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Abstract

Robotic rehabilitation and assessment of the human upper-limb following stroke

is currently limited in part by the inability of robots to replicate natural motion. In

particular, motion of the shoulder girdle is usually neglected, despite the fact that the

shoulder girdle is necessary to stabilize and orient the upper-limb during activities

of daily living. Without direct control of the shoulder girdle, it is not possible to

monitor or prevent a patient from making compensatory movements, which inhibits

functional recovery, nor is there a means to properly regain strength and coordination.

The more the robot is able to realistically mimic upper-limb motion, the more able the

robot will be to assist with true functional movement training, which gives the patient

the best chance of motor recovery. To address this issue, a new adjustable robotic

exoskeleton called MEDARM is proposed for rehabilitation and assessment of the

shoulder complex. MEDARM provides independent control of six degrees of freedom

of the upper-limb: two at the sternoclavicular joint, three at the glenohumeral joint

and one at the elbow.

A key design feature of the new robot is an innovative curved track mechanism ac-

tuated by a cable-drive transmission system. To facilitate a performance evaluation of

this new mechanism, a planar version of MEDARM was designed. A full prototype of

this planar robot was constructed and several fundamental metrics, including friction,

inertia, and compliance, were used to test its mechanical performance. Additionally,

the functionality of the robot was examined using preliminary data recorded during

a standard reaching task, and by implementing some basic rehabilitation algorithms.

This thesis describes the design of MEDARM and its planar counterpart in detail

and the performance evaluation of the prototype is presented.
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Chapter 1: Introduction

1.1 Motivation

Stroke is a leading cause of disability in Canada, leaving people with limited ability

to perform activities of daily living. More than 300,000 people currently live with the

effects of stroke, and there are 50,000 new occurrences every year [1]. Stroke arises

from a sudden interruption in blood flow to the brain or a rupture of blood vessels in

the brain. Consequently, some parts of the brain do not receive sufficient oxygenated

blood, causing death of neurons in this region, and thus a loss of brain function.

Impairments may involve loss of a combination of sensory, motor and/or cognitive

functions and may manifest as weakness, reduced coordination, diminished ability

to think, communicate, and make decisions, as well as difficulties in touch, vision

and/or hearing. Also, a stroke can modify behaviour and personality. The degree of

dysfunction arising from stroke is variable, depending highly on the location and size

of the lesion. Lesions are typically localized to one side of the brain, therefore loss of

function is predominantly related to the opposite side of the body [2].

Providing stroke survivors with the treatment that they need to regain motor

function is a tremendous challenge for physiotherapists. Not only is the process

physically laborious for the therapist, but also it requires time and personnel resources

that the health care system struggles to provide. Unfortunately, it means that patients

are usually not able to get as much therapy as they need. Overall, stroke care costs

the Canadian health care system $2.7 billion every year [1]. This will only increase

as the population continues to age.

Robotic technology is emerging as a tool to assist therapists with assessing stroke

patients and providing the necessary therapy. One of the main goals of robotic therapy

units is to increase the efficiency of the recovery process. In order to provide therapy
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at the same level as a therapist, a robot must be able to perform functional movement

training for the patient. A major problem with current robotic devices is that upper-

limb mobility is poorly replicated. In fact, there are few devices that can provide

any type of control of the shoulder girdle. The shoulder girdle is a critical part of

upper-limb motion and stability [3], and is commonly recruited to make compensatory

movements following stroke [4] and thus should not be ignored. Without direct control

at the shoulder girdle, it is not possible to prevent compensatory movements, nor is

there a means to properly regain strength and coordination of the shoulder girdle. It

seems that a next step for robotic technology in a rehabilitation setting is to develop

a robot that can more closely match the mobility of the human shoulder.

1.2 Research Contributions

The fundamental goal of this thesis is to develop a means of providing direct

control of the shoulder girdle. As a result of this research, two new robotic devices

have been designed from scratch based on several novel design concepts. The first is a

new robotic exoskeleton device designed specifically to target five degrees of freedom

(DOF) in the human shoulder complex. This robot is called MEDARM (Motorized

Exoskeleton Device for Advanced Rehabilitation of Motor function). The second

device is a simpler planar version of MEDARM, called Planar MEDARM, which was

designed to gain practical experience with the novel design features of MEDARM in

a simpler more controlled manner. The planar device also served as a means to test

the feasibility of the new design concepts to extend the capabilities of the existing

KINARM stroke assessment device [5]. KINARM is a 2DOF robotic exoskeleton

that attaches to the upper-limb, allowing measurement and/or manipulation of the

shoulder and elbow joints in the horizontal plane. Along with other features, Planar

MEDARM adds a third DOF at the wrist. Planar MEDARM has been fully assembled

and its performance has been tested using several variants of the actuation system.
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Several novel design concepts have been developed through the design process

for these two devices. The fundamental basis of operation of both robots is a new

cable-driven curved track mechanism that can remotely actuate a joint. This new

mechanism allows coupling of a limb joint that cannot be driven by equipment located

along the axis of rotation. In fact, this concept is the central component of a patent

application that has been filed [6].

Another major accomplishment is the development of an intuitive algorithm to

design a spherical joint while ensuring that all design criteria are satisfied. The tech-

nique was developed to choose the relative orientation of the three joint axes that

make up MEDARM’s glenohumeral joint. The technique has general applicability to

the design of spherical joints, but is particularly well-suited for exoskeleton devices.

Additionally, the designs of both robots use some unique ideas to incorporate sim-

ple adjustments for people of different size. For example, quick-release clamps have

been implemented on both robots to allow easy clamping/unclamping of adjustable

components.

The designs presented in this thesis will be a step toward the development of

devices that can give stroke patients a better chance at regaining independence.

1.3 Outline

The following provides a brief description of each chapter in this thesis.

Chapter 2: Literature Review

This chapter reviews some of the background literature to illustrate the moti-

vation for this project. Topics include a description of the mechanics and models

of the human upper-limb, and a summary of the current state of conventional and

robotic upper-limb stroke rehabilitation and assessment. A comprehensive list of ex-

isting robotic devices is provided to create a clear picture of the areas in need of

improvement.
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Chapter 3: Technical Background

This chapter is dedicated to describing several techniques and equations that are

important to this project. These descriptions include a full description of cable-drive

robot mechanics, a detailed explanation of techniques used to select a cable-routing

structure, and 4-bar linkage mechanics.

Chapter 4: MEDARM

The design of MEDARM is described in detail in this chapter, beginning with

the design requirements. Mechanical design components including the curved track

system, joint design, and user interface are detailed. The actuation and transmission

systems are explained, along with the models and simulations developed to assist

with the selection of components.

Chapter 5: Planar MEDARM

This chapter is dedicated to Planar MEDARM, and shares a similar tone with

the MEDARM chapter. While many aspects of the design are similar, there are some

different design objectives, and thus the involved mechanisms require slightly different

design. These differences are highlighted and described as necessary.

Chapter 6: Performance Evaluation

This chapter outlines the evaluation of Planar MEDARM’s performance in terms

of several fundamental performance characteristics. In fact, five variations of Pla-

nar MEDARM’s transmission system were tested to gain a full understanding of

its performance. Suggestions for improvement are discussed. Moreover, some ba-

sic rehabilitation applications are explored and implemented with Planar MEDARM

including a basic motion guidance algorithm that does not require force sensing.

Chapter 7: Conclusions and Future Work

The thesis closes with an overview of the project achievements and suggestions

for future research.
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Chapter 2: Literature Review

2.1 Human Upper-Limb Mechanics

The human upper-limb can be sub-divided into five main components: the shoul-

der girdle, the shoulder joint, the elbow, the wrist, and the hand (fingers). Modeling

the kinematics of these joints is a challenge due to the significant variations among

people, particularly at the shoulder complex. Relative motion of the joints are typi-

cally non-linear [7], and even in the simplest case of the elbow, the range of motion

depends on the overall orientation of the limb. Also, upper-limb injuries or motor

impairment can alter motion in substantial ways.

While motion of the biomechanically simpler lower-limb has been studied exten-

sively, there is relatively little data available for upper-limb motion. Most available

kinematic data for the upper-limb was collected for specific purposes, and measured

using non-standardized techniques. As such, it is difficult to combine the results from

different studies in a meaningful way. For rehabilitation, functional range of motion is

an important quantity. This often manifests as a minimum range of motion required

to achieve functional tasks. The following briefly discusses the elbow, the shoulder

joint and the shoulder girdle in terms of their structure, mobility and range of motion

(for the purposes of this thesis, wrist and hand motion will not be discussed). Range

of motion (ROM) for the joints were obtained as averages from a number of sources

[7–12], and are listed as a typical minimum (functional) and maximum.

2.1.1 The Joints

The Elbow

The elbow is a compound joint consisting of three bones and two articulations as

shown in Fig. 2.1. The humerus of the upper-arm connects to the radius and ulna

of the forearm through the humeroradial and humeroulnar joints. The humeroradial
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Figure 2.1: An illustration of the skeletal structure and articulations of the upper-limb.
Articulations are labelled with bold text, and bones are labelled with normal text.

joint can be approximated by a ball-and-socket joint with three degrees of freedom

(3DOF) while the humeroulnar joint is best described as a hinge joint with 1DOF.

The bones form a closed kinematic chain, restricting the elbow joint to 2DOF overall

[3]. Elbow motions are described by the following terminology (Fig. 2.2a):

• FLEXION (EXTENSION) – Motion of the forearm toward (away from) the

upper-arm. Functional ROM ∼ 110◦; up to 140◦.

• PRONATION (SUPINATION) – Rotation of the forearm such that the palm

faces downward (upward), orienting the wrist (sometimes considered part of

wrist motion). Functional ROM ∼ 120◦; up to 160◦.

The Shoulder

The human shoulder is a complex structure that produces extraordinary range of

motion and stability. As shown in Fig. 2.1, the shoulder is composed of four bones

(humerus, scapula, clavicle, and sternum) and four articulations (sternoclavicular,

acromioclavicular, scapulothoracic , and glenohumeral joints). The shoulder girdle
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Figure 2.2: Diagrams illustrating the terminology used to describe the degrees of mobility
of (a) the elbow, (b) the shoulder joint and (c) the shoulder girdle (except translation).

connects the arm to the body and supports, positions and orients the proximal end of

the humerus in space. The shoulder joint is responsible for orientating the humerus.

Overall, the shoulder is a redundant 7DOF system, providing stability and mobility

that is unmatched by any other part of the body [3, 13].

The Shoulder Joint. The humerus is connected to the scapula at the gleno-

humeral joint (Fig. 2.1), which can be approximated as a ball-and-socket joint with

3DOF. However, there can be translation of the humeral head in its socket during mo-

tion, but this is most significant for motions near the edge of the joint’s ROM [3]. The

motions of the humerus can be described by the following terminology (Fig. 2.2b):
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• FLEXION (EXTENSION) – Forward motion of the upper-arm upwards (down-

wards) and to the front (back) with the elbow facing the front/back. Functional

ROM ∼ 90◦; up to 140◦.

• ABDUCTION (ADDUCTION) – Sideways motion of the upper-arm upwards

(downwards) and away from (toward) the mid-line of the body with the elbow

facing front/back. Functional ROM ∼ 120◦; up to 150◦.

• INTERNAL (EXTERNAL) ROTATION – Rotation of the humerus around

its longitudinal axis, turning it inward toward (outward away from) the body.

Functional ROM ∼ 90◦; up to 120◦.

The Shoulder Girdle. The shoulder girdle is composed of three articulations

(Fig. 2.1). The sternoclavicular joint connects the clavicle to the sternum, and can

be approximated by a ball-and socket joint (3DOF). It is the only bony connection of

the shoulder to the rest of the skeletal system. The scapula connects to the clavicle

through the acromioclavicular (or claviculoscapular) joint, which also has 3DOF.

The kinematic chain is closed by the scapulothoracic articulation which connects the

scapula to the torso. However, the scapulothoracic “joint” is not a typical joint as it

floats on the back of the rib cage between layers of muscle. The scapula moves over the

rib cage, but since the ribs are not planar, scapular motion is neither pure rotation nor

pure translation. Since the shoulder girdle is a closed kinematic chain, the motion

of the joints are intimately coupled to give 4DOF overall. The terminology that

describes the overall motion of the shoulder girdle – motion of the proximal humerus

joint centre with respect to the body – is listed below [3] (Fig. 2.2c). Functional ROM

data is not available for the shoulder girdle, thus the typical maximum is listed.

• ELEVATION (DEPRESSION) – An upwards (downwards) shrugging motion

in which the scapula moves up (down) along the rib cage. ROM up to 50◦.

• PROTRACTION (RETRACTION) – A forward (backward) horizontal motion

in which the scapula moves away from (toward) the spine. ROM up to 50◦.
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• INTERNAL (EXTERNAL) ROTATION – A tipping motion of the scapula in

which the inferior (superior) tip of the scapula moves backwards, away from the

ribs. For most movements, this is small, and at most, the ROM up to 15◦.

• LONGITUDINAL TRANSLATION – Displacement of the glenohumeral joint

centre toward the sternoclavicular joint centre (not shown in Fig. 2.2c). The

displacement is significant only for large humeral elevations, and can be up to

20% of the normal joint separation [9].

While the shoulder girdle has 4DOF overall, a large majority of its motion is

well-described by 2DOF (elevation/depression and protraction/retraction). The con-

tribution of the remaining 2DOF to the motion is minimal. Range of motion for

the shoulder girdle is difficult to determine because it is a nonlinear function of the

humeral orientation. For example, there is little contribution to humeral elevation

from the shoulder girdle until high elevations where the ratio of glenohumeral to

scapular motion becomes approximately 1.7:1 [7].

2.1.2 Kinematic Modeling of the Upper-Limb

A mathematical model of upper-limb motion is invaluable when designing a robotic

exoskeleton. It can be used for determining size and strength of mechanical compo-

nents, and also for developing appropriate motion controllers for the robot. The

minimum requirement for simulation is to build a kinematic model of the limb, how-

ever, it is also useful and sometimes necessary to include the dynamics. Detailed

dynamic models can also be built which include muscle properties.

It is common to model the elbow as two intersecting revolute joints, and the

shoulder joint as three intersecting revolute joints. This model makes the reasonable

assumption that the glenohumeral joint is a perfect ball-and-socket joint and that

there is no translation within the joint. Shoulder girdle motion is more challenging,

because its characteristics depend on the curvature of the rib cage, which varies widely
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Sternoclavicular Joint 

Glenohumeral Joint 

Elbow Joint 

Figure 2.3: A model of the upper-limb. The 4DOF of the shoulder girdle are modeled as
three intersecting revolute joints centred on the sternoclavicular joint, and a single transla-
tional joint connecting to the glenohumeral joint. The glenohumeral joint is represented by
three intersecting revolute joints, and the elbow by two intersecting revolute joints.

among individuals of different size and shape. Rather than describing the position

of the scapula and clavicle directly, models of the shoulder girdle usually describe

the motion of the glenohumeral joint centre with respect to the sternoclavicular joint

(fixed on the torso). For many applications, this is a reasonable approximation which

allows the system to be treated as a serial chain, as shown in Fig. 2.3. Here, the

shoulder girdle is modeled as a ball-and-socket joint (3DOF) at the sternoclavicular

joint which is joined to the glenohumeral joint by a translational joint [9]. The

glenohumeral joint itself is also a ball-and-socket joint as described above.

10



2.1.3 Upper-Limb Anthropometry

Anthropometry is the study of human body measurement. Any machine or device

that functions closely with the human upper-limb, including the robots designed in

this thesis, must take anthropometric measurements of the limb into account. Body

dimensions vary among individuals, therefore anthropometric measurements are typi-

cally organized in tables for specific population. A value designated as 50th percentile

means that it is the median value across the population, and a 95th percentile value

means that only 5 percent of the population have a larger value.

Measurements can vary significantly with gender, age, race, disability level, and

occupation among others, therefore data should be carefully chosen to be appropriate

for its purpose. From a rehabilitation robotics perspective in Canada, it might be

most appropriate to use data that encompasses both genders and the socioeconomic

and ethnic diversity of today’s society. Also, if stroke patients are considered, age

must also be factored into the choice of data as most incidents occur after the age

of 55 [1]. It is important to note that one must be cautious about interpreting the

anthropometric measurements. For example, it is incorrect to imagine that a person

that is 50th percentile in terms of height is 50th percentile in all other respects [14].

Size and Mass

In general, the average length or mass of a body segment can be estimated as a

fraction of total standing height, H, or total mass, M , respectively. Table 2.1 sum-

marizes height and mass measurements for 5th, 50th and 95th percentile male/female

Table 2.1: Anthropometric measurements of height and mass for North American civilians
(50/50 male/female, approx. 50 years of age) [14].

Subject Size Height (m) Mass (kg)

5th 1.54 58.5
50th 1.68 75
95th 1.83 110
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Table 2.2: Body segment parameters expressed in terms of total standing height, H, or
total mass , M [15]. Distances are measured from joint centres.

