig. 4.12. As can be seen, the features relating to the setup of the trials (such as
comfort level, clarity of the trial and concern regarding the robot’s operation) are acceptable and
the procedures can be used to perform the experiments on patients in the future. For the features
related to the performance of the system, some issues were mentioned by the participants about
some mode of therapy that will be considered in future work involving testing with therapists and
patients.

Fig. 4.12 shows the results obtained from the questionnaires regarding the participant’s as-
sessments of the performance of the system. As mentioned before, Level 1 represents the worst
condition in that category and Level 5 corresponds to the best. For example, Level 5 in power per-
ception means that the robot is extremely powerful with respect to the participant’s muscle power.
As a summary, 63% of the participants mentioned that the motion of the robot during the idle
mode is either slightly resistant or not resistant at all. This indicates that the robot’s impedance
in the in-active mode is low and the back-drivability is achieved properly. 90% of the partici-
pants found the force output of the system powerful or very powerful and 82% mentioned that
they performed the motion through the experiment accurately. As a result, the performance of the
system was determined to be satisfactory and the evaluation could proceed to the next stage. The
comfort level of the participants was noted in the study to have some feedback from the user side
and modify and improve the interface (footplate/handle) and the whole set-up in future studies.

The results obtained from the study will be used to determine the effect of previous expe-
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rience on the performance of the system and the responses obtained from the participants. As
in this study, the percentage of experienced users was greater that of inexperienced users, more

inexperienced participants will be required for the comparison in the future stages of the study.
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Figure 4.12: Questionnaire results for (a) power perception, (b) level of accuracy in motion, (c)
level of resistance in motion during the non-actuated mode and (d) level of motivation
while performing the tasks. Here the y axis represents the qualitative level which is
described in Appendix A

Initial analysis of the data shows that both the mean and maximum value of the EMG measure-
ment for all eight muscles monitored during the experiments is higher in the non-actuated mode
(Task3) versus the assisted mode of therapy (Task2). Fig. 4.13 represents the EMG measurement
of one of the participants for Task 2 and Task 3 of the experiment. As shown, both mean values

and the maximum values of the measurement are higher in Task 3. This means that the robot’s
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assisted mode decreased the muscle activity during the same therapy task.

4.3 Report of Invention (ROI) Submission

To protect the novel idea of dual usability of the device and inherently safe mechanisms, a report of
invention was submitted to Western’s business office (WorlDiscoveries)and a PCT application was
filled on October 2017 to protect the intellectual property for the proposed technology. Further

evaluation of the device involving therapists and stroke patients planned in the next few months.
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HP113.



Chapter 5

Conclusion and Future Work

In this project, a novel inherently safe robotic system was developed that is suitable for delivering
robotic rehabilitation on both upper extremities (UE) and lower extremities (LE). Through the
design process, in addition to the engineering requirements of the project, specifications related
to the end-user were also considered. The end-user could be a therapist or a patient. The design
process started with developing conceptual designs and selecting the best two concepts for the
detail design phase. A list of requiring the UE and LE rehabilitation was used during the concept
design selection. The end-effector type robot was selected as it can provide more simplicity in the
design process, more flexibility in the actuator selection and a novel dual application idea (LE and
UE). For the orientation mechanism, two concepts ideas were selected, modeled and implemented.

Through the design process, various components were prototyped to ensure the functionality
of the mechanisms prior to the main manufacturing process. Additionally, most of the components
that did not require accurate tolerance and high strength were manufactured with the 3D-printing
process. All of the mechanical components that required high accuracy machining and needed to
be made out of high strength materials were made by the wire EDM method.

For the electrical components of the system, the idea to use off-the-shelf products such as
Maxon drivers and Raspberry Pi (RPI) (to implement the low-level control loop inside the robot’s

module) was successful. Using off-the-shelf products decreased the overall cost of the electrical

81
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components and the time required to assemble and implement the system. Additionally, placing
all drivers in the mobile platform and communicating to the robot by using the RPI decreased
the number of wires attached to the robot which increased the reliability, portability and working
volume of the robot.

The low-level control loop in the RPI is developed and implemented to read the sensor data,
command the Maxon drivers and send/receive the data to/from the Simulink model in the PC
through UDP. In the current version of the system, there are 10 modes of control based on the
control strategy and the speed of the loop is set to be 1kHz and is controlled precisely in QUARC.

After manufacturing the components, the system was assembled and its functionality was
tested. A mathematical model of the system and algorithms for localization of the robot using
various sensors were derived and implemented in the Simulink model.