Segment Segment Segment Centre of Mass/ Segment
Mass / M Length / H Segment Length Density

(Proximal End) (kg/m3)

Upper-arm 0.028 0.186 0.436 1070
Forearm 0.016 0.146 0.430 1130

Hand 0.006 0.108 0.506 1160
Forearm + Hand 0.022 0.254 0.394 1140

North American civilians (approx. 50 years of age). Table 2.2 summarizes upper-limb

segment lengths, segment centres of mass, segment masses, and segment densities as

a function of the height and mass measurements [15].

2.2 Upper-Limb Stroke Rehabilitation

It is possible to regain partial or complete motor function after stroke through

various rehabilitation therapy programs. An integral component of rehabilitation,

however, is assessment. Not only is an initial assessment performed to determine what

therapy should be provided, but patients are assessed throughout the therapy program

to monitor progress. In this section, current assessment and therapy techniques will

be summarized, including both conventional and robotic strategies.

2.2.1 Assessment

Conventional Assessment

Before providing a patient with any kind of stroke therapy, the extent of the motor

impairments must first be assessed thoroughly. This can be a challenging task because

it is often not clear whether the impairments are a result of sensory or motor deficits.

The traditional system involves leading the patient through functional assessment

programs, which typically involve scoring the patient across a range of very specific

functional tests. The final score is used to gauge the level of functional deficits, and

also to determine the best course of treatment. The tests are usually performed
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several times throughout the therapy program, in part to monitor progress, but also

to re-evaluate the course of the treatment plan.

There are several scoring systems available for functional assessment including the

Chedoke McMaster Stroke Assessment [16], the Fugl-Meyer (F-M) Score [17, 18], and

the Functional Independence Measure (FIM) [19]. A problem with most of the tests

is that they are not completely objective, and require judgement from the therapist

or personal accounts on ability. In order to increase reliability and repeatability, a

points system is used, and often it is simply a matter of whether or not the patient

can make a specific movement. In these cases, there is no middle ground, and the

result is that the scores tend to be insensitive to subtle differences in motor ability.

Even the most sensitive score does not provide quantitative analysis of movement.

A thorough functional assessment may not provide enough information to correctly

determine the appropriate course of therapy for a patient.

Manual testing requires significant one-on-one attention from a therapist, and as

a result, it is a time-consuming and expensive process. There is a need to improve

the assessment and diagnostic process as a whole.

Robotic Assessment

Robotic technology has the potential to become an invaluable assessment tool for

physiotherapists [20, 21]. First of all, robots have the ability to provide sensitive and

inherently objective quantitative assessments of both the kinematics and the dynamics

of movement. This can be used to measure performance and monitor the recovery

progress with much more sensitivity and reliability than traditional functional scores

[22–25]. Moreover, robots can make controlled movements with ease and precision.

It is a simple matter to incorporate a robot into a virtual environment which can be

designed to mimic conventional and also novel situations. The result is the ability to

provide a set of reliable standardized tests which can quantitatively observe motor

impairments. Robotic technology can also be fully automated, which would allow a

13



single therapist to supervise multiple patients simultaneously, significantly easing the

burden on the health care system.

2.2.2 Therapy

Conventional Therapy

It is possible to regain partial or complete motor function through individualized

rehabilitation programs. In general, early treatment provides the best outcome, but

unfortunately, complete recovery is not common. Usually, more treatment with longer

and/or more frequent sessions provides a better outcome [26]. It was previously

thought that significant functional gains are possible only within the first 3 to 6

months following stroke, but functional improvements have been shown in patients

more than one year post stroke [27, 28].

The ultimate goal is to restore a patient’s ability to perform activities of daily

living. Traditionally, therapists taught compensatory movements such as using re-

dundant joints of the body (i.e. using torso motion to assist with reaching) or frac-

tionation of movements into several simpler movements [4, 27]. While compensation

allows patients to rapidly regain some degree of independence, a strong reliance on

compensation promotes learned non-use of the impaired limb which slows or inhibits

functional recovery [29, 30].

Current rehabilitation programs tend to focus instead on reducing the degree

of permanent disability [31]. Recovery of motor function has recently been linked

to motor learning that occurs during repetitive, frequent and intensive movements

[32, 33]. This increased sensorimotor activity takes advantage of neural plasticity, in

which adjacent or other areas of the brain reorganize and compensate for lost function

in damaged brain regions [29]. Nevertheless, it is agreed that exercising and practicing

a variety of functional multi-joint movements with the impaired arm is an important

part of therapy for stroke patients [34]. Therefore, typical therapy programs focus on

training with repetitive movements using a range of techniques such as restriction,
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gravity compensation, manual guidance, and progressive-resistive exercise.

Restriction. A key technique used in upper-limb stroke rehabilitation is restric-

tion. In daily life, a stroke patient is likely to facilitate movement of the affected limb

by making compensatory movements of the shoulder girdle [35] and/or torso [30]. Of-

ten, the patient will also use the unaffected limb to perform tasks. Constraint-induced

movement therapy (CIMT), is an effective technique in which the non-paretic arm is

constrained, forcing use of the paretic limb to perform tasks. This technique helps to

prevent learned non-use [36]. However, CIMT does not prevent incorrect movements

of the trunk and/or shoulder girdle. Unfortunately, this technique cannot be used

for patients with severe impairment because the patient must be able to move their

paretic arm to some degree to perform exercises and daily activities.

Gravity Compensation. In the initial stages of treatment, a patient is typically

very weak and therefore can have difficulty overcoming gravity during movement. In

fact, in the presence of gravity, a stroke patient’s impaired arm workspace can be less

than 5% of their normal workspace [37]. In the past, therapists have used passive

sling systems to reduce the effects of gravity on the limb during therapy, making it

significantly easier for the patient to move his/her arm freely in space. Unfortunately,

this system can easily lead to injury arising from over-extension of the limb joints if

the patient is not strong enough to stop a movement.

Guidance and Assistance. In conventional programs, one or more therapists

manually assist the patient by repeatedly guiding the affected limb(s) through a vari-

ety of functional tasks such as picking up or moving an object. A therapist can help

the patient achieve the appropriate muscle responses by tapping, stroking, holding

or guiding as necessary [38]. As the patient’s recovery progresses, assistance from

the therapist is required less frequently. Bilateral movement training is another tech-

nique that involves the use of the normal arm to assist the impaired arm by making

collaborative and/or mirror-image reaching movements. Studies of this technique in-
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dicate immediate performance improvements of the impaired limb when compared

with unilateral movements [39, 40].

Resistance. Another component of a typical treatment program is progressive-

resistive exercise (PRE), which is a form of strength training in which the patient

makes movements against resistance [41]. The therapist increases the resistance as

the patient progresses. The idea is that increased muscle force output can lead to

increased muscle power and endurance, which are linked to improved performance in

activities of daily living [42].

Motivation. Success of these contrasting treatment programs suggests that

movement variety is beneficial to the recovery process [34]. A patient will be more

motivated to take part in the program if they are engaged and interested in the

program [27]. This can be achieved through task variety, encouragement and high

levels of feedback and interactivity. For example, if patients feel or see that they are

making progress, they will be more motivated.

Although these conventional techniques have proven effectiveness, a significant

drawback is that they require extensive one-on-one attention from one or more ther-

apists. As such, recovery is severely limited by staffing, time, and budget constraints:

thus, it is becoming more difficult to give patients the time and attention that they

require for maximum recovery. Even with sufficient time and budget, therapists can

tire easily when manually moving heavy paretic limbs, and with no means to quantita-

tively record patient progress, it is a challenge to properly monitor functional ability.

Unfortunately, therapists are often forced to resort to shorter, less intense therapy

programs that focus on teaching compensatory techniques rather than on recovering

motor function [4, 21, 27].

Robotic Therapy

With the aging population comes the increased incidence of stroke, and the in-

creased need for motor rehabilitation. This is straining the capabilities of the health
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care and rehabilitation system. There is no doubt that improvements are required

to provide the high quality care that patients need. The possibility of using robotic

devices as a more efficient means of providing therapy has been at the forefront of

stroke rehabilitation research in the past 15 years [20, 21]. Robotic systems provide

a compelling solution which has significant potential as another tool in the arsenal of

a trained physiotherapist.

Robotic devices present a number of benefits over traditional therapy techniques,

and thus have significant potential in clinical settings. Perhaps the most significant

advantage is that robots can repeat and monitor movements precisely without making

mistakes and without getting tired. An additional benefit is that robots cannot be

distracted or show discouragement. Robots can be programmed to perform many mo-

tions ranging from simple to complex trajectories. Furthermore, a robot can provide

any level and duration of assistance and can apply novel loads that cannot be applied

easily by hand [21, 43]. This clearly removes the strenuous labour from the therapist,

allowing him/her to focus on other important tasks such as treatment planning and

progress monitoring. Overall, this process facilitates treatment standardization.

An enormous amount of quantitative kinematic and dynamic information (includ-

ing joint and end-point positions, velocities, accelerations, forces/torques, etc...) can

be obtained about every movement. This is the key benefit of robotic assessment,

but it is also useful for therapy. Based on this information, robots can provide visual,

auditory and/or kinesthetic feedback to the patient as needed during movement.

Efficiency is another area in which robotic therapy systems excel. When appro-

priately designed, a single device can be used for both assessment and therapeutic

purposes for a range of motor impairments, and can be used for any level of disability

since the robot can provide as much or as little assistance as necessary. This reduces

the need to move patients between different pieces of equipment during a therapy

session. Also, commissioning multiple robots would allow a single therapist to work
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with multiple patients simultaneously. In fact, it has been shown that providing au-

tomated therapy with as little as 25% supervision from a therapist has no negative

effects on functional outcome [44]. Furthermore, at-home systems would allow pa-

tients to practice more frequently on their own time on a daily basis [31]. A therapist

would be able to monitor progress and update programs remotely, thus enforcing

practice at times other than during organized sessions. Not only will the patient be

able to spend more time practicing movements, but the therapist will be able to spend

time with more patients. Other opportunities such as group therapy (one therapist

leading multiple patients) also become feasible using robotic technology.

Robots can replicate or even extend many of the traditional manual therapy tech-

niques as described earlier. Some of the key concepts are briefly introduced below.

Restriction. Exoskeletal robots have the unique benefit of being able to isolate

specific joints. Not only does this mean that these joints can be individually actuated,

but also they can be restrained or locked in any given configuration. Thus, the patient

is truly constrained to use the unlocked joints. Robots have a distinct advantage over

CIMT because they can target assistance to specific joints.

Gravity Compensation. A robot can be configured to provide active gravita-

tional compensation. First of all, robots can be built to avoid joint over-extension,

reducing the chance of injury when compared with passive sling systems. Second,

a robot with active gravity compensation can counteract gravity with high accuracy

at all configurations, providing a much more realistic environment for the patient.

Third, for exoskeleton robots, gravity compensation can be applied to specific joints

or movements that require assistance. Finally, the level of compensation can be grad-

ually reduced on a joint-by-joint basis as the patient becomes stronger and more able

to deal with gravitational forces on his/her limb.

Guidance and Assistance as Needed. A robot can be programmed to pro-

vide any level of motion assistance. The limb can be moved through any trajectory,
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and it is easy for a robot to learn a new trajectory for a specific individual. The robot

can encourage the patient to stay on a desired path [45, 46] with or without any assis-

tance to move along that path. Guidance can be used for passive exercises designed

to extend the range of motion of specific joints [47], or for bilateral training in which

the unaffected arm is used to drive the position of the impaired arm in a mirror-image

fashion. There are many ways to encourage physiological movement patterns while

providing only the assistance that is necessary, some of which can sense the patient’s

intentions [48–54]. Once the robot knows what the patient is trying to do, it can au-

tomatically facilitate accomplishment of that goal, while giving the patient a chance

to contribute as much as he/she can toward that goal.

Resistance. Most robotic systems have already tested robotic progressive resis-

tive exercise [19, 28, 55]. It is straightforward to implement velocity-dependent loads

(or viscous loads) that involve applying opposing torques/forces that increase as the

velocity increases. This creates a feeling of moving through a viscous material, and

requires the patient to push harder, thus increasing his/her strength. The system can

be easily adapted to target specific joints and muscle groups. The robot acts like a

high-tech weight training machine.

Motivation. Feedback is a key part of motivating patients, and with robotic

technology and virtual reality, there are many ways to convey information to the

patient. The main goal is to provide a way for the patient to interact with or become

immersed in the system, keeping him/her interested and motivated. Feedback can

be visual, tactile, auditory or any combination of these. Useful information might

include start/stop time, trajectory to follow, actual trajectory, position error, force

output, and success rate, among many other kinematic, dynamic and/or task related

variables. It can be provided in the form of a simple display, or as a full virtual reality

system in which the patient can see and feel objects. Robots can apply abstract and

unusual force fields that cannot be applied manually by a therapist. Examples include
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joint-dependent forces (i.e. torque at a joint depends on the motion of a different joint)

and bilateral-dependent forces (force on one arm is dependent on movement of the

other). Another possibility is to simulate a force acting at the hand as if the patient

were picking something up. Also, tasks in which both limbs collaborate to move a

single virtual object are possible [56]. The ability of the robot to simulate different

force-fields is limited only by imagination (and perhaps hardware capabilities). Tasks

can include typical daily tasks or games specifically designed to target certain motor

deficits [57–63]. In whatever way the feedback is presented, the interaction must

be clear and interesting and must ultimately provide a challenging but enjoyable

experience that improves the user’s motor ability.

Limitations of Robots. Robotic devices are certainly not free from limitations.

Safety is always top priority when there is such close interaction between human and

machine. Robots are powerful, and can be dangerous without implementing appro-

priate safety mechanisms. For example, simple position control strategies that rigidly

adhere to specified trajectories could be dangerous for patients with limited range of

motion, forcing the limb to positions that could injure the user. Moreover, patients

and therapists alike may not feel safe (safe design does not ensure a feeling of safety

[38]), which can heavily influence acceptance of robotic technology in clinical envi-

ronments. Fortunately, these safety systems exist, and when implemented correctly,

robots can be safe and comfortable for both patients and therapists [64].

A robot that closely mimics upper-limb motion will be able to train with more

realistic functional movements. Perhaps the most significant limitation is that it is

a challenge for robotic devices to match the mobility of the human upper-limb. In

particular, the human shoulder complex is a structure with extraordinary mobility

that is challenging to describe, let alone replicate [3]. The evolution of robot design

ensures that innovative technologies will continue to close the gap between robot and

human mobility.
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Another important aspect of robot design which can be easily overlooked is the

robot-human interface. The main issue is the large variation in patient size and shape.

Robots are typically designed to fit a range of people, but it is a challenge to account

for all unique patient situations. The set-up process should be quick and simple, to

improve the overall effectiveness and efficiency of the treatment.

Patient pain, distraction, refusal of cooperation and/or other unexpected situa-

tions make it difficult for robots to formulate appropriate responses. In particular, it

is hard for robots to provide qualitative feedback to patients. For example, robots do

not offer compassion or sympathy. However, it is likely that more techniques will be

developed to overcome this problem by the wealth of quantitative data available to

robots to provide more types of useful feedback to patients.

Robotic technology has the potential to provide immense benefits to the rehabil-

itation field, but there is still room for improvement. Fortunately, ongoing research

continues to provide more capable robots that are better equipped to deal with the

unique demands of rehabilitation.

2.2.3 Existing Devices for the Upper-Limb

There are two main categories of robotic mechanisms used in rehabilitation: end-

effector and exoskeleton. In the end-effector category, the user grasps the end-effector

of the robot (a handle). This handle is the only point of attachment of the robot to

the user. The systems are simple and versatile, but cannot target specific joints of

the limb because the handle can apply forces only to the attachment point. As a

result, it is not possible to monitor the complete kinematics of the limb because the

precise joint centres of the limb are unknown. Patient set-up is quick because there

is no need to make any precise alignments. An exoskeleton system is built to couple

its joints with the limb joints, allowing the degrees of mobility of the limb to be

isolated and trained independently. However, exoskeleton robots are typically much
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Table 2.3: Summary of existing end-effector robotic rehabilitation systems. By nature of
their design type, there is no way to know the limb joint kinematics.

Robot Mobility Shoulder Description
Girdle
Control

MIT-
MANUS
(InMotion2)

2DOF +
3DOF

n/a rehabilitation robot pioneer, mature
design, commercial product (Interactive
Motion Technologies Inc.), simple,
backdriveable, horizontal plane only
with 3DOF wrist attachment [65–67]

MIME 6DOF n/a high mobility, strong evidence of efficacy
[19], bimanual mode, not backdriveable
[68]

WAM 4DOF (or
7DOF with
handle)

n/a backdriveable, lightweight, cable-driven,
commercial product (Barrett
Technology Inc.), no limb support [69]

ARM Guide 1DOF n/a linear reaching movements (forearm
trough), adjustable orientation,
non-functional movements since only
1DOF [70]

REHAROB Dual 6DOF n/a 2 independent industrial robots, 6DOF
control of both upper-arm and forearm,
not backdriveable, incoordination of
robots could injure elbow [71]

(unnamed) Dual 3DOF n/a similar to REHAROB, pneumatically
driven, backdriveable, limited to slow
speed [72]

MACARM 6DOF n/a parallel structure, cable-driven,
powerful, limited workspace due to
interference with cables [73]

GENTLE/s 3DOF n/a backdriveable, passive gravity
compensation using slings [45]

MariBot 5DOF n/a forearm sling, orientation controlled by
wires (3DOF), position controlled by
planar 2DOF mechanism, swinging
motion possible [74]

(unnamed) 3DOF n/a wrist position controlled by orthogonal
cables, mounts to wheelchair, no limb
support [75]

EMUL 3DOF n/a actuated using electrorheological fluid,
backdriveable, no limb support [57]
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Table 2.4: Summary of existing exoskeleton robotic rehabilitation systems.

Robot Mobility Shoulder Description
Girdle
Control

KINARM 2DOF
(1 shoulder,
1 elbow)

no highly backdriveable, light-weight,
commercial product (BKIN
Technologies), bimanual operation,
assessment, horizontal plane [5]

MULOS 5DOF
(3 shoulder,
2 elbow)

no battery operated, wheelchair
compatible, maximized workspace,
not backdriveable [76, 77]

WREX 5DOF
(3 shoulder,
2 elbow)

no passive (no actuation), complete
gravitational compensation, not easily
adjustable for different people [78]

Armeo
(T-WREX)

5DOF
(3 shoulder,
2 elbow)

no modified WREX (see above),
commercial product (Hocoma AG),
with position sensors, stronger [58, 79]

PNEU-
WREX

5DOF
(3 shoulder,
2 elbow)

no pneumatically actuated version of
T-WREX, only slow movements [80]

Sarcos
Master
Arm

7DOF
(3 shoulder,
2 elbow, 2 wrist)

no hydraulically driven, commercial
product (Sarcos, Inc.), not
backdriveable [81]

RUPERT 5DOF
(2 shoulder,
2 elbow, 1 wrist)

no lightweight, pneumatic drive (slow
motion only), backdriveable,
incomplete shoulder joint motion [82]

(unnamed) 7DOF
(3 shoulder,
2 elbow, 2 wrist)

no pneumatic drive (slow motion only),
backdriveable [83]

CADEN 7 7DOF
(3 shoulder,
2 elbow, 2 wrist)

no partially cable-driven, three motors
located on forearm, to be controlled
by EMG [84]

MGA
Exoskeleton

5DOF
(4 shoulder,
1 elbow)

1DOF not backdriveable, motors mounted
directly to joints [85]

(unnamed) 9DOF
(5 shoulder,
2 elbow, 2 wrist)

2DOF large and heavy, hydraulic or
cable-driven [86]
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Table 2.5: Summary of existing hybrid (part end-effector and part exoskeleton) robotic
rehabilitation systems.

Robot Mobility Shoulder Description
Girdle
Control

(unnamed) 8DOF
(shoulder,
elbow, wrist)

n/a simple interface, high mobility, powerful,
not backdriveable, unknown shoulder
motion [87]

ARMin 7DOF
(4 shoulder,
2 elbow, 1
wrist)

1DOF† allows small misalignment, backdriveable,
†1DOF at shoulder girdle coupled to
1DOF at shoulder (no independent
control of shoulder girdle) [88–90]

more complex due to the close interaction with the user. Also, these robots must be

adjustable to accommodate users of different size, and because each joint of the robot

must be aligned with the patient, the set-up time is longer.

Tables 2.3, 2.4 and 2.5 summarize several of the most relevant existing end-effector

and exoskeleton robots designed specifically for rehabilitation. The list is not exhaus-

tive. Many other systems have been designed for purposes other than rehabilitation

[91–101]. Most of these devices were designed as exoskeletons for tele-robotic or

virtual reality applications. While these devices share many of the characteristics

necessary for rehabilitation robot design, they cannot be used directly for rehabilita-

tion applications due to their low power and complex set-up procedures. However,

their insights into backdriveability, human-robot interfacing, actuation and sensing

are important.

It is clear from Tables 2.3, 2.4 and 2.5 that there has been little work done with

the shoulder girdle. Without control of the shoulder girdle, it is not possible to use

the device to fully assess or rehabilitate the upper-limb. The devices that do consider

the shoulder girdle are either incomplete, dependent on another DOF, or too heavy

and slow to be useful in a clinical setting. There is no question that more work must

be done to more closely replicate upper-limb motion.
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Chapter 3: Technical Background

To facilitate the description of the new robots designed for this thesis, it is useful

to summarize some technical background. In particular, both robots make use of

open-ended cable-drive transmissions, which require special mathematical transfor-

mations to relate motion of the cables to motion of the robot’s joints. The first two

sections describe these transformations as applied to this project. For more detailed

derivations and descriptions, the reader is referred to the original sources [102, 103].

The final section of this chapter details the relationships between the joints that make

up a 4-bar linkage. Both robots make use of a novel 4-bar linkage to replicate motion

of the upper-limb, therefore it is important to be able to describe the motion.

The relationships and techniques presented in this chapter are fundamental com-

ponents of the new robots. In fact, the techniques were used to make some important

design choices. It will be apparent in the chapters to come that these fundamental

ideas serve as the foundation for modifications made to account for the novel design

features of the new robots.

3.1 Cable-Driven Robot Mechanics

A mathematical model that describes the mechanics of a robot is important for

modeling and control of the robot. Below is the general vector form of the equations

of motion for a rigid serial manipulator:

M(θ)θ̈ + C(θ, θ̇)θ̇ +G(θ) + τf + τext = τ (3.1)

where θ, θ̇ and θ̈ are the angular position, velocity, and acceleration vectors for all

joints. Matrix M(θ) and vectors C(θ, θ̇)θ̇ and G(θ) represent the mass/inertia, cen-

trifugal/Coriolis, and gravitational properties of the manipulator. τ , τf and τext

are torques exerted on the system as a result of actuation, viscous/static friction,
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and external forces (including torques applied by a human user) in joint space. Sev-

eral techniques are available to determine these equations for a given manipulator,

including Lagrangian Mechanics and the recursive Newton-Euler formulation [103].

Equation (3.1) can be used directly if the actuators for each joint are mounted

to their respective joint axes. However, for alternate transmission systems such as

the open-ended cable-drive transmission, additional transformations are required in

order to model the robot. The extra computation required for cable-drive transmis-

sion systems is often outweighed by several compelling advantages over traditional

transmissions. Perhaps the most obvious advantage is that all actuators are remotely

located on the base of the robot, which significantly reduces the mass, inertia, and

size of the manipulator. This also means that the power-to-weight ratio of the ac-

tuators is increased, and when coupled with the fact that joint torques are shared

among the cables, it means that the robot can often function with smaller actuators.

Therefore cable-drive transmissions are good options for actuating exoskeleton-type

rehabilitation robots, and therefore it is important to understand how to determine

their kinematics and dynamics, and how such systems can be modeled and controlled.

The additional transformations needed to control the robot arise from the fact that

the number of joints needing control (n) is less than the number of actuators (m).

As open-ended systems can apply force through positive tension only, it is necessary

to have an antagonistic cable routing scheme to achieve motion in both rotation

directions and to prevent the cables from becoming loose. As such, a minimum of

n + 1 cables are necessary for complete control, but as many as 2n cables can be

used [103]. Furthermore, since the cables are routed along the entire length of the

mechanism through a series of pulleys, their motion affects multiple joints. There

are also multiple ways to route the cables around the joints while still providing full

ability to move in all directions. A method to determine the most suitable cable

routing scheme is discussed in Section 3.2.
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Before getting into the mathematical description of open-ended cable-drive sys-

tems, it is useful to consider how cable-drive systems operate in practice. One end

of each cable is fixed to a link on the mechanism, and the cables are wound around

free-moving pulleys at each joint back to the base of the system. At any point along

the mechanism, idler pulleys can be used to guide the cables around corners (in or

out of plane). The other end of each cable is then fixed to a pulley which is coupled

to a motor. Rotating one or more joints of the mechanism will cause the cables to

either wind up or unwind at each joint. The motor pulley will wind up or unwind

any net change in cable length as a result of the joint rotation. There is a precise

relationship between a joint rotation and the net change in length of the cables (i.e.

rotation of the motors) which will be described in Section 3.1.1. The motors apply a

constant force on the cables in a specific proportion to maintain tension in the cables

(see Section 3.1.2). In this case, all forces are balanced around each joint, and the net

joint torques are all zero. If one or more cables are pulled with additional force, the

balance of force around the joints is disrupted, and net torques are created at one or

more joints. Once again, there is a precise relationship between the forces applied to

the cables and the torques that are created at the joints, and this will be described

in Section 3.1.2.

3.1.1 Relating Joint Angles and Cable Displacements

The following describes how to relate joint space and cable space for the non-

planar 2DOF manipulator shown in Fig. 3.1a. Note that the guide pulleys that are

required to guide the cables from the pulleys on joint axis 1 to the pulleys on joint

axis 2 are shown as simplified schematics for the sake of clarity. The system has n = 2

orthogonal joints, and is actuated by m = 3 cables. Pulley c1 is fixed to link 1, and

pulleys a2 and b2 are fixed to link 2. Pulleys a1 and b1 are free to rotate about joint

axis 1. In general, each pair of pulleys separated by a common link is called a pulley
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pair. When the routing is parallel-type, positive rotation of one joint creates positive

rotation of the next joint (Fig. 3.2a), and when the routing is cross-type, positive

rotation of one joint creates negative rotation of the next joint (Fig. 3.2b).

The first step is to draw the mechanism as a planar schematic representation (Fig.

3.1b), in which all joints are displayed in a two-dimensional representation. In this

notation, all joints are “flattened” into a plane by sequentially twisting each joint axis

about the common normal defined by its joint axis and the adjacent joint axes. This

system transforms the cable routing into a more readable diagram, while maintaining

the cable routing structure. The schematic can be further simplified by writing a

separate schematic for each of the three cables (Fig. 3.1c). In these representations,

it is standard practice to define the positive direction as counter-clockwise.

At this point, it is easy to picture the antagonistic nature of the cable system by

considering Fig. 3.1b. If cables a and b are each pulled with a force of 1 unit, two

things happen. First, there will be no net torque about joint 2 because the cables are

applying equal force to each side of link 2, canceling each other out. Second, there

will be a negative net torque about joint 1 because both cables act on the same side

of link 1. To maintain a balance in the system, a force of 2 units must be applied to

cable c to counteract the forces applied by cables a and b. As another example, to

create a positive torque about joint 2 with zero torque at joint 1, is it clear that a

force must be applied to cable b. However, to balance the forces around joint 1, an

equal force must also be applied to cable c.

The relation between joint angles, ∆θ, and cable displacements, s, can be de-

termined by using a systematic technique [102, 103]. Cable displacements generally

affect motion at multiple joints, thus this must be accounted for in the expressions.

The final goal is to be able to relate cable displacements to joint angles, therefore it

is necessary to obtain an expression for each cable.

Consider the 2DOF example in Fig. 3.1. Starting from a fixed base, links and
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planar representation and (c) separate diagram for each cable. Note that positive rotation
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Figure 3.2: The two possible pulley pair types: (a) parallel, and (b) cross-type
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joints are numbered from 0 to n. The cables are designated by letters, starting with

‘a’. The pulleys are labeled with a letter to denote the cable that passes across, and

a number to denote the joint on which it is mounted. The pulleys for cable a are

labelled a1 and a2, for cable b they are labelled b1 and b2, and for cable c it is labelled

c1.

The cable length change, s, that occurs when a joint angle is changed by angle

∆θ, is given by the arc length equation:

s = ±r∆θ (3.2)

where r is the radius of the pulley guiding the cable at that joint.

If a cable is routed along more than one joint, the total cable length change is

simply a combination of the arc length changes for each of the joints. However,

whether the contribution from a specific joint is added or subtracted depends on

whether or not the pulley winds up or unwinds cable during the rotation. This in

turn depends on which direction the cable is routed along that pulley. Overall, the

sign is positive if a pull of the cable creates a positive rotation of the pulley, otherwise

the sign is negative.

For the 2DOF example in Fig. 3.1, the three cable length changes are given by:

sa = −ra1∆θ1 − ra2∆θ2 (3.3)

sb = −rb1∆θ1 + rb2∆θ2 (3.4)

sc = rc1∆θ1 (3.5)

Writing in matrix form [102, 103]:

s =

 sa
sb
sc

 =

 −ra1 −ra2−rb1 rb2
rc1 0

[ ∆θ1

∆θ2

]
= A

[
∆θ1

∆θ2

]
= A∆θ (3.6)

Matrix A is a 3 × 2 transformation matrix that relates joint angles to cable dis-

placement lengths. Note that A is not a square matrix, indicating that the number

of joints is less than the number of actuator cables.
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3.1.2 Relating Joint Torques and Cable Forces

It is also necessary to find the relationship between joint torques, τ , and cable

forces ξ. Using the principle of virtual work [103], it can be shown that:

τ = Bξ (3.7)

where the matrix B = AT is called the structure matrix; each column represents the

routing of a single cable. If pulleys mounted on the same joint axis have the same

radius, it is possible to decompose the structure matrix into two components [103]:

B = R∗B∗ (3.8)

where R∗ is an n× n diagonal matrix describing pulley sizes in the mechanism, and

B∗ is an n×m matrix describing the cable routing in terms of ±1’s and 0’s. B and

B∗ are useful in selecting a suitable routing structure for the system (see Section 3.2).

The relationship between cable force and joint torque for the 2DOF manipulator

is as follows:

τ =

[
τ1
τ2

]
=

[
−ra1 −rb1 rc1
−ra2 rb2 0

] ξa
ξb
ξc

 = Bξ = ATξ (3.9)

In most cases, the pulleys located at each joint are indeed the same size. Thus

ra2 = rb2 = r2, and ra1 = rb1 = rc1 = r1, and the matrix B can be written in the form

of (3.8)

B =

[
−r1 −r1 r1
−r2 r2 0

]
=

[
r1 0
0 r2

] [
−1 −1 1
−1 1 0

]
(3.10)

To implement a robot with this type of transmission, it is essential to determine

what cable forces are required to achieve a given set of joint torques. However, a

problem arises from the fact that the mapping from torques to forces is not unique,

and also that cable forces must always be positive (otherwise, the cables will become

slack). Pseudo-inverse techniques could be employed, but could be computationally

expensive to calculate and discard all cases resulting in negative force. An alternative
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Figure 3.3: Diagrams of the rectifying operators used for the torque resolver technique.
(a) depicts operator (3.11), (b) depicts operator (3.12), (c) depicts operator (3.13) and (d)
depicts operator (3.14)

technique has been previously developed called the “torque resolver technique” [102]

which finds a practical solution for the cable forces. This method also incorporates

a bias force, δ, which allows pretension of the cables. In order to use this technique,

some “rectifying” operators must first be defined:

O+(x) =

{
x for x ≥ 0
0 for x < 0

(3.11)

O−(x) =

{
0 for x ≥ 0
−x for x < 0

(3.12)

The above operators can be expressed in some useful forms:

O+(x) +O−(x) = |x| (3.13)

O+(x)−O−(x) = x (3.14)

Operators (3.11)-(3.14) are illustrated in Fig. 3.3.

The technique is best described by the above 2DOF example. The first step is to

write (3.9) in the form of separate equations using the simplified form of B:

τ1
r1

= −ξa − ξb + ξc (3.15)

τ2
r2

= −ξa + ξb (3.16)

Equation (3.16) is considered first, because it contains only two unknowns: ξa and

ξb. Both ξa and ξb are always positive (by definition) and pull in opposite directions
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(when one pulls, the other is zero), therefore operators (3.11) and (3.12) can be used

to split (3.16) into two equations.

ξa = O−
(
τ2
r2

)
+ δab (3.17)

ξb = O+

(
τ2
r2

)
+ δab (3.18)

where δab is an arbitrary positive pretension force, and because the magnitude of δab

is the same in both (3.17) and (3.18), there will be no net torque as a result of this

pretension force. The subscript, ab, is simply an indicator that only cables a and b

have been considered thus far.

Next, substitute (3.17) and (3.18) into (3.15), rearrange, and use (3.13) to simplify:

τ1
r1

= −
[
O+

(
τ2
r2

)
+O−

(
τ2
r2

)]
− 2δab + ξc = −

∣∣∣∣τ2r2
∣∣∣∣− 2δab + ξc (3.19)

There are now only two unknowns (ξc and δab), therefore the operators (3.11) and

(3.12) can be applied again.

δab =
1

2
O−
(
τ1
r1

+

∣∣∣∣τ2r2
∣∣∣∣)+

1

2
δabc (3.20)

ξc = O+

(
τ1
r1

+

∣∣∣∣τ2r2
∣∣∣∣)+ δabc (3.21)

where δabc is another arbitrary positive bias force. The subscript abc indicates that

all three cables have now been considered. Substituting (3.20) into (3.17) and (3.18),

the final three equations for cable force as a function of joint torque are:

ξa = O−
(
τ2
r2

)
+

1

2
O−
(
τ1
r1

+

∣∣∣∣τ2r2
∣∣∣∣)+

1

2
δabc (3.22a)

ξb = O+

(
τ2
r2

)
+

1

2
O−
(
τ1
r1

+

∣∣∣∣τ2r2
∣∣∣∣)+

1

2
δabc (3.22b)

ξc = O+

(
τ1
r1

+

∣∣∣∣τ2r2
∣∣∣∣)+ δabc (3.22c)

The bias force, δabc, is included to ensure that tension is present in the cables at

all times. The bias can be scaled arbitrarily provided it is positive, and will have no

effect on the joint torque output of the mechanism.
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Figure 3.4: Torque resolver implementation schematic which transforms desired joint
torques, τi, into associated tendon forces, ξi. The formulation also includes the required
bias force, δabc.