Various experiments were conducted to validate the performance of the control algorithm, data
acquired from novel localization ADNS sensor and the algorithm used to fuse the feedback data.
The results showed proper performance of the system in following specified trajectories in the
passive mode of therapy which is related to the position control mode of operation. The developed
code was a velocity-based method for trajectory planning followed by a PID controller for position
control. The results showed good accuracy for the application of rehabilitation. Although some
errors in the localization algorithm have been observed because of the integration error, these
errors can be decreased in the future versions of the Simulink model by fusing the feedback data
obtained from the Sharp sensors.

The force generated by the mobile platform was tested on different types of working mats. It
has been shown that changing the mat type can change the friction coefficient which consequently
changes the maximum allowed transferable force. The results also showed that there was good
symmetry in the force generated by the end-effector in the x and y directions. This indicates that
the Simulink model of the system was able to compensate for any unsymmetrical structure of the
wheels in motion generation in x and y directions.

The orientation mechanism design ”A” was capable of limiting the applied force/torque to
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the end effector and could provide motion with high accuracy in ranges smaller than 10degs.
However, the motion generated by this mechanism was not smooth for a range greater than 10degs
and the range of motion did not meet the expected value in the design phase (30degs). For this
reason, the orientation mechanism design "B’ was used and provided the two degrees of freedom
corresponding to roll and pitch motions.

To validate the performance of the system for therapy procedures, an experimental tests were
designed and performed involving healthy participants. Preliminary analysis of the data collected
based on questionnaires filled by the participants showed that the device was capable of gener-
ating accurate motion and could exert forces in the range required for both LE and UE therapy
applications. Some concerns were reported by participants about the setup, clarity of the tasks and
comfort level of the footplate. For future studies, the comments provided by participants will be
addressed and increased the comfort level of the patients while using the device.

Regarding other modes of operation such as the assistive mode of therapy, the developed
code in the Simulink model was tested in the experiments on healthy participants. The feedback
collected from participants showed that the assistive mode of the device clearly helped them in
performing the tasks with less muscle activation compared to the non-actuated mode of the device.
For future steps of the project, more attention should be given to developing more advanced modes
of therapy like fusing EMG sensors data to command the robot in the assistive mode of therapy.

Further evaluation of the device involving therapists and stroke patients is needed to fully
validate its applicability for LE and UE post-stroke rehabilitation therapy.

There are some limitations regarding the application of this robot for Lower and Upper limb
rehabilitation. This is due to the simplicity of the designed structure and the number of degrees
of freedom of the system. For example, this device cannot be used for active shoulder abduc-
tion/adduction exercises which due to the lack of the Z direction DOF. the same limitation exists
for lower extremity case and can be addressed with various configuration of the working mat.

The major contributions of this thesis can be summarized as follows:

e A novel robotic system has been developed that is suitable for physical rehabilitation on
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both upper and lower extremities.

e The designed device is lightweight, portable, low-cost, inherently safe to operate and can

be used for in-home training.

e Various novel mechanisms have been used in the design of this device that provide the

aforementioned features.

5.1 Future Work

5.1.1 Further Analysis and Evaluation

In the current stage of the project, the data collected from the study on healthy participants has not
been fully analyzed. No analysis has been done yet to achieve goals (5) and (6) in the study on
healthy participants mentioned in Chapter 4. Further analysis is required on the collected results
to create a map between actuated muscle groups and the corresponding movements of the device.
Additionally, the data collected from EMG sensors and the feedback data from various sensors
in the robot can be used to guide the therapist in commanding the robot and planning therapy

procedures.

5.1.2 Study involving Therapists and Patients

The next step after fine-tuning to resolve any issues arising from the study involving healthy
participants is to perform a usability study involving professional therapists to get their feedback
prior to undertaking a study involving stroke patients. For this purpose, a more sophisticated
sitting setup (containing an adjustable chair and larger working mat) will be used to perform the
experiments. This setup will provide more space for the robot to move and more range of motion
for the patient’s leg. This way we can compensate the difference in patient’s limb length to make

the rehabilitation process identical among all subjects. For this purpose, a special sitting place
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will be designed with height adjustment so the robot can have more working volume.

To increase the level of motivation and engagement of the participants (therapists and patients)
in future studies, a 3D virtual reality environment could be developed to visualize the motion of
the robot and the participant’s body in the virtual environment. This will increase the motivation

and can be used to demonstrate the performance of the robot in a better way.

5.1.3 Second Generation

As the goal of this project and the first version of the device was to validate the initial idea pro-
posed for therapy, the design process was focused on minimizing the time and effort on manu-
facturing and implementation. For the next generation of the device, the main goal could be to
reduce the cost of the system and to address the issues associated with the first generation. For
this purpose, the second generation will be designed to have less expensive commercially avail-
able actuators as the main cost associated with the current system is because of the expensive
Maxon motors and drivers. Secondly, the mobile platform could be replaced with a more robust

three DOF mechanism so eliminate issues related to tilting and uneven force generation.