A possible implementation for this transformation is shown in Fig. 3.4, which

shows a graphical schematic of (3.22a)-(3.22c) for the 2DOF example in this section.

3.2 Cable Routing Structure Selection

For any open-ended cable-drive transmission with more than 2DOF, there are

multiple cable routing structures that will provide complete actuation of all the joints.

While there is only one unique cable routing scheme for a 2DOF manipulator, there

are five for 3DOF, eleven for 4DOF, and so forth [102]. To increase the efficiency of

the transmission, it is important to choose the routing scheme that provides the most

even distribution of forces among the cables. Also, careful choice of cable routing can

reduce the actuator requirements. The cable routing structure can have an influence

on the friction, the apparent inertia, and the stiffness as seen at the joints. There are

two main parameters that can be calculated from the structure matrix, B, of each

routing scheme, which can be useful in choosing a suitable routing structure for a

given manipulator.

For a multi-joint mechanism, powered by n + 1 cables, there are many possible
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cable routes that can achieve full motion. Different cable routings share the forces

differently among the cables in order to apply the same joint torques. If the forces

are not shared equally, the system cannot operate efficiently, and can even result in

severe antagonism between cables. It is possible to choose a structure that minimizes

the relative differences in tension across all cables. This means not only that the

forces are evenly distributed across all cables, but also that the maximum required

force is minimized [102].

Parameter 1: In order to control the mechanism in joint space, it is necessary to

calculate the forces from a given set of joint torques using the inverse of Equation 3.7.

Since there are more cables than joints, there are infinite solutions. These solutions

can be written as the sum of a particular solution plus a homogeneous solution [103]:

ξ = B+τ + λH (3.23)

where B+ = BT (BBT )−1 is the pseudo-inverse of B, λ is a constant and H is the

homogeneous solution (BH = 0, therefore H is the null space of B). Each entry in

H corresponds to the force in a cable. The value of λ will have no effect on the joint

torques, τ , but must be chosen such that the solution does not contain negative cable

forces at any configuration. This solution can be interpreted in the sense that for

any cable drive system, when the cable forces are applied in the correct proportion

(scalar multiple of H), there will be no motion at any of the joints.

It is important to select a routing scheme in which the ratio of cable forces in

the homogeneous solution is close to unity (for the 2DOF case with three cables,

H = [1, 1, 1]T is ideal). As the ratio between entries in H increases, antagonism

between the cables becomes more severe, causing larger forces on the pulleys. The

result is increased actuator torque requirements and reduced efficiency of the system.

This parameter can also be used to determine the ratio of pretension forces that

must be applied to prevent the cables from becoming slack. In fact, this ratio appears

in (3.22a)-(3.22c) from the 2DOF example from Section 3.1.2. The bias force, δabc,
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appears in each equation and is proportional to the homogeneous solution, H . In

this example (which has only one possible routing scheme), H = [1, 1, 2]T , thus the

maximum antagonism ratio is 2.

Parameter 2: Another characteristic that is critical in choosing an appropri-

ate routing scheme is maximum force required in the cables. Ideally, the forces are

distributed evenly among the cables, but in most instances, the distribution is not

even. Therefore, the ratio between the cable with the highest maximum force and

the cable with the least maximum force becomes a useful indicator of manipulator

performance. Choosing a routing scheme that minimizes this ratio of maximum cable

forces can provide significant reductions in the actuator torque requirements.

The ratio can be found by considering the force manipulability ellipsoid for the

cable system [102, 104]. In the context of cable-drive systems, the force manipulability

ellipsoid characterizes the cable forces that are required to generate a set of joint

torques, τ , given by:

τ T · τ = 1 (3.24a)

τ1
2 + τ2

2 = 1 (3.24b)

To find the maximum forces in the cables for the conditions given by (3.24), there

are a number of steps [102]. These will be summarized for the 2DOF case with three

cables, but the technique can easily be expanded to work with higher DOF. Refer to

[102] for a more detailed description.

The technique begins by considering (3.7) using the simplified structure matrix,

B∗ (considering only the routing structure and not the pulley radii for clarity).

τ = B∗ξ (3.25)

If ξa = 0 is substituted into (3.25), the relationship simplifies as follows:[
τ1
τ2

]
=

[
−1 −1 1
−1 1 0

] ξa
ξb
ξc

⇒ [
−1 1

1 0

] [
ξb
ξc

]
(3.26)
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which means that the column of B∗ corresponding to the first cable is removed.

This solution describes the intersection of the force manipulability ellipsoid with the

coordinate plane defined by ξb and ξc. Physically, this means that the cable does not

contribute to the joint torques, and is on the verge of becoming slack. The idea is

that the remaining cables may experience maximum tension as a result.

Equation (3.26) is now two equations and two unknowns, and it is simple to solve

for the remaining two cable forces in terms of the joint torques:

ξb = τ1 (3.27a)

ξc = τ1 + τ2 (3.27b)

This process is repeated, for the cases in which ξb = 0 and ξc = 0, removing the

column corresponding to that cable, and solving for the remaining cable forces. In

the end, there are n expressions of the above form for each of the m cables (n×m =

2× 3 = 6 in total for this example). The typical form for the ith cable is as follows:

ξi = Xτ1 + Y τ2 (3.28)

where X and Y are coefficients resulting from B∗. Next, the Cauchy-Schwarz In-

equality is used to find the maximum force. The form of the inequality is:

ξ2
i = (Xτ1 + Y τ2)

2 ≤ (X2 + Y 2)(τ1
2 + τ2

2) (3.29)

Combining (3.24) and (3.29), the result simplifies to:

ξi ≤
√
X2 + Y 2 (3.30)

Equation (3.30) is applied to each of the 6 expressions to obtain the maximum

force in each case. The results are proportional to the maximum forces on the cables

for the joint torque vector given by (3.24).

In the final step, the largest of the n values calculated for each cable is selected

as the maximum force for that cable, and written into a vector form. The vector for
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the 2DOF example is [1, 1,
√

2]T , which means that the maximum force ratio among

cables (highest maximum to lowest maximum) in the given cable routing scheme is

1.41. For systems with higher DOF, this ratio varies significantly between routing

schemes, which indicates that some schemes require several times more actuator power

to achieve the same result. Thus carefully selecting the cable routing scheme allows

the use of lighter, smaller and cheaper motors.

3.3 Four-Bar Linkage Mechanics

A 4-bar linkage is a simple mechanism that consists of four rigid links connected by

revolute joints (see Fig. 3.5). They have a multitude of uses in a range of applications

requiring rotation or oscillation. Typically, one link is fixed (link 1). The other links

are known as the input link (link 4), the follower link (link 2), and the coupler or

floating link (link 3). When a torque is applied to link 4, the mechanism will move.

The resulting motion of the linkage depends highly on the relative lengths of the

four links, and also which of these lengths are fixed. A special class of four-bar linkages

are called Grashof linkages [105]. Linkages in this class have a special characteristic

r2

r3

r4

r1

Fixed Link 
 Input Link

 Coupler (Floating) Link

Follower Link 

Figure 3.5: A schematic of a 4-bar linkage. In this case, it is a Grashof linkage with its
shortest link fixed, therefore both links 2 and 4 can rotate a full 360◦.
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that allows continuous motion (360◦ rotation) of links adjacent to the shortest link.

To be a part of this class, the following relationship between the link lengths must

hold true:

rshortest + rlongest < rmiddle1 + rmiddle2 (3.31)

The shortest link can be in any one of four positions relative to the fixed link,

which can have a profound effect on the kinematics of the overall system. If the

shortest link is the fixed link, a unique case arises. In this case, both the input and

follower links have the ability to make unrestricted 360◦ rotations. Therefore, it is not

possible to run into a singularity with this configuration. Fig. 3.5 is an example of a

Grashof linkage of this special type because r1 + r2 < r3 + r4, and the shortest link

(link 1) is fixed. For robotic 4-bar linkage designs that require a large range of motion,

a Grashof linkage may be a suitable choice. However, for devices with smaller range of

motion, non-Grashof linkages can be perfectly suitable. The following mathematical

derivations apply to any 4-bar linkage.

3.3.1 Kinematic Analysis

The links making up the 4-bar linkage are coupled together, and as a result,

knowledge of the motion of one link (i.e. the input) will determine the motion of the

other links. To analyze the kinematics of such a linkage, it is simplest to first describe

the links in vector form:

r2 + r3 = r1 + r4 (3.32)

where the vectors are as defined in Fig. 3.6. These vectors can also be written in

complex form:

r2e
iα2 + r3e

iα3 = r1e
iα1 + r4e

iα4 (3.33)

where r1, r2, r3, and r4 are the link lengths, and α1, α2, α3, and α4 are the four joint

angles, as labeled in Fig. 3.6. All link lengths and α1 are known constants.
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Figure 3.6: A vector schematic of a 4-bar linkage. Each angle and link length is labelled,
and the end-point of the vector pairs is labelled (Px, Py).

Position

The position of all links of the mechanism depends on the input angle, which in

this case is α4. The following describes how to solve for α2 and α3, given α4.

Equation (3.32) and Fig. 3.6 indicate that there are two different vector paths

that can be used to describe the common endpoint, (Px, Py). These two paths can be

written in terms of the x and y components Px and Py, respectively:

Px −→ r2 cosα2 + r3 cosα3 = r1 cosα1 + r4 cosα4 (3.34)

Py −→ r2 sinα2 + r3 sinα3 = r1 sinα1 + r4 sinα4 (3.35)

So there are two equations to describe Px and Py. However, α4 is the input and

thus its position is known, which means that all variables contained in one of the

paths are known. Therefore x and y components of the endpoint, Px and Py, can be

written in terms of these known values:

Px = r1 cosα1 + r4 cosα4 (3.36)

Py = r1 sinα1 + r4 sinα4 (3.37)
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What is left is a system of two equations:

r2 cosα2 + r3 cosα3 = Px (3.38)

r2 sinα2 + r3 sinα3 = Py (3.39)

which can be solved for the two unknowns: α2 and α3.

The first step is to rearrange both (3.38) and (3.39) as follows:

cosα2 =
Px − r3 cosα3

r2
(3.40)

sinα2 =
Py − r3 sinα3

r2
(3.41)

To find α3, (3.40) and (3.41) must be squared, then added, and rearranged to give:

Py sinα3 + Px cosα3 =
P x

2 + P y
2 + r3

2 − r2
2

2r3
(3.42)

At this point, it is useful to define point (Px, Py) in terms of two new variables:

R =
√
P x

2 + P y
2 (3.43)

φ = arctan

(
Py
Px

)
(3.44)

so that Px and Py can be defined as follows:

Px = R cosφ (3.45)

Py = R sinφ (3.46)

Next, substitute (3.45) and (3.46) into the left side of (3.42).

R sinφ sinα3 +R cosφ cosα3 =
P x

2 + P y
2 + r3

2 − r2
2

2r3
(3.47)

After simplifying with a trigonometric sum-difference identity, substituting (3.43)

and (3.44), and then solving for α3, the solution is obtained:

α3 = arctan

(
Py
Px

)
− arccos

(
P x

2 + P y
2 + r3

2 − r2
2

2r3
√
P x

2 + P y
2

)
(3.48)

Finding α2 is found from (3.40) and (3.41):

α2 = arctan

(
sinα2

cosα2

)
= arctan

(
Py − r3 sinα3

Px − r3 cosα3

)
(3.49)

where, for both (3.48) and (3.49), Px and Py are defined by (3.36) and (3.37).
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Velocity

To find the angular velocity of the unknown joints, α̇2 and α̇3 knowing α̇4, it is

simplest to consider the complex notation. Start by taking the time derivative of

(3.33).

iα̇2r2e
iα2 + iα̇3r3e

iα3 = 0 + iα̇4r4e
iα4 (3.50)

To find α̇3, multiply (3.50) by e−iα2 :

iα̇2r2 + iα̇3r3e
i(α3−α2) = iα̇4r4e

i(α4−α2) (3.51)

Use the identity, eiβ = cos β + i sin β to expand (3.51). To get the final solution,

equate the real parts and solve for α̇3.

α̇3 = α̇4

(
r4 sin(α4 − α2)

r3 sin(α3 − α2)

)
(3.52)

Similarly, α̇2 can be found by multiplying (3.50) by e−iα3 . The final solution is:

α̇2 = α̇4

(
r4 sin(α4 − α3)

r2 sin(α2 − α3)

)
(3.53)

Acceleration

The procedure to find the angular acceleration of the unknown joints, α̈2 and α̈3

knowing α̈4, begins with the second derivative of (3.33).

iα̈2r2e
iα2 − α̇2

2r2e
iα2 + iα̈3r3e

iα3 − α̇3
3r3e

iα3 = 0 + iα̈4r4e
iα4 − α̇4

4r4e
iα4 (3.54)

Following the same steps as for the velocity analysis, the final solutions are:

α̈3 =
α̈4r4 sin(α4 − α2) + α̇4

2r4 cos(α4 − α2)− α̇2
2r2 − α̇3

2r3 cos(α3 − α2)

r3 sin(α3 − α2)
(3.55)

α̈2 =
α̈4r4 sin(α4 − α3) + α̇4

2r4 cos(α4 − α3)− α̇3
2r3 − α̇2

2r2 cos(α2 − α3)

r2 sin(α2 − α3)
(3.56)
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3.3.2 Force Analysis

Force analysis can be used to relate the forces and torques within the linkage given

a known external input torque. The first step is to create a free body diagram of the

linkage. Fig. 3.7 shows the free body diagram for the linkage for the case in which

gravity is not included (i.e. for a planar system).

The next step is to write the static equilibrium equations for each movable link.

There will be three equations for each link (x-force, y-force, and moment), and because

link 1 is fixed, there are 9 equations total:

F12x + F32x = 0 (3.57a)

F12y + F32y = 0 (3.57b)

τ2 + r2 × F32 = 0 = τ2 + r2 cosα2F32y − r2 sinα2F32x (3.57c)

F23x + F43x = 0 (3.57d)

F23y + F43y = 0 (3.57e)

r3 × F43 = 0 = r3 cosα3F43y − r3 sinα3F43x (3.57f)

F34x + F14x = 0 (3.57g)

F34y + F14y = 0 (3.57h)

τ4 + r4 × F34 = 0 = τ4 + r4 cosα4F34y − r4 sinα4F34x (3.57i)

where the moment equations describe the net moments acting on the link about an

endpoint of the link. The links are attached, thus the internal reaction forces can be

simplified using Fijx = −Fjix and Fijy = −Fjiy. After making these simplifications,

the resulting system of 9 equations and 9 unknowns can be solved for the forces and

moments. One of the solutions relates input torque, τ4, to output torque, τ2:

τ4 = −
(
r4 sin(α4 − α3)

r2 sin(α2 − α3)

)
τ2 (3.58)

Equation (3.58) can be interpreted as the external torque that would be required

at joint 4 to keep the mechanism from moving (to keep it in static equilibrium) if an
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Figure 3.7: Free body diagrams for a 4-bar linkage. The diagram for each link is shown
independently, and is offset from the central 4-bar linkage diagram.

external torque was applied at joint 2. Another useful interpretation appears if (3.58)

is multiplied by −1:

τ4 =

(
r4 sin(α4 − α3)

r2 sin(α2 − α3)

)
τ2 (3.59)

in which case (3.59) can be interpreted as the external torque that must be applied

at joint 4 to produce a known equivalent torque about joint 2. The interpretation in

(3.59) will be used in later chapters. In either case, it is clear that the applied torque

depends on the position of the linkage.

In the special case of a parallelogram, r1 = r3, r2 = r4, α1 = α3 and α2 = α4,

therefore (3.59) simplifies to τ4 = τ2. The applied torque no longer depends on the

position of the linkage.
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Chapter 4: MEDARM

MEDARM (Motorized Exoskeleton Device for Advanced Rehabilitation of Motor

function) has been designed for rehabilitation and assessment of the shoulder complex.

However, the shoulder girdle has not been well addressed by rehabilitation robots.

The shoulder girdle is a part of upper-limb motion [4], and because it is often recruited

for compensatory movements [32], it should be a part of robotic rehabilitation.

The main goal with MEDARM is to replicate the DOF of the upper-limb that are

involved in coarse reaching movements. This means that independent control should

be provided to all five main DOF of the shoulder complex, and one DOF at the elbow

(the second DOF at the elbow, pronation/supination, is involved with fine control and

hand orientation). Several other features have also been incorporated. First, the joint

axes are arranged to mimic natural upper-limb motion without reaching singularity,

and while maintaining high kinematic manipulability. Second, the robot is able to

reduce to 2DOF planar motion in any plane, which will simplify some therapy and

assessment programs. Third, MEDARM is driven by a novel combination of four-bar

linkage and cable-drive system that enables remote actuation of the joints. Finally,

the device has a simple attachment and alignment procedure for the user.

This chapter begins by introducing the key design objectives used to create

MEDARM’s final mechanical design. A detailed technical description of the pro-

posed design for MEDARM is then provided.

4.1 MEDARM Design Objectives

MEDARM was designed with specific therapeutic functionality in mind. A set

of design objectives required to achieve the desired functionality were outlined and

then grouped into two categories: robot-user interface and technical design. Not sur-
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prisingly, there is significant overlap between these categories. This section describes

these objectives in terms of these groupings. The objectives are summarized in Table

4.1, where each goal is identified by number for future reference within the chapter.

4.1.1 Therapeutic Functionality Objectives

MEDARM is intended to assist a therapist with the delivery of rehabilitation

services to stroke patients with upper-limb motor deficits. A key part of the design

process involves specifying the types of tasks the robot should be able to perform.

The fundamental requirement for any upper-limb rehabilitation robot is to be

able to perform basic therapy tasks that would otherwise be performed manually by

a therapist. A significant part of typical therapy programs includes full or partial

assistance with functional reaching movements [32]. Repeating and practicing these

functional movements is part of the motor learning process, and is thus important

for recovering the ability to perform activities of daily living. Patients with motor

impairments may initially require full assistance, but the level of required assistance

decreases as function is regained. As such, MEDARM should be able to replicate

functional movements with any level of assistance (Th.1), and should move passively

with the patient when assistance is not needed (Th.2).

Another important function of a rehabilitation robot is gravity compensation.

Overcoming the forces of gravity during motion is difficult for weak patients, and

removing these forces can make it easier for a patient to perform reaching move-

ments [37]. However, it is difficult for a therapist to manually eliminate the effect of

gravity. Sling systems can be used, but they do not compensate equally across the

upper-limb workspace. MEDARM should be designed to provide any level of gravity

compensation for all reaching movements (Th.3).

One of the advantages of robotic technology is the ability to present the user with

virtual environments. The simplest case would be to apply simple resistive loads.
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Table 4.1: A summary the design objectives for MEDARM. Th.X stands for therapeutic
functionality objectives, RI.X stands for robot-user interface objectives, and Te.X stands
for technical objectives.

Number Objective

Th.1 Replicate functional movements with any level of assistance.
Th.2 Move passively with the patient when assistance is not needed.
Th.3 Provide any level of gravity compensation for all reaching

movements.
Th.4 Simulate a range of virtual environments.
Th.5 Allow joint-based control of the patients limb.
Th.6 Operate simultaneously as a therapy device and an assessment

system.
Th.7 Reduce to planar motion.
Th.8 Replicate basic fundamental movements with as simple a

mechanism as possible.

RI.1 Safety: joint limits, comfort, etc...
RI.2 Coarse reaching movements replication. Independent control

6DOF of upper-limb: 2DOF at the sternoclavicular joint, 3DOF
at the glenohumeral joint and 1DOF at the elbow
(flexion/extension).

RI.3 Range of motion (ROM) should at least match the functional
ROM (Section 2.1.1) .

RI.4 Fully adjustable to accommodate a wide range of users (1.4m
and 2.0m in height).

RI.5 Attachment system should be quick and simple.
RI.6 Robot should be unobtrusive (i.e. place mechanism away from

the users head).

Te.1 Singular configurations must be avoided over the entire
upper-limb workspace.

Te.2 Manipulability of the mechanism should be maximized.
Te.3 Mechanism must not collide with itself or the user.
Te.4 Generate joint torques sufficient to move the arm of a large user

(up to 2.0m height and 115kg weight) with an end-point speed
of up to 1.0m/s without any assistance from the user.

Te.5 Backdriveable.
Te.6 High power-to-weight ratio.
Te.7 Low friction.
Te.8 Low inertia, lightweight.
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This type of progressive-resistive exercise is a key component of regaining strength

and coordination [41]. Therefore, MEDARM should be able to simulate a range of

environments (Th.4), including movement through viscous fluids and picking up ob-

jects. Other complex environments can be designed to encourage proper coordination

and to prevent compensation by limiting or locking motion at specific joints. Move-

ments may also be purposefully restricted to simpler single-joint or planar motions to

reduce abnormal muscle synergies, or to perform functional assessment. MEDARM

should thus be designed to allow joint-based control of the patient’s limb (Th.5).

Another aspect of rehabilitation programs is patient monitoring and assessment.

Since robots provide ongoing quantitative measurements of movement and are inher-

ently objective, they show significant potential as diagnostic and assessment tools

[22, 24, 25]. Thus, MEDARM should be able to operate simultaneously as a therapy

device and an assessment system (Th.6). The robot should be able to transparently

observe and record movements throughout the treatment program. This would pro-

vide an ongoing measure of progress, and this data could be stored for future use.

Simplification of movements can facilitate assessment (simpler equations of mo-

tion), and thus a useful feature would be the restriction of movement to planar mo-

tion. There is also clinical value in providing assessment and movement training of

some of the fundamental upper-limb movements such as flexion/extension and abduc-

tion/adduction. These movements provide a consistent means of monitoring range

of motion, and they can be used to target specific muscle groups during exercise.

MEDARM should be designed to reduce to planar motion (Th.7) and to replicate

basic fundamental movements with as simple a mechanism as possible (Th.8).

4.1.2 Robot-User Interface Objectives

Anytime a robot is used intimately with a person, there are a number of design

considerations that must be met. The fact that people vary in size, shape, and motor
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ability makes it a tremendous challenge to accommodate everyone’s needs.

Safety (RI.1), of course, is of utmost importance, therefore MEDARM should

have hardware and software limits to ensure that joints are not overextended. Other

kinematic and dynamic limits should also be considered. A secure and comfortable at-

tachment to the user should be maintained with minimal pinching, rubbing, stretching

or twisting. This is particularly important in a rehabilitation setting because elderly

users and patients with motor impairments are often more susceptible to injury from

forced movements. Moreover, these users typically have more sensitive and supple

skin, and/or have limited ability to sense their environment.

To provide realistic functional training, a rehabilitation robot must be able to

closely mimic natural motion of the upper-limb. However, few robotic devices can

replicate motion of the entire shoulder complex. Therefore, a fundamental goal for the

design of MEDARM is to provide independent control for all 5DOF of the shoulder

complex: 2DOF at the sternoclavicular joint, 3DOF at the glenohumeral joint (RI.2).

In addition, 1DOF at the elbow (flexion/extension) must also be included in order

to make reaching movements, bringing the total to 6DOF. Collectively, these 6DOF

should at least match the functional ROM as outlined in Section 2.1.1 (RI.3).

MEDARM should be fully adjustable to accommodate a wide range of users (RI.4)

with limb segments of varying length, width and shape as summarized in Tables 2.1

and 2.2 from Section 2.1.3. It is not sufficient to design only for the range of 5th to

95th percentile individuals, as there is still 10% of the population that cannot fit in

the device. The vast majority of the adult population falls between the range of 1.4m

and 2.0m in height [14], therefore the mechanisms link lengths should be adjustable

to fit this range of people.

There is a strong argument for minimizing patient set-up time. The overall effec-

tiveness of the robotic treatment will be reduced if the setup time is long and uncom-

fortable for the patient, and complicated for the therapist. Therefore, the attachment
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system should be quick and simple (RI.5), while still maintaining adjustability for a

range of people. Issues relating to patient comfort should also be considered. As

much as possible, the robot should be unobtrusive (RI.6). For example, placing the

mechanism away from the users head is more comfortable for the user, and will not

interfere with movements.

4.1.3 Technical Objectives

The design of the mechanism itself also plays a critical role in the overall capabil-

ities of the robot. The relative placement and orientation of the joint axes influences

the robot’s performance. More specifically, singular configurations must be avoided

over the entire upper-limb workspace to prevent the loss of one or more DOF (Te.1).

Furthermore, manipulability of the mechanism (the ability to position and orient it’s

end-effector within the workspace [104]) should be maximized over the workspace to

reduce actuator requirements and improve the ability of the robot to move passively

(Te.2). Finally, the mechanism must not collide with itself or the user at any point

in the workspace (Te.3).

MEDARM should be able to drive a user’s arm through a variety of functional

movement patterns. Thus, as an upper-limit, MEDARM’s actuation system should

be able to generate enough torque at each joint to move the arm of a large user (up to

2.0m height and 115kg weight) with an end-point speed of up to 1.0m/s [8] without

any assistance from the user (Te.4). At the same time, it is important that the system

can be used passively as an assessment tool. In order for the robot to be powerful

enough for therapy while achieving a high level of transparency (i.e. the feeling that

the robot is not present) for assessment purposes, the robot must be backdriveable

(Te.5) with a high power-to-weight ratio (Te.6) and low friction (Te.7). Making the

mechanism as small and lightweight as possible (Te.8) without losing the structural

rigidity required to provide movement assistance will also contribute to transparency.
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4.2 MEDARM Design Overview

MEDARM is an exoskeleton. An exoskeleton design was chosen because it is the

only way to independently control all DOF in the shoulder complex, otherwise the re-

dundancy of the joints would make it impossible to isolate motion of the glenohumeral

joint from motion of the shoulder girdle. Another advantage of the exoskeleton design

is that grasping a handle is not necessary, leaving the hand available for functional

training, if desired.

The design of MEDARM is shown in Fig. 4.1. The robot is mounted to a support

structure, and the user is wheeled into position using a movable chair. There is

space for the operator to get beside the exoskeleton during the set-up procedure.

MEDARM consists of two main subsystems: the shoulder/elbow mechanism (4DOF

to move the upper-arm and forearm), and the shoulder girdle mechanism (2DOF to

move the glenohumeral joint relative to the torso). The shoulder/elbow mechanism

itself consists of a 3DOF spherical joint centred at the user’s glenohumeral joint and a

single rotary joint at the elbow. It is actuated entirely by a cable-drive transmission

which is powered by five electric motors located on the base of the system. The

shoulder girdle mechanism is based on a novel curved track mechanism which allows

the exoskeleton to be located behind the user. It is driven directly by two motors,

although all cables for the shoulder/elbow mechanism are routed along the shoulder

girdle mechanism to the base in such as way that they assist the two motors.

Each of the six individual joint motions are depicted in Fig. 4.2. Fig. 4.2a and

Fig. 4.2b illustrate the 2DOF of the shoulder girdle mechanism. Joints 1 and 2

correspond to elevation/depression and protraction/retraction, respectively. Fig. 4.2c,

Fig. 4.2d, Fig. 4.2e, and Fig. 4.2f show the 4DOF of the shoulder/elbow mechanism.

Together, joints 3, 4 and 5 provide 3DOF at the glenohumeral joint, and joint 6

provides flexion/extension of the elbow.

The system is designed to be lightweight and backdriveable in order to minimize
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Support Structure

Chair

Motors Shoulder/Elbow
Mechanism

Shoulder Girdle
Mechanism

Figure 4.1: MEDARM system consists of a 6DOF robotic exoskeleton mounted onto a sup-
port structure. The motors and electronics are mounted underneath the robot, and external
gravity compensation is provided by a motorized vertical cabling system. A movable chair
is used to bring the user into alignment with the system.
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a
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d

f

Joint #1: Sternoclavicular Joint #1 Joint #2: Sternoclavicular Joint #2

Joint #3: Glenohumeral Joint #1 Joint #4: Glenohumeral Joint #2

Joint #5: Glenohumeral Joint #3 Joint #6: Elbow Joint

Figure 4.2: Diagrams illustrating the individual DOF in MEDARM. The joint centres are
indicated by the white circles. (a) Joint 1 and (b) Joint 2 are centered on the sternoclavicular
joint, and mimic elevation/depression and protraction/retraction, respectively. (c) Joint
3, (d) Joint 4, and (e) Joint 5 together replicate the 3DOF of the glenohumeral joint.
When operating individually, Joint 4 provides abduction/adduction, and Joint 5 provides
flexion/extension. (f) Joint 6 provides flexion/extension of the elbow joint.
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the robot’s influence on natural upper-limb motion. The mechanism is attached to

the lateral side of the user’s arm using two adjustable inflatable arm cuffs, which are

the only points of physical attachment to the user. There are several adjustments

to account for users of different size. The following sections describe the technical

details of MEDARM’s mechanism design and its actuation system.

4.3 MEDARM Mechanical Design

There are several important features of the mechanical design that contribute to

the uniqueness of MEDARM’s design. The first is the shoulder girdle mechanism,

which uses a novel virtual 4-bar linkage to drive one of the joints. The next is the

glenohumeral joint, which has been designed to avoid singularities and to maximize

manipulability using a procedure that was developed specifically for MEDARM. Also,

the joints of the shoulder/elbow mechanism are specially designed to contain several

functions in a compact form. And finally, the method of attaching and aligning the

user in the exoskeleton has some unique features designed specifically to simplify the

user set-up procedure. These design features will be discussed in detail in this section.

4.3.1 Shoulder Girdle Mechanism

The shoulder girdle is challenging to replicate for several reasons. Shoulder girdle

motion is difficult to characterize because it is a complicated closed-loop mechanism

with 4DOF. Most of the motion can be replicated by considering the sternoclavicular

joint as the base. Unfortunately, the sternoclavicular joint is difficult to access with

conventional mechanisms because the body and head interfere significantly with just

about any choice of joint axis orientation. The result is that equipment must be

placed over and around the head, and the equipment ends up being large and very

bulky to accommodate the large variations in patient size and shape.

MEDARM’s shoulder girdle mechanism provides 2DOF about the sternoclavicular
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Joint Axis #1

(Sternoclavicular Joint #1) θ1

Joint Axis #2

(Sternoclavicular Joint #2) θ2

Gear for Driving Joint #2
(coupled to a motor)

Hinged
Linkage

Gear for Joint #1
(coupled to a motor)

Attachment for
shoulder/elbow
mechanism

Curved
Track

Sternoclavicular Joint Centre

Figure 4.3: A CAD drawing of the shoulder girdle mechanism. The two joint axes intersect
at the user’s sternoclavicular joint as indicated by the hollow circle. The second joint is
a translation along a curved track as part of a virtual 4-bar linkage, producing a rotation
about the vertical axis.

joint centre: elevation/depression and protraction/retraction (Fig. 4.3). Its unique

curved track mechanism allows the equipment to be located behind the user, with

minimal equipment near the head. The mechanism includes adjustments to accom-

modate users of different size, as will be discussed in Section 4.3.4. The mechanism

supports the complete shoulder/elbow system including the user’s arm, and guides

the driving cables to the joints. As a result, the mechanism is structurally strong.

The first joint axis is fixed to the base structure behind the user, with its axis

pointing forward in the horizontal plane. It is a conventional rotary joint that provides

elevation/depression motion.

The second joint axis is vertically aligned, and intersects the first joint axis at the

user’s sternoclavicular joint centre, allowing protraction/retraction motion. However,

it is not a typical rotary joint. Details of the mechanism are illustrated in Fig. 4.4.

The heart of the mechanism is a curved track that is aligned with the user’s stern-

oclavicular joint (see Fig. 4.4a). A low-friction carriage runs along this track, so all
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Linear
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Sternoclavicular Joint
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Joint
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Joint #2

Linear
Adjust
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Joint #2
Motor

Gear for Joint #1
(motor underneath)

Joint Limit Bumper

Joint #2
Driving
Joint

Figure 4.4: (a) A top view CAD drawing of the virtual 4-bar mechanism that drives the
second shoulder girdle joint. (b) A schematic of the virtual 4-bar linkage. The links and
angles can be related to Fig. 3.6 as follows: α1 = 0, l1 = 0.55m (= r1), l3 = 0.40m (= r3),
and l4 = 0.45m (= r4). l2(= r2) changes length depending on the linear adjustment as
shown. θ2(= α2) is the joint 2 angle, and θ2d(= α4) is the joint 2 driving joint angle.

equipment placed on the carriage will rotate about the sternoclavicular joint of the

user. The carriage is attached to a two-link hinged linkage, which closes the mechan-

ical loop. When the hinged linkage is driven, the carriage will translate along the

curved track, rotating about the sternoclavicular joint axis. The resulting motion is

identical to a 4-bar linkage as shown in Fig. 4.4b, but, no structural elements are

required near the sternoclavicular joint axis (see dashed lines). Links l1 and l2 are

virtual links, thus the system can be thought of as a virtual 4-bar linkage. Motion

about the sternoclavicular joint is coupled to the driving joint, which is offset from

the sternoclavicular joint axis. As described in Section 3.3, knowledge of the motion
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of the driving joint allows knowledge of the motion of the sternoclavicular joint. It

should be noted that this 4-bar linkage is not a Grashof linkage. Since this mechanism

does not require a large range of motion, a non-Grashof linkage is sufficient.

The benefits of this track system are significant. First, it facilitates placing equip-

ment behind the user rather than above the user’s head, which is safer and more

comfortable for the user, and also easier for the operator to set up. Second, as will be

discussed in Section 4.4, the hinged driving linkage also functions as a routing system

for the cables from the shoulder/elbow mechanism by guiding them through to the

base of the robot. Any change in cable length as a result of shoulder girdle motion

is easily accounted for in the cable length calculations (see Section 4.4.1). Without

this linkage, the motors of the cable-drive system would have to be mounted to the

carriage, which would be far too heavy for the track system.

Locks and Joint Limits

Both joints incorporate joint locks and range of motion limits. The locks are

simple clamps that swivel into place and clamp directly to the joint shaft (similar to

the locks shown in Section 4.3.3. In the case of the curved track mechanism, the lock

is fixed to the driving joint shaft.