5.1.4 Other Possible Applications

One of the possible applications of the current system could be measuring the rate of recovery
(range of motion and force capability) of patients after arthroplasty surgeries. Another possible
application could be as an assessment tool for monitoring the effect of medication or other treat-
ment on change in limb stiffness and movements of Parkinson disease patients. As the robot is
equipped with various sensors for localization and force measurement, these evaluations can be
done by measuring the performance of the patient while performing redefined movements over

time. These evaluations can be recorded and quantified for assessment.
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Study Protocol

A.1 Letter Of Information and Consent Form

Here the letter of information, consent form, questionnaire and study protocol are represented.
The instructions in the study protocol are used while performing experiments invloving healthy

subjects.
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LAWSON

HEALTH RESEARCH INSTITUTE

Project Title: A Novel In-home Robot-Assisted Platform for Physical Tele-Rehabilitation and
Enhancing Musculoskeletal Function in Upper and Lower Limbs

Principal Investigator: Dr. Rajni V. Patel, Ph.D.

Department of Electrical and Computer Engineering & Department of
Surgery

Thompson Engineering Building, Room TEB 379

Western University

and CSTAR (University Hospital - Room B7-218

Other Project Member Info:

Mahya Shahbazi Postdoctoral
Seyed Farokh | Atashzar Postdoctoral
Karen Siroen Staff (CSTAR)
Vahid Mehrabi PhD Student

Funding Information:

This work was supported by the Canadian Institutes of Health Research (CIHR) and the Natural
Sciences and Engineering Research Council (NSERC) under the Collaborative Health Research
Projects (CHRP) Grant \#316170 and an AGE-WELL Network of Centres of Excellence Grant AW
CRP 2015-WP5.3

Letter of Information

1. Invitation to Participate
You are being invited to participate in a research study. It is important that you carefully
read this letter of information describing the purpose of the study, what it will involve
and your role in it should you decide to participate. You are being asked to participate in
this study as you are a healthy volunteer and either employee or student of UWO.

2. Purpose of the Letter
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The purpose of this letter is to provide you with the information required for you to
make an informed decision regarding participation in this research study.

3. Purpose of the Study

The purpose of this study is to design and develop a versatile mobile rehabilitation robot
that can be used for both upper and lower limb therapy on patients suffering from
neuromuscular trauma such as hemiparesis. Toward this end, a prototype of the robot
has been designed and implemented. The next phase of the study is to conduct pilot user
trials involving healthy participants to collect quantitative measurements and qualitative
feedback on various aspects of the device such as the level of comfort, ease of use,
responsiveness, computer interface, etc. The data collected in the pilot phase will be used
to optimize the robot design for further studies involving patients.

4. Inclusion Criteria
You may participate in this study if:

1. You are a healthy subject greater than or equal to 18 year of age with a body
weight of 50 kg to 120 kg and a height of 160 cm to 200 ¢cm, and;
2. You give written informed consent.

5. Exclusion Criteria
You may not participate in the study if you are suffering from osteoarthritis, have a
previous history of stroke, Spinal Cord Injuries or paralysis.

6. Study Procedures

If you agree to participate, you will be scheduled based on your times of availability. A
MYO band will be attached to your limb (arm or leg) prior to the experiment to measure
EMG signals of the muscles in that limb. The MYO band is a passive sensorized band
(similar in size to a runner’s elastic armband used to attach cell phones to their arms) with
electrodes used by athletes and measures the muscle’s contraction level. The data will be
used to measure the level of muscle activity during each task. It should be noted that the
MYO band is a passive device (with no actuation) and measures EMG signals of muscles
and the acceleration of the limb. After attaching the MYQ band, you will be asked to seat
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HEALTH RESEARCH INSTITUTE

on a chair behind a table or near a ground-level mat. For the upper limb therapy, the
robot will be placed on a table and then you will be asked to grasp the handle of the robot.
For the lower extremity therapy, the robot will be placed on a specific mat on the ground
level and your foot will be placed on the footplate on top of the robot.

Then you will be asked to perform different tasks according to the therapy modes-
passive, active, active assistive and active resistive modes. For example, one task could
be to move the end-effector of the robot freely using your hand or foot to measure the
corresponding muscle actuation for various limb movements.

Later you will be asked to fill out a questionnaire that includes task-related questions to
evaluate the perception of the subjects. The questionnaire will include the following
guestions: (a) How would you rate your comfort level when using the device in terms of
safety, interaction force, ergonomics with regard to the footplate and handle? (b) How
would you rate the resistance of the robot in its non-actuated mode? (c) How would you
rate the force applied by the robot compared to your maximum force capability? (d) How
would you rate the tasks in order of the need for accuracy of muscle control?

It is anticipated that the entire task will take a maximum of 2 hours over 2 sessions. The
task(s) will be conducted on the 8 floor of CSTAR, University Hospital. There will be a
total of 30 participants

7. Possible Risks and Harms

There are no known or anticipated risks or discomforts associated with participating in
this study.

8. Possible Benefits

You may not directly benefit from participating in this study. Although, as this project
focuses on the design of advanced application-oriented systems for post-stroke
rehabilitation based on the latest developments in robotics, human-in-the-loop haptics,
and multi-modal sensorimotor integration, this will benefit to society as a whole.

9. Compensation
You will not be compensated for your participation in this research.

10. Voluntary Participation

Page 3 of 6 Version3- April/06/2017 Participant Initials
} r
' X p th
London Health g STJOSEPH: )
Sciences Centre Westérn



A.1 Letter Of Information and Consent Form

96

LAWSON

HEALTH RESEARCH INSTITUTE

11.

12.

13.

14.

Participation in this study is voluntary. You may refuse to participate, refuse to answer
any questions or withdraw from the study at any time with no effect on your status with
CSTAR or Western University.

Confidentiality

The data provided by you will be kept confidential. Data will be stored and locked in a
cabinet at CSTAR and will only be viewed by the research team. To protect your privacy,
a unique study number will be assigned to your experimental data. A list linking your study
number with your name will be kept by the Principal Investigator in a secure place,
separate from the experimental data. No information that discloses your identity will be
collected. Representatives of the Lawson Health Research Institute and the University of
Western Ontario Health Sciences Research Ethics Board may contact you or require
access to your study-related records to monitor the conduct of the research.

Contacts for Further Information
If you have any questions or concerns regarding participation in this study, please contact
Dr. Rajni V. Patel, Principal Investigator, at

If you have any questions about your rights as a research participant or the conduct of
this study, you may contact The Office of Research Ethics | , email:

. You may also contact Dr. David Hill, Scientific Director, Lawson Health
Research Institute at

A copy of this letter of information and consent form is yours to keep for your personal
records.

Publication
If the results of the study are published, your name will not be used. If you would like to
receive a copy of any potential study results, please provide your name and contact

number on a piece of paper separate from the Consent Form.

Commercialization
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Please note that Western University and the Pl intend to claim sole ownership of any
research results consistent with this consent. By signing this consent, you agree that
Western University and the Pl can apply for patents and you will not receive any financial
benefit that might result from the outcome of this research.
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15. Consent

Written Consent

This letter is yours to keep for future reference.

Consent Form

Project Title: A Novel In-home Robot-Assisted Platform for Physical Tele-Rehabilitation and
Enhancing Musculoskeletal Function in Upper and Lower Limbs

Study Investigator’s Name: Dr. Rajni V. Patel

| have read the Letter of Information, have had the nature of the study explained to me and |
agree to participate. All questions have been answered to my satisfaction.

Are you willing to be contacted regarding participation in future studies?

D Yes |:| No

Participant’s Name (please print):

Participant’s Signature:

Date:

Person Obtaining Informed Consent (please print):

Signature:
Date:
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Project Title: A Novel In-home Robot-Assisted Platform for Physical Tele-Rehabilitation and for
Enhancing Musculoskeletal Function in Upper and Lower Limbs

Questionnaire

Pre-task Questions:
I.  What is your level of experience in interaction with robotic systems?

1 2
No previous experience Previous experience

II.  How old are you?

1 2 3 4 5
<20 years 20-25 years 25-30 years 30-35 years  >35 years

III.  How much do you weigh?

kg
Weight
eig b
IV.  How tall are you?
cm
Height
eig A

V.  Which is your dominant hand (right/left/ambidextrous)

1 2 3
right left ambidextrous
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VI. Do you have pain or discomfort in your muscles or joints?

1 2 If yes, please explain:
Yes No

Post-task Questions:

VII.  How would you rank your level of comfort with the handle?

1 2 3 4 5
not comfortable  slightly comfortable very extremely
at all comfortable comfortable comfortable
Suggestions to increase the comfort level of the handle:
VIII.  How would you rank your level of comfort with the footplate?
1 2 3 4 5
not comfortable  slightly comfortable very extremely
at all comfortable comfortable comfortable
Suggestions to increase the comfort level of the footplate:
IX.  How would you rank your level of comfort with the setup in general?
1 2 3 4 5
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XI.
XIL
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XIV.