Range of motion limits are screws with large rubber-coated heads. These bumpers

prevent the linkages from exceeding a chosen minimum and maximum joint rotation.

The screws can be inserted into two of a series of holes that change the range of

motion by 10◦ for the first joint, and 5◦ for the second joint. The bumpers for the

curved track are located on the curved track itself, and prevent the carriage from

moving beyond the desired range (see Fig. 4.4).

4.3.2 Glenohumeral Joint Axis Orientation

MEDARM mimics glenohumeral joint motion using a spherical joint made from

three consecutive joint axes that intersect at the glenohumeral joint centre. Fig. 4.5
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shows the final design of the spherical joint which was selected using a new procedure

developed specifically for this purpose. The method is described in this section.

A major drawback for a spherical joint of this type is that its range of motion

is limited by wrist singularities which occur whenever the three joint axes align in a

common plane [104, 106]. The kinematic manipulability of the mechanism decreases

as the mechanism approaches a singularity. When the mechanism reaches a singular

configuration, the manipulability becomes zero. Physically, this means that one of

the joint’s 3DOF is lost, and that the mechanism can no longer be fully controlled

in all directions. While singularities cannot be removed, the relative orientation of

the three joint axes can be chosen so that the singular configurations occur outside

the desired workspace. In fact, the relative orientation and order of the three joint

axes also influences the size of the functional workspace, the manipulability of the

α=45˚

β=40˚

a b

Glenohumeral Joint

Joint Axis #3
(Glenohumeral Joint #1)

θ3

Joint Axis #4
(Glenohumeral

Joint #2)

θ4

Joint Axis #5
(Glenohumeral

Joint #3)

θ5

z3

z4

z5

Figure 4.5: (a) A CAD drawing of the final spherical joint design used to replicate gleno-
humeral joint motion. It is shown in its zero configuration. The joint is made up of three
intersecting revolute joint axes that are arranged to meet the design criteria. (b) A close-up
view of the three intersecting joint axes showing their relative orientations.
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mechanism, and also the likelihood of collision with itself or a user. Therefore, in

order to mimic the entire range of motion of the human upper-limb, MEDARM’s

glenohumeral joint must be carefully designed.

Several robotic devices have now been designed to incorporate the glenohumeral

joint [76, 79, 84, 89], but the method used to choose the orientation of the joint axes

is not clear. Therefore, a simple and visually intuitive procedure has been developed

to choose the relative orientation of the three joint axes that make up MEDARM’s

spherical joint, while ensuring that all design constraints are satisfied. While the

technique was developed specifically to find the best configuration for MEDARM, it is

designed in such a way that it can be applied to the design process for other spherical

joints of this type. The graphical nature of the approach is easy to follow, which

makes the inherent performance and design trade-offs more readily understandable.

This method is based on simple calculations of the volume of the parallelepiped

defined by three unit vectors pointing in the directions of the three joint axes of the

spherical joint. This volume can be expressed as a scalar value using the box product

(or instead, scalar triple product) equation:

M = z3 · (z4 × z5) (4.1)

where M is the volume of the parallelepiped and zi is the ith joint axis (the order of

the vectors is not important in this equation).

In the context of this application, M is the kinematic manipulability (hereafter,

simply manipulability) of the mechanism. Although M is not the same as the ma-

nipulability that could be calculated using the Jacobian matrix of the spherical joint

[107], M shares many of the same practical outcomes. For example, when M = 1,

the joint axes are orthogonal and manipulability (volume) is at its maximum, and

when M = 0, the joint axes are coplanar, indicating a singularity (i.e. a degree of

freedom is lost). Using M as a measure of manipulability also has an important

benefit. M provides a meaningful physical interpretation that is easy to visualize
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(volume), which is not always possible with the traditional measures [104]. Overall,

M provides a practical, easy-to-understand measure of manipulability that does not

require knowledge of the Jacobian matrix. This itself has the added benefit for the

design phase of a spherical joint because it allows more freedom to quickly rearrange

the order and orientation of the joint axes without having to update the Jacobian

matrix for each arrangement.

The technique consists of three main steps, which can be summarized as follows.

First, the joint axes are defined mathematically, using elementary rotation matrices

that transform each joint axis to the base reference frame in terms of two parameters.

Next, the set of possible combinations of these parameters is narrowed down to a small

subset in order to reduce the computational requirements. Finally, the combination

of parameters is iterated until the joint meets all design requirements. The procedure,

as applied to MEDARM, will be described in the remainder of this section.

STEP 1: Mathematical Set-up. The first and most important step in the

procedure is to define the base reference frame (frame 2, because the spherical joint

is mounted to the end-point of the shoulder girdle linkage, which is link 2). All

calculations require knowledge of the position of each joint axis expressed in this

reference frame. The spherical joint will be aligned with a user’s right glenohumeral

joint, therefore the base frame origin is defined as the joint centre as indicated by the

open circle in Fig. 4.6a. Positive x2, y2 and z2 are defined as pointing to the right,

forward, and upwards, respectively.

Next, the zero-configuration of the three joint axes, z3, z4 and z5 must be clearly

defined relative to frame 2 (see Fig. 4.6b). For the purposes of this method, the joint

axis vectors point toward the mechanical equipment associated with the spherical

joint, thus it is important to define the vectors accordingly. The orientations of

joints 4 and 5 are dictated by design constraints Th.7 and Th.8. In order to achieve

simplified planar shoulder/elbow motion (Th.7), joint 5 must be parallel to the elbow
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Figure 4.6: (a) The desired workspace of the glenohumeral joint allows abduction/flexion
into the horizontal plane, and also additional adduction when the shoulder girdle is elevated.
The base frame of reference, frame 2, is centred on the right glenohumeral joint centre as
indicated by the open circle. (b) The three joint axes, z3, z4 and z5, are shown in their
zero-configuration. z3 is defined in terms of two parameters, α and β, which describe its
position relative to the base frame. (c) Graphical representation of the rotations used for
equations (4.2)-(4.5).
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joint axis (joint 6), which means that z5 must be aligned with x2. This choice also

satisfies objective Th.8 because flexion/extension can be performed solely with joint

5. The orientation of joint 4 is also dictated by design requirement Th.8. In order for

abduction/adduction to be controlled by a single joint, z4 must be aligned with ±y2.

However, since equipment would interfere with the user (i.e. the exoskeleton would

get in the way of limb motion) if aligned with +y2, z4 must be aligned with −y2.

The orientation of the joint 3 axis is dictated by the requirements that singularity

be avoided, that manipulability be maximized and that collision with the body be

avoided. There are many possible solutions, and the best one should be chosen. z3

must lie somewhere in the octant bounded by−x2, −y2 and z2 so that the exoskeleton

can be positioned behind the user. Otherwise, singularity or collision with the body

would definitely occur. The orientation of z3 relative to the base frame can be fully

defined by two parameters, α and β, which describe the orientation of joint axis 3

relative to joint axis 4 (Fig. 4.6b). It is these parameters that will be selected to

meet the design requirements. α is the angle from z4 to the projection of z3 on the

horizontal plane (gray line). β is the upward angle from the horizontal plane. For z3

to remain within this octant, the values of α and β must lie between 0◦ and 90◦.

Now that the zero-configuration is defined, each of z3, z4 and z5 must be expressed

mathematically in terms of the base frame. This can be done by concatenating a series

of elementary rotation matrices. There are multiple solutions to achieve the same

overall result. Equations (4.2)-(4.4) describe the rotations chosen for this example.

z2
3 = Rx2(90◦)Ry′

2
(−α)Rx′′

2
(−β)z3

3 (4.2)

z2
4 = Rx2(90◦)Ry′

2
(−α)Rx′′

2
(−β)Rz3(θ3)Rx′

3
(β)Ry′′

3
(α)z4

4 (4.3)

z2
5 = Rx2(90◦)Ry′

2
(−α)Rx′′

2
(−β)Rz3(θ3)Rx′

3
(β)Ry′′

3
(α)Rz4(θ4)Ry′

4
(90◦)z5

5 (4.4)
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where zj
i refers to the ith joint axis expressed in the jth frame, θi is the rotation angle

of joint i, and Rk(φ) is a rotation about the current k-axis by angle φ. Note that

in this example, it was chosen to perform the sequential rotations about the current

k-axis, therefore the rotation matrices are post-multiplied [104]. Fig. 4.6c shows these

rotations graphically in the appropriate order. By following the order of rotations as

shown, it becomes clear why some joint axes are related by several intermediate steps.

Similarly, any point, P , in frame 5 (i.e. any point on the humerus, such as the

elbow joint location) can be transformed to the base frame (frame 2) using (4.5).

P 2 = Rx2(90◦)Ry′
2
(−α)Rx′′

2
(−β)Rz3(θ3)Rx′

3
(β)Ry′′

3
(α)Rz4(θ4)Ry′

4
(90◦)Rz5(θ5)P

5

(4.5)

Notice in (4.2)-(4.5), that the vectors expressed in the base frame are a function of

the joint angles, θ3, θ4 and θ5, as well as the two parameters, α and β. Manipulability

can now be calculated as a function of α and β for the entire workspace by substituting

(4.2)-(4.4) into (4.1).

STEP 2: Reduce Possibilities. Manipulability could be calculated for the

entire workspace of the joint for all possible combinations of α and β, but this is

not necessary. Without first narrowing down the possible combinations, it becomes

a challenging exercise of trial and error. Therefore, the next step in this technique

reduces the set of possible combinations by eliminating all combinations of α and β

that do not meet the design requirements for a single simplified configuration. θ3

and θ5 are fixed into a configuration which allows θ4 to follow a motion with well

known design constraints. By the very nature of the spherical joint, the singular

configuration will occur at some value of θ4 because it is the only way in which the

three joint axes will become coplanar.

The simple motion was chosen to be abduction. With θ3 = θ5 = 0, M is cal-

culated as θ4 is varied through its entire range, as shown in Fig. 4.7a. Each point

represents the endpoint of a vector with magnitude equal to M , pointing radially from
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the glenohumeral joint centre in the direction of the humerus during the abduction

motion. The plot contains two important quantities. The first is the singular abduc-

tion angle, θ4(M=0), which can be identified mathematically as the point at which the

manipulability is zero. A singular configuration also occurs in the opposite direction

at θ4 = θ4(M=0) − 180◦. The negative value is important because the joint can be

adducted into this negative range when the shoulder girdle is elevated. The second

quantity to be obtained from Fig. 4.7a is the maximum manipulability, Mmax.
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Figure 4.7: (a) A plot of manipulability, M , for a given combination of α and β (here,
α = 45◦, β = 40◦) as θ4 is varied. θ3 and θ5 are fixed at 0◦, so the motion is equivalent
to shoulder abduction. Each point represents the endpoint of a vector with magnitude
equal to M , pointing radially from the glenohumeral joint centre (base frame origin) in the
direction of the humerus. The closed and open circles denote abduction (positive motion)
and adduction (negative motion) from the rest position, respectively. The abduction angle
at which singularity occurs, θ4(M=0), and the maximum manipulability, Mmax, can both be
determined from this plot. Plots of (b) θ4(M=0) and (c) Mmax for all combinations of α and
β between 0◦ and 90◦. A range of α and β combinations that provides a suitable compromise
between θ4(M=0) and Mmax is shown by contour lines, and the overlap is highlighted. The
final choice of α = 45◦ and β = 40◦ is indicated by the black dot.
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The next step is to calculate θ4(M=0) and Mmax for all combinations of α and β.

These values are plotted as a function of α and β in Figs. 4.7b and 4.7c in which

the colour bars indicate the values of θ4(M=0) and Mmax, respectively. Now it is

possible to choose a range of values of α and β which reach a compromise between

θ4(M=0) and Mmax by drawing contour lines on both plots. According to design

constraints, θ4 typically does not exceed 90◦ or -30◦. To avoid singularity within

the abduction/adduction motion, it was chosen to keep θ4(M=0) within the contours

representing 120◦ and 140◦ (Fig. 4.7b). It turns out that configurations based on the

combinations of α and/or β that produce the highest Mmax are also more likely to

collide with the user’s body because the joint axes align more closely with the body.

A range of 0.8 ≤Mmax ≤ 0.95 strikes a reasonable compromise as shown in Fig. 4.7c.

The manipulability is still high, but collisions are avoided.

The overlapping area between the contours becomes the reduced set of α and β

combinations that satisfy the design requirements for the simple motion considered

in this step (in this case, abduction). The number of possible combinations is only

a few percent of the original set, which significantly reduces the amount of trial and

error computations.

STEP 3: Iterations. The final step of the process is iterative, requiring a manual

check after each iteration to make sure that the design constraints are satisfied. First,

a combination of α and β within the range identified in step 2 is chosen. Next, M is

calculated for the entire reachable workspace by varying each of θ3, θ4 and θ5 across

their ranges in increments of 2.5◦. The result can be plotted as shown in Fig. 4.8a,

which is simply an extension of Fig. 4.7a to the entire three-dimensional workspace.

At this point, several checks are made to determine if this particular combination of

α and β produces acceptable results across the entire workspace. The magnitude of

M should be checked to see if there are any configurations within 10◦ of singularity

(i.e. M < 0.15, which can be found directly from (4.1)) and if the distribution of M
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Figure 4.8: (a) A three-dimensional extension of Fig. 4.7a in which the manipulability, M , is
plotted radially in the direction of the humerus over the workspace for α = 45◦ and β = 40◦.
Points farther away from the origin indicate higher manipulability, and singular locations
are represented by points at the origin. M is evenly distributed over a large majority of
the workspace, indicated by the almost spherical surface. M does decrease near the limits
of the workspace, as can be seen by the few points lying closer to the origin, but no points
come within 10◦ of singularity. (b) A histogram of the distribution of manipulability across
the workspace. For this mechanism, Mmax = 0.84, and the mean over the entire workspace
is M ' 0.73. More than 91% of the possible configurations of the mechanism have M > 0.5,
and more than 55% of the possible configurations have M > 0.75

across the workspace is even. Finally, it should be determined whether there could be

any collisions of the mechanism with itself or the user. If any of these checks indicates

a problem, a new combination of α and β must be chosen and the process repeated.

Once a combination of α and β produces satisfactory results, the process is complete.

After several iterations, the final selected values of α = 45◦ and β = 40◦ were

obtained for MEDARM. Considering the entire workspace, more than 91% of the

possible configurations of the mechanism have M > 0.5, and more than 55% of the

possible configurations have M > 0.75 (see Fig. 4.8b). The maximum manipulability

is 0.84, and the mean is M = 0.73. The spherical-like surface in Fig. 4.8a indicates

that M is evenly distributed across the majority of the workspace. Only the extreme

limits of the workspace exhibit a lower manipulability, and no configurations exist

within 10◦ of singularity configurations. The high-manipulability region is nearly

centred in the workspace, corresponding to the most functionally relevant area of the

workspace.
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4.3.3 Joint Design

There are several important components that make up a joint in the exoskeleton.

At the most basic level, the joints must withstand significant forces and moments,

and guide the driving cables as necessary for actuation. Some joints must also contain

a secondary encoder, joint limits and/or a clamp to lock the joint in place. Fig. 4.9

shows an exploded view of joint 4. This joint was chosen to highlight the features

PulleyAssembly
JointBearing

JointLimits

Joint Lock

Joint 4 Axis

SecondaryEncoder

Link 3

Link 4

Figure 4.9: An exploded view of MEDARM’s joint 4. The small inset at the top right shows
the joint in its normal configuration. The joint consists of several components including the
pulley assembly, the bearing, joint limits, a secondary encoder, and a lock.
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Double Pulley Bearing

Joint Shaft

Drive Pulley (clamped to shaft)

Joint Lock (clamps to shaft as needed)

4-Point Contact Bearing

Figure 4.10: The section view shows the detail of the joint construction. The joint bearing
and the free pulley bearings are clearly illustrated.

common to most of MEDARM’s joints, and gives an idea of the consideration put

into the design of each joint.

Each joint of the exoskeleton requires a low friction bearing system that provides

rigidity against all forces and non-axial moments. In addition to withstanding non-

axial gravitational and inertial moments during motion, the joints must withstand

substantial non-axial moments resulting from forces applied by the cables and pulleys

(these values were obtained using the dynamic model described in Section 4.4.3).

Standard bearings must be used in pairs to resist this type of moment. Four-point

contact bearings are highly resistant to non-axial moments and therefore it is not

necessary to use them in pairs. Use of four-point contact bearings in MEDARM

has resulted in a thin and lightweight exoskeleton that would not be possible with

standard bearings.

Another necessity for a cable-driven system is a set of pulleys for guiding the cables

around the joint. Fig. 4.10 shows a detailed section view of the pulley assembly. Each

joint requires one pulley to be fixed to the joint shaft using a shaft collar clamp so
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Cable End Fitting
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Figure 4.11: The drive pulley clamps to the joint shaft. The cable is fed through a hole
in the pulley into a clamping block (made partially transparent in this view). A single set
screw is used to lock the cable fitting into place so that it cannot be pulled out.

that it can apply torque directly to the joint. This drive pulley is the end-point for a

cable, therefore the end of the cable is clamped to the pulley using a clamping block

(Fig. 4.11). The cable fits through a hole in the pulley surface and is held in place

by the clamping block so that it cannot be pulled out. A single set screw holds the

fitting in place. Each of the remaining pulleys are attached to the shaft via a pair of

small bearings so that they are free to rotate around the shaft.