XV.
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not comfortable  slightly comfortable very extremely
at all comfortable comfortable comfortable

How would you rank your level of motivation in performing the tasks?
1 2 3 4 5
not motivated slightly motivated very extremely
at all motivated motivated motivated
How was your level of control over the device while performing the tasks?
1 2 3
No control Moderate control Full control
Did you have any concern when using the robot?
1 2 If yes, please explain:
Yes No
How clear were the descriptions of the tasks?
1 2 3
Not clear at all Slightly Clear
confusing
If unclear or confusing, please explain:
How much resistance from the robot did you feel during the non-actuated mode of operation?
1 2 3 4 5
extremely very resistant moderately slightly no resistance
resistant resistant resistant at all
How powerful did you perceived the robot to be (in terms of force exertion capability)
compared to your arm/leg muscle strength?
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1 2 3 4
extremely very powerful moderately slightly
powerful powerful powerful

How do you rate your motion accuracy while using the robot?

1 2 3 4
extremely very accurate moderately slightly
accurate accurate accurate

Additional Comments:
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Test Protocol on Healthy Subjects - Summer 2017

Run the VR

Assign an ID to the participant

Fill the information in Questionnaire

Attach the EMG sensors

Run Trigno Control Utility to see the active sensors

Run EMG_DataCollection_UDP_2017

. Initialize and start the EMG sensors data transfer through UDP
. Run the proper MATLAB code

Follow the instruction of the tests

Sequence of attaching EMG sensors

Clean the skin with alcohol

T ITIOoOmMMmMmoOON P>

Follow the procedure on attaching the EMG sensors

UE:

Bicep, EMG1
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Movements of the wrist

Movement
Flexion
Extension

Adduction

Abduction

Joint
Midcarpal
Radio-carpal

Radio-carpal

Midcarpal

Triceps long head, EMG2

Triceps short head, EMG3

Muscle

Flexor carpi ulnaris, Flexor carpi radialis

Extensor carpi radialis longus & brevis,
Extensor carpi ulnaris

Flexor carpi ulnaris & extensor carpi
ulnaris

Flexor carpi radialis & extensor carpi
radialis
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Flexor Carpi Ulnaris, EMG4

Styloid Pracess
~of Ulna

Flexor Carpi Ulnaris

Flexor Carpi Radialis, EMG5

Midpoint of
Elbow Crease:

Carpi Radialis

Extensor Carpi Radialis Longus, EMG6
Extensor Carpi Radialis (Left)
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Extensor Digitorum Communis, EMG7

Extensor Digitorum Communis

LE:
Rectus Femoris, EMG9
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Vastus Medialis, EMG10

Vastus Lateralis, EMG11

Biceps Femoris, EMG12
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Tibialis Anterior, EMG13

Soleus, EMG14

Gastrocnemius Medialis, EMG15
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Gastrocnemius Lateralis EMG16
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- Use the Trajectory MATLAB Code

Sequence of the Process for Task 1 (Following Trajectory)

Make the subject familiar with the device

Explain the task
(Try to move toward the green squares along the line)

Adjust the seat level so they can freely move the leg or arm

Place the feet on top of the robot and tighten the strap

Ask to follow the robot’s move toward the green square
(Apply as much voluntary motion as they want)

- Use the Assistive MATLAB Code

Sequence of the Process for Task 2 (Assistive Mode)

Make the subject familiar with the device

Explain the task
(Try to move toward the green squares along the line)
Ask them to move their leg toward the green square in a controlled
way, as they are in charge of the motion.
The robot will help them in performing the task by magnifying their
applied force

Sequence of the Process for Task 3 (Idle Mode)

Make the subject familiar with the device

Explain the task
(Try to move toward the green squares along the line)
Ask them to move their leg toward the green square in a controlled
way, as they are in charge of the motion.
The robot will not help them as it is not actuated.

- Use the MATLAB Code Experiment A

Sequence of the Process for Task 4 (Resistive Mode A)
Make the subject familiar with the device

Explain the task

nH
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. (Try to apply disturbance while the robot moves)

The robot will follow the motion to complete the tasks,
They should try to resist in the direction of motion and apply
disturbance in other directions.

- Use the MATLAB Code Experiment C

Sequence of the Process for Task 5 (Resistive Mode B)

1 Make the subject familiar with the device

n Explain the task
(Try to move toward the green squares along the line)
Ask them to move their leg toward the green square in a controlled
way, and resist the disturbance applied by the robot,
as they oversee the tasks and providing the motion.
The robot will prevent them in completing the tasks
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