Built into the joint are several other important features. The first is adjustable

mechanical joint range of motion limits. These are simply two rubber-covered bolts

that screw into holes in one of the links, preventing the adjacent link from moving

beyond a maximum and minimum range of motion. In fact, there are a series of

holes in which these bumpers can be inserted. Consecutive holes change the range of

motion by an increment of 5◦ or 10◦, depending on the joint.

The second feature of the joint is a high-resolution optical encoder. A glass scale

centred about the joint axis, is mounted to one link, and an optical sensor is mounted

to the other. The system provides direct measurement of the joint kinematics with

high resolution and adds zero friction. These encoders will hereafter be referred to as
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secondary encoders, since the main encoders are located on the motors.

The third feature is a lock for the joint. It clamps directly to the shaft, and can

swivel in and out of place as needed. The joint can be locked at any rotation angle.

4.3.4 User Attachment and Alignment

The exoskeleton must be aligned with the sternoclavicular, glenohumeral and

elbow joints of the user, and adjusted to fit arms of different lengths. A harness

attaches the user’s torso to a chair which provides the three translational adjustments

necessary to align the user’s sternoclavicular joint with the mechanism’s fixed shoulder

girdle joint centre. Once aligned, the chair is locked to the main structure.

Next, the mechanism must be aligned with the user’s glenohumeral joint centre. As

before, three spatial adjustments are required to shift the robot’s glenohumeral joint

centre relative to its sternoclavicular joint centre. The 2DOF of the shoulder girdle

mechanism can be used to provide two of the adjustments, thus only one additional

adjustment is necessary. The single manual linear adjustment provides the ability to

change the distance between the sternoclavicular joint centre and the glenohumeral

joint centre. This linear adjustment (see Fig. 4.12) shifts the cable-drive system

relative to the carriage in the direction approximately aligned with the horizontal

projection of the clavicle and is then clamped to the carriage. It is important to note

that there are no attachment points to the user on the shoulder girdle mechanism.

This adjustment scheme has the benefit of simplifying the structure of the mech-

anism, and also the set-up procedure. Otherwise, three consecutive translational

adjustments would be required, making the system significantly larger, heavier and

more complicated. Using the shoulder girdle mechanism to provide this adjustment

moves the exoskeleton away from its home configuration. Fortunately, the 3DOF

spherical joint of the shoulder/elbow mechanism can compensate by rotating un-

til the mechanism is aligned with the user’s limb. Relying on the shoulder/elbow
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Adjustment
Knob

Clamp
Hinged Linkage

Sternoclavicular Joint

Glenohumeral Joint

Horizontal Projection of Clavicle

Clavicle

Figure 4.12: A diagram showing the single linear horizontal adjustment on the shoulder
girdle mechanism. The arrows indicate the adjustment direction, which is approximately
aligned with the horizontal projection of the clavicle. The mechanism slides as a knob is
turned, and is clamped tight with a second knob.

mechanism to compensate tends to push the spherical joint away from its optimal

configuration, decreasing the range of motion of the mechanism in some directions.

However, the adjustment range is typically small (2◦ or 3◦ at most), therefore the

singularities and manipulability of the mechanism will not be significantly altered.

A design issue that arises when adjusting a cable-drive system is that it is necessary

to maintain tension in the cables at all times. Adjusting the link length must not

change the cable length, otherwise tension would be lost. Routing the cables along the

hinged driving linkage (see Fig. 4.12) ensures that the cable length does not change
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and that tension is maintained.

The exoskeleton system attaches to the user in two places: the upper-arm and

the forearm (Fig. 4.13a). These attachments keep the exoskeleton aligned with the

limb at all times. The proposed design is to strap the limb into a rigid half-cylindrical

trough using an inflatable Velcro strap similar to a blood pressure cuff. Once strapped

in, the cuff is inflated to provide a secure fit that is customized to the user. On the

lateral side of the cuffs is a single rigid connection to the exoskeleton structure. The

cuff will be attached to the subject before connecting to the exoskeleton, which is

easier for the operator, and more comfortable for the user. An important difference

from many previous arm cuff designs is that the arm cuff does not have a fixed size

a b

Quick-Release
Clamp

Slider

Upper-Arm
Cuff

Forearm
Cuff

Handle
(Optional)

Passive
Hinged

Linkage

Rigid
Half

Cylinder

Joint
Limit

Bumper

Figure 4.13: (a) A drawing illustrating the arm cuff attachments and adjustments. Each
cuff has two translational adjustments to correctly align the limb segments relative to the
mechanism structure: perpendicular to the link (small arrows) and parallel to the link
(hollow arrows). A fifth adjustment (large arrow) moves the location of the elbow joint
to change the length of the upper-limb link. A possible handle attachment is shown (it is
optional) and can also be adjusted parallel and perpendicular to the link. (b) A close-up of
the cuff attachment, showing the quick-release clamp.
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cuff through which the user must put his/her arm. This allows simpler set up, and

also is compatible with a larger variety of arm sizes.

A total of five adjustments are required to ensure that the user’s arm is properly

aligned with the exoskeleton (see Fig. 4.13a). Each cuff is adjustable along the length

of the exoskeleton (for limbs of different length) and perpendicular to the exoskeleton

(for limbs of different width). The cuff is attached by inserting it into a slider which

can move freely along the exoskeleton. A single quick-release clamp (see Fig. 4.13b,

similar to those used to clamp bicycle components) simultaneously clamps the cuff to

the slider and the slider to the exoskeleton (see Fig. 4.13b). To accommodate users

with different arm lengths, a similar slider and clamp is used to locate the elbow joint

along the upper-arm link. A passive hinged guide was added to the upper-arm link

of the robot to ensure that cable tension is not lost when adjusting the arm length.

One of the advantages of exoskeleton robots is that the user’s hand is free to

perform grasping or other functional tasks during the reaching movements. Using a

handle would restrict the hand from being used during the movement. However, if

grasping is not needed, it might be useful to include a handle for the patient to grasp.

The handle shown in Fig. 4.13a is a possible design that allows for two adjustments:

one parallel to the link, and one perpendicular.

Exoskeleton type devices always require more set up time than their end-effector

type counterparts. However, given its mobility and adjustability, MEDARM has a

relatively simple set up procedure. In fact, once the chair is locked in place, only four

clamps are required to secure all eight adjustments (with no handle). This will keep

set up time to a minimum, allowing the user to receive a longer therapy session.

4.4 MEDARM Actuation System

MEDARM is actuated by a set of electric motors which are geared using timing

belts. The shoulder/elbow mechanism is driven entirely by cable-drive transmission
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system which provides a large power-to-weight ratio. The shoulder girdle mechanism

is driven directly, but since the cables are guided along the mechanism to the four

distal joints, they influence the required torques from the shoulder girdle motors. The

following describes the proposed actuation system in detail.

4.4.1 Cable-Drive System

The four joints of the shoulder/elbow mechanism are actuated by electric motors

with an open-ended cable drive transmission. Cable-drive systems have a number of

advantages which are described in Section 3.1. MEDARM in particular benefits from

the design in a number of ways. First and foremost, the cable drive system allows

an immense reduction of weight on the exoskeleton. In fact, all motors are placed

on the base of the system, so the exoskeleton can be lightweight. It also means that

the cable forces are reduced and the motors can be smaller. The result is a high

power-to-weight ratio, which is part of what makes actuation of MEDARM possible.

Fig. 4.14 shows the cable routing scheme chosen for MEDARM.

The cable routing scheme choice has a significant effect on the performance of

the device. In fact, for this 4DOF system (n = 4) actuated by five motors (m = 5),

there are 11 possible unique cable routing structures [102]. These 11 structures were

analyzed as described in Section 3.2 to choose a suitable routing scheme. Table 4.2

summarizes the results for the 11 schemes (arbitrarily labeled by roman numerals).

Scheme “ii” was chosen (see Fig. 4.14b) because the antagonism ratio is 2, and the

maximum force ratio is 2.45 which is the best combination of the two parameters.

The scheme chosen for MEDARM will thus provide the most even distribution of

forces, and with minimized actuator requirement of all possible routing schemes.

Section 3.1.1 describes the relationship between joint angles and cable lengths for

an open-ended cable-drive system such as MEDARM. However, the cables are routed

along the shoulder girdle mechanism, and therefore, the cable lengths change as the
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Figure 4.14: The shoulder/elbow mechanism is cable-driven. (a) A CAD drawing of the
mechanism showing the selected mechanism with cables included. (b) A simplified planar
schematic representation of the selected cable routing structure. Each of the five cables is
denoted by a different line type. Each joint has a separate pulley for each cable that passes
by the joint. Symbols s, ξ, r, τ and θ represent cable displacement, cable force, pulley
radius, joint torque and joint angle respectively.

shoulder girdle angles θ1 and θ2 change. Additional terms, ∆θsg1 and ∆θsg2, must be

added to the cable length calculations to account for joints 1 and 2 of the shoulder

girdle mechanism, respectively. The following equations were derived for MEDARM.


sa
sb
sc
sd
se

 =


−r3 −r4 −r5 −r6
−r3 r4 −r5 r6
r3 −r4 r5 0
−r3 r4 0 0
r3 0 0 0




∆θ3

∆θ4

∆θ5

∆θ6

+


−1 1
−1 1
−1 −1
−1 1
−1 −1


[

∆θsg1
∆θsg2

]
(4.6)

∆θsg1 = rg1∆θ1 (4.7)

∆θsg2 = rg2b(∆θg −∆θ2) + rg2a(∆θ2d −∆θg)− r2d∆θ2d (4.8)
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Table 4.2: A summary of the antagonism ratio and maximum force ratio for the 11 unique
cable routing schemes for a 4DOF cable-drive system. The structures of each system are
illustrated in previous work [102].

Scheme H Antagonism Maximum Force Force

Ratio Parameter Ratio

i [1, 1, 2, 2, 2]T 2 [
√

3/2,
√

3/2, 2,
√

10,
√

10]T 2.58

ii [1, 1, 2, 2, 2]T 2 [1,
√

3/2, 2,
√

6,
√

6]T 2.45

iii [1, 1, 2, 2, 2]T 2 [
√

3/2,
√

3, 2,
√

6,
√

10]T 2.58

iv [1, 1, 2, 2, 4]T 4 [1,
√

3/2, 2,
√

6,
√

22]T 4.69

v [1, 1, 2, 2, 4]T 4 [1,
√

3/2,
√

2,
√

6,
√

10]T 3.16

vi [1, 1, 2, 2, 6]T 6 [1,
√

3/2,
√

2,
√

6,
√

22]T 4.69

vii [1, 1, 2, 4, 2]T 4 [1,
√

3/2, 2,
√

10,
√

6]T 2.45

viii [1, 1, 2, 4, 4]T 4 [1, 1,
√

2,
√

6,
√

6]T 2.45

ix [1, 1, 2, 4, 4]T 4 [1, 1,
√

2,
√

6,
√

10]T 3.16

x [1, 1, 2, 4, 6]T 6 [1, 1,
√

2,
√

6,
√

22]T 4.69

xi [1, 1, 2, 4, 8]T 8 [1, 1,
√

2,
√

6,
√

22]T 4.69

where the signs depend on the direction of cable routing (see Section 4.4.2).

Applied cable forces can be related to applied joint torques using the following

equations as described in Section 3.1.2. No modifications are needed in this case.


τ3
τ4
τ5
τ6

 =


r3 0 0 0
0 r4 0 0
0 0 r5 0
0 0 0 r6



−1 −1 1 −1 1
−1 1 −1 1 0
−1 −1 1 0 0
−1 1 0 0 0



ξa
ξb
ξc
ξd
ξe

 (4.9)

As will be discussed in Section 4.4.2, forces applied to these cables also create

torques at the shoulder girdle joints. However, torques applied to the shoulder girdle

joints do not contribute to the applied joint torques of the cable drive system.

Implementation

This system can be implemented using rotary motors to wind up or unwind the

cable around a pulley. Encoders measure the rotation of the windup pulley, and thus
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a simple calculation provides the length of cable that has been wound up or unwound.

si = rwi

(
θmi
ηmi

)
(4.10)

where for the ith cable, si is the cable length change, rwi is the windup pulley radius,

ηmi is the gear ratio between the motor and the windup pulley, and θmi is the rotation

angle of the corresponding motor.

To determine how much torque to apply at each motor, (4.9) must be solved for

the five cable forces. Using the torque resolver technique [102] as described in Section

3.1.2, the cable forces can be expressed by (4.11a)-(4.11e).

ξa = O−
(
τ6
r6

)
+

1

2
O−
(
τ5
r5

+

∣∣∣∣τ6r6
∣∣∣∣)+

1

2
O−
(
τ4
r4
− τ6
r6

+O+

(
τ5
r5

+

∣∣∣∣τ6r6
∣∣∣∣))

+
1

2
O−
(
τ3
r3
− τ5
r5

+O+

(
τ4
r4
− τ6
r6

+O+

(
τ5
r5

+

∣∣∣∣τ6r6
∣∣∣∣)))+

1

2
δ (4.11a)

ξb = O+

(
τ6
r6

)
+

1

2
O−
(
τ5
r5

+

∣∣∣∣τ6r6
∣∣∣∣)+

1

2
O−
(
τ4
r4
− τ6
r6

+O+

(
τ5
r5

+

∣∣∣∣τ6r6
∣∣∣∣))

+
1

2
O−
(
τ3
r3
− τ5
r5

+O+

(
τ4
r4
− τ6
r6

+O+

(
τ5
r5

+

∣∣∣∣τ6r6
∣∣∣∣)))+

1

2
δ (4.11b)

ξc = O+

(
τ5
r5

+

∣∣∣∣τ6r6
∣∣∣∣)+O−

(
τ4
r4
− τ6
r6

+O+

(
τ5
r5

+

∣∣∣∣τ6r6
∣∣∣∣))

+O−
(
τ3
r3
− τ5
r5

+O+

(
τ4
r4
− τ6
r6

+O+

(
τ5
r5

+

∣∣∣∣τ6r6
∣∣∣∣)))+ δ (4.11c)

ξd = O+

(
τ4
r4
− τ6
r6

+O+

(
τ5
r5

+

∣∣∣∣τ6r6
∣∣∣∣))

+O−
(
τ3
r3
− τ5
r5

+O+

(
τ4
r4
− τ6
r6

+O+

(
τ5
r5

+

∣∣∣∣τ6r6
∣∣∣∣)))+ δ (4.11d)

ξe = O+

(
τ3
r3
− τ5
r5

+O+

(
τ4
r4
− τ6
r6

+O+

(
τ5
r5

+

∣∣∣∣τ6r6
∣∣∣∣)))+ δ (4.11e)

It is then a simple matter to calculate the torque the motors must produce to

generate a given force in the cable.

τmi = rwi

(
ξi
ηmi

)
(4.12)
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where for the ith cable, τmi is the motor torque, rwi is the windup pulley radius, and

ξi is the cable force as calculated by (4.11).

4.4.2 Shoulder Girdle Drive System

The first joint is a conventional rotary joint, that is driven by an electric motor

with a timing belt. The second joint is actuated using the virtual 4-bar linkage. An

electric motor with a timing belt drives the driving joint (offset backwards from the

sternoclavicular joint) using a timing belt. Motion at the driving joint must be related

to motion of the sternoclavicular joint using the techniques described in Section 3.3,

where the variables are as defined in Fig. 4.4b.

The weight of the mechanism is substantial because it supports the entire weight

of the shoulder/elbow system, the curved track and carriage, as well as the limb itself.

The first joint is nearly always under heavy static load conditions because the centre

of mass of the exoskeleton is well away from the joint axis (i.e. a large moment arm).

Only in the case of large shoulder girdle elevation does the centre of mass cross above

the joint axis, relieving the static torque requirements. The second joint needs to

provide gravitational support only when the first joint is elevated or depressed, and

for typical movements, this effect is small. So, unless the elevation is large, the static

torque requirements are much smaller than for the first joint. For both joints, there is

a need to be able to provide large static torques, so both motors should be powerful.

As mentioned previously, the cables driving the shoulder/elbow system are routed

across both joints of the shoulder girdle mechanism from the base of the system as

shown in Fig. 4.15. The cables increase the complexity of the system because each

cable must be guided around all the joints by several pulleys. Forces applied in the

cables to drive the shoulder/elbow mechanism create unwanted torques at the joints

of the shoulder girdle mechanism. Fortunately, this problem can easily be turned into

a tremendous benefit. With specially chosen cable routing, the unwanted torques can
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Figure 4.15: A schematic of the cables routed along the shoulder girdle mechanism to the
base. (a) Top view and (b) front view. The cables maintain the same relative routing
scheme across all joints of the 4-bar linkage, but all cables are routed the same direction
around the first joint axis so that a positive torque is always created.

be used to cancel out some gravitational forces on the shoulder girdle system, and

reduce the load on the shoulder girdle motors. At the very least, the cables apply a

pretension force to keep the cables under tension. This means that the cables will

always apply constant static torques at the joint 1 axis and the joint 2 driving joint

axis. In addition to the pretension force, the cables apply a larger variable force (that

depends on the torques applied to joints 3-6), which creates variable torques about

the shoulder girdle joints. The total torque created by the cables about the shoulder

girdle joints can be defined as follows:

τ1cables
= r1(ξa + ξb + ξc + ξd + ξe) (4.13)

τ2dcables
= r2d(−ξa − ξb + ξc − ξd + ξe) (4.14)
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where τ1cables
and τ2dcables

are the torques created at joint axis 1 and joint 2 driving

joint axis, ξi is the force provided by the ith cable, and r1 and r2d are the radii of

the pulleys guiding the cables around joint 1 and driving joint 2d, respectively. This

formulation assumes that the pulleys at each joint axis are the same size, which need

not be the case. The signs indicate the direction of cable routing around the pulleys.

For joint 1, the cables are routed all in the same direction so as to provide a constant

positive torque to counteract gravity. For joint 2, the gravitational constraints are

less of a burden, thus routing the cables all in the same direction provides too much

assistance. The combination shown in (4.14) keeps the relative routing form that

comes out of the shoulder/elbow system.

The cables are routed around three joints of the virtual 4-bar linkage, so in actual

fact, a torque is created about each of these three joints: τ2dcables
, τ2ga and τ2gb (see

Fig. 4.15a). However, with the proposed cable routing scheme, τ2ga and τ2gb cancel

each other out. The net torque is simply the τ2dcables
, which is the torque provided to

the driving joint of the 4-bar linkage.

Pulley size affects the amount of torque that the cables provide to the shoulder

girdle joints. Even with the extra “assistance” from the cables, the weight of the

system may be too much for a single motor at joint 1. To assist the motor at this

joint with the static torque requirements, an external gravity compensation system is

employed. A vertical motorized cable is mounted directly above the end of the curved

track (see Fig. 4.1), and applies a vertical force on the track to offset the gravitational

forces on the MEDARM.

Implementation

The angular position of joint 1, θ1, is measured directly from the encoder position

of the motor, θm1.

θ1 =
θm1

ηm1

(4.15)

where ηm1 is the gear ratio for joint 1. The angular position of sternoclavicular
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joint 2, θ2, must be calculated from the driving joint motor encoders, θm2d, using the

techniques described in Section 3.3.1 which are updated to include the variables as

defined in Fig. 4.4.

θ2 = arctan

(
Py − l3 sin θg
Px − l3 cos θg

)
(4.16)

where,

θg = arctan

(
Py
Px

)
+ arccos

(
P x

2 + P y
2 + l3

2 − l22

2l3
√
P x

2 + P y
2

)
(4.17)

Px = l1 + l4 cos

(
θm2d

ηm2

)
(4.18)

Py = l4 sin

(
θm2d

ηm2

)
(4.19)

and ηm2 is the gear ratio for the driving joint of joint 2.

The torque required at the driving joint axis to produce a torque at the second

sternoclavicular joint axis is given by (3.59), where the variables are as defined in

Fig. 4.4b. However, the contributions from the cables must also be included for the

torques at both joints. The required motor torques, τmi, to create a total torque, τi,

about the sternoclavicular joint axis given the contribution from the cables, τicables

(Equations (4.13) and (4.14)), are given by the following equations:

τm1 =
τ1 − τ1cables

ηm1

(4.20)

τm2 =

(
l4 sin(θg−θ2d)

l2 sin(θg−θ2)

)
τ2 − τ2dcables

ηm2

(4.21)

4.4.3 Dynamic Model and Simulation

To make appropriate choices for the eight electric motors required to actuate

MEDARM, a dynamic model of the exoskeleton and the human limb has been created

in MATLAB based on the robot toolbox [108]. The model was also used to specify a

number of other design parameters including bearing strength, joint gear ratios, and

cable load capacity.
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The model takes the form of a rigid-body manipulator, and assumes that the

cable dynamics are not significant. Dynamic parameters of the exoskeleton including

lengths, masses and inertial properties are estimates from CAD drawings. The same

properties of the human upper-limb were calculated from anthropometric data tables

based on user height and weight [15] and are integrated into the model. The model

was adapted to account for the external gravity compensation system, and includes

CAD estimates of viscous and static friction. Given a trajectory for each joint, the

model calculates the joint torques required to achieve that motion. The cable forces

required to generate these joint torques are then calculated using the cable force

equations (4.11a)-(4.11e). The final output is the torque outputs for all eight motors,

the force in each cable, and all forces and non-axial moments at each joint.

To obtain an estimate of the peak dynamic motor torques for non-contact ap-

plications, the model was used to simulate various reaching movements with a peak

end-point velocity of 1.0 m/s. Anthropometric limb measurements were chosen to

meet the maximum design requirements (Te.4). Movements included single joint mo-

tions through the full range of each joint, and a range of typical multi-joint reaching

movements such as reaching towards the face or chest from a relaxed position. The

most demanding positions for the exoskeleton system in terms of static torque re-

quirements are those in which the arm is raised to the horizontal plane with the

elbow fully extended. The gravitational component of the joint torques is the most

significant contribution, and produces the largest stresses on the motors in static sit-

uations, therefore each position was held for one second to facilitate measurements of

peak static torque.

To give an idea of the information that can be gleaned from this model, a small

selection of possible outputs for a sample of movements is shown in Fig. 4.16. From

this type of data, it was possible to make informed design decisions about many

aspects of the robot. In all of the plots, the peaks occur during the movement
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Figure 4.16: A selection of simulation results for some movements with a 50th percentile
person. The images at the top show the movements that were selected for this sample
(GH = glenohumeral joint, SC = sternoclavicular joint). (a) confirms the peak end-point
velocity of 1.0m/s. (b)-(d) illustrate the corresponding total joint torques and cable forces
for the shoulder/elbow mechanism, as well as the non-axial moments at the GH2 joint
bearing, respectively. (e) and (f) show the joint and motor torques for the shoulder girdle
mechanism, respectively. (g) shows the moments encountered by the carriage on the track
during the movements.
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Table 4.3: Maximum torque output for each joint.

Joint Static Torque (Nm) Peak Torque (Nm)

Shoulder Girdle #1 ±24 ±73
Shoulder Girdle #2 ±30 ±91
Glenohumeral #1 +39, −26 ±60
Glenohumeral #2 +39, −26 ±60
Glenohumeral #3 +39, −26 ±60

Elbow ±13 +40, −30

periods, and the constant values occur during static postures. Therefore, motors and

gear ratios were selected using this data. The simulations also enabled selection of

braided stainless steel cable of appropriate size, and also joint bearings with sufficient

load capabilities. From Fig. 4.16c, it is clear that different cables are recruited for

different motions, and peak load limits can be obtained from the results. The overall

torque capabilities of each joint of the exoskeleton are shown in Table 4.3, and are a

result of the limits of both the motors and the cable strength.

4.4.4 Motor Details

Motors should operate very smoothly in order to provide the most natural motion

for the user. Brushless, slotless electric motors are an ideal choice because there is

zero cogging torque. Each motor has a built-in optical encoder that is used to provide

motor angle measurements. For the cable-drive system, these measurements provide

the cable length changes needed to calculate the corresponding joint angles. Each

motor incorporates an electric brake which serves two important functions. First,

the brakes engage any time there might be a fault in the drive system or if there

is a power outage. This will guarantee that the mechanism will not collapse during

an emergency. Second, the brakes provide a means to ensure that cable tension is

maintained when the power is turned off and the robot is not in use. If the brakes

did not engage when the power was turned off, the motors would be able to move

freely, allowing the cables to unwind and fall off the pulleys.
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4.5 Estimated Cost

Estimates for the cost of parts for MEDARM are summarized in Table 4.4. The

parts have been categorized into three main categories: motion control, electrical, and

mechanical. The motion control category involves all motors, encoders, drives, and

control cards necessary to actuate and control the system. The electronics section

includes all wiring, connectors, power supplies and housings required to connect all

of the system together. The mechanical section includes all other components. It

is clear that the motor and electronics systems dominate the expense of the robot,

accounting for about 65% of the total cost. Much of this cost arises from the need

for large motors and the associated drives.

Table 4.4: A summary of the estimated cost for parts for MEDARM.

Part Cost

Motion Control
Motors, Drives, and Cables $33,000
Motion Control Card $9,000
Secondary Encoders $4,000
Sub-Total $46,000

Electrical
Electronic Components $1,500
PCBs $3,000
Sub-Total $4,500

Mechanical
Shafts, Washers, Screws, Clamps, etc... $3,500
Bearings $1,500
Pulleys $5,000
Timing Belts $200
Curved Track and Carriage $3,500
Cable and Fittings $500
Material and Tooling for Machining $8,000
Frame and Chair $4,000
Arm Cuffs $2,000
Sub-Total $28,200

Total $78,700
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Chapter 5: Planar MEDARM

MEDARM is based on a new cable-driven virtual 4-bar linkage. This new design

requires testing before continuing the development process. It was decided that the

best way to test the design would be to build a simpler robot based on the same

design concepts. This way, any unanticipated issues could be more easily addressed.

It was immediately apparent that the new design could benefit the evolution of

KINARM, which is used in this research lab to assess and manipulate the mechanics

of multi-joint motion [5]. As introduced in Table 2.4, and as shown in Fig. 5.1,

KINARM is a robotic exoskeleton (produced by BKIN Technologies, Kingston, ON,

Canada) that attaches to the upper-limb, allowing movements of the shoulder and

elbow in the horizontal plane. KINARM is backdriveable, lightweight, and has low

friction. Its primary use has been to study motor function of the upper-limb, but it is

also being used to examine sensorimotor impairments of subjects with stroke [24, 25].

While KINARM is already a valuable tool, there are many questions it cannot

answer. For example, because it provides only two degrees of freedom (2DOF: 1

shoulder and 1 elbow), it cannot answer questions about redundancy. To help answer

these questions, it would be useful to add a third joint for wrist motion. In a clinical

setting, a wrist joint might allow a more complete functional assessment of the limb,

as the distal limb typically exhibits more functional deficits than the proximal limb.

Presently, KINARM is driven by equipment placed above the shoulder joint (see

Fig. 5.1) because the torso prevents equipment from being placed underneath. The

mechanism then wraps around the arm to provide support for the limb from the

underside. A consequence of this design is that the equipment must be placed beside

the user’s head. While this may not be a problem for many users, others may find it

confining, particularly for bilateral systems because there is equipment on both sides
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Figure 5.1: CAD drawings of KINARM: (a) a close up view of the exoskeleton mechanism,
and (b) a view of the KINARM with the virtual display workstation.

of the head. In terms of user comfort and clinical appeal, it would be beneficial to

move all of the equipment away from the user’s head. A third issue is that the entire

weight of the exoskeleton and the user’s limb is supported at the shoulder joint axis,

and thus a large bending moment causes substantial vertical out-of-plane compliance.

Such compliance can cause problems with position control stability.

With this in mind, a simpler version of MEDARM was designed to act as a

prototype for MEDARM and as a revision to KINARM. MEDARM’s virtual 4-bar

linkage design has the potential to extend KINARM’s capabilities in a way that

would be difficult with KINARM’s present design. The design of this new robot,

called Planar MEDARM, will be described in this chapter.

5.1 Planar MEDARM Design Objectives

The fundamental goal for Planar MEDARM is to develop a planar version of

MEDARM that uses the same curved track design and that uses the same type of
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cable-drive transmission. The simplified design shares the same overall purpose with

MEDARM, therefore many of the design objectives outlined for MEDARM in Section

4.1 apply equally well for Planar MEDARM. However, it is useful to reiterate the main

objectives, and describe the new objectives that relate to KINARM.

As a minimum, the design must incorporate MEDARM’s virtual 4-bar linkage and

must be driven by an open-ended cable-drive actuation system. It is appreciated that

there are several other good choices for actuating this type of planar device, but as

it is intended as a proof-of-concept design for MEDARM, a similar open-ended cable

system must be used. The planar nature of the device significantly simplifies the initial

implementation and testing of the new mechanism. The cable-drive system will be

smaller, requiring fewer motors, and because the device operates in the horizontal

plane, cable routing will be much simpler. Moreover, the motor system does not

need to provide any type of gravity compensation. All ideas relating to the actuation

system including pulley design, joint design and adjustment are simplified because

only two dimensions need to be considered.

Another important goal of this planar design is to determine whether the new

mechanism can be used as a revision for KINARM. Thus, the design must include

three fully actuated planar DOF: one at the shoulder, one at the elbow, and a third at

the wrist. The design should move all equipment away from the user’s head, and re-

duce vertical out-of-plane compliance. In addition, Planar MEDARM should be able

to achieve these new design features without a significant compromise in performance

relative to KINARM. In particular, Planar MEDARM should feel transparent to its

users. Therefore the new robot should be backdriveable, and the friction should be as

low as possible. The inertia of the exoskeleton should be low and proportional to the

upper-limb itself so that the user can adapt more easily when moving with the device.

Furthermore, a subject should be able to perform the same types of reaching tasks us-

ing Planar MEDARM as they can with KINARM. Finally, Planar MEDARM should
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be able to accommodate users of a wide range of size. To fit the majority of users,

the length of the mechanism should have a range of approximately 0.26-0.37m and

0.20-0.29m for the upper-arm and forearm limb segments, respectively. The handle

position should also be adjustable.

5.2 Planar MEDARM Design Overview

Planar MEDARM (Fig. 5.2) is a 3DOF exoskeleton robot that provides indepen-

dent measurement and control of motion at the shoulder, elbow and wrist in the

horizontal plane. No shoulder girdle actuation is provided in this prototype. The

a

b c

Motor System

Shoulder
Driving

Joint

Secondary Encoder

Driving Linkage

Arm trough

Carriage

Curved
Track

Figure 5.2: CAD drawings of Planar MEDARM: (a) set up with a user, (b) top view and
(c) side view. The mechanism provides actuation of 3DOF in the horizontal plane using a
cable-drive system (cables not shown here). The mechanism is located entirely underneath
the user’s arm, and the motors are mounted behind the user.
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shoulder mechanism takes advantage of MEDARM’s curved track mechanism, en-

abling the entire mechanism to be located underneath the user’s arm. All joints are

actuated by an open-ended cable-drive system. All three joint axes are parallel, and

the distances between the axes are adjustable to accommodate users of different size.

A virtual display system was built for Planar MEDARM so that reaching per-

formance could be tested. The system is based on the same principle of KINARM’s

a

b

Plate with LEDs

Semi
Transparent

Mirror

LED

Image
of LED

Mirror

Figure 5.3: (a) Planar MEDARM’s virtual display is a smaller, simplified version of the
system used by KINARM. A basic structure holds a semi-transparent mirror equidistant
from a set of LED lights above the workspace and the working plane of the robot. (b) The
user looks through the mirror to see his/her limb, while light from the LEDs is reflected
from the mirror so that they appear to be in the same plane as the limb.
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display system (see Fig. 5.1b) [5]. This type of system allows unrestricted access to

the workspace and significant flexibility in the type of visual information presented

to the user. For Planar MEDARM, a basic structure holds a semi-transparent mirror

and a set of LED lights above the workspace (see Fig. 5.3a). The mirror is placed

equidistant from the working plane of the robot and the LEDs. When the user looks

through the mirror to see his/her limb, the LEDs are reflected from the mirror so

that they appear to be in the same plane as the limb, as shown in Fig. 5.3b.

5.3 Planar MEDARM Mechanical Design

5.3.1 Mechanism Design

The obvious choice for testing the curved track mechanism was the shoulder joint,

because it is difficult to access the vertical shoulder joint axis due to interference

with the user’s body. The curved track mechanism was designed to overcome this

same problem for the sternoclavicular joint in MEDARM, therefore this was a natural

choice. An additional benefit is that the curved track can be fixed to the base.

Incorporating the curved track mechanism into the shoulder joint provides a simple

solution for multiple mechanical design issues. Fig. 5.4 takes a step-by-step approach

to describe the logic behind the final design (Fig. 5.4d), and begins by considering

the three-joint system that the exoskeleton aims to mimic (the upper-limb). The

simplest cable-drive system that can mimic the upper-limb is a standard serial linkage

as shown in Fig. 5.4a. Different people have different limb lengths, therefore the links

of the mechanism must be adjustable (as shown by the gray arrows). However, the

mechanism in Fig. 5.4a would run into three problems, as follows.

Cable Tension: A concern with the design of Fig. 5.4a is that the cables do not

permit free link-length adjustments when the actuators are not applying tension. The

cables are routed along the links from joint to joint, thus changing the length of the

links will change the distance between the joints and hence length of cable required to
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Figure 5.4: The final mechanism design overcomes three problems by incorporating
MEDARM’s curved track mechanism. S, E, and W represent the shoulder, elbow and
wrist joints, respectively. As shown in (a), simply connecting the three cable-driven joints
by standard serial linkages offers no way to maintain cable length when adjusting the link
lengths, provides support only at the shoulder joint axis, and interferes with the user’s body.
(b) By routing the cables along passive triangular linkages, the limb segment lengths (in gray
with arrows) can be adjusted without the cables falling off. (c) By placing a curved track
and carriage underneath the arm and centred about the shoulder joint, the exoskeleton and
the user’s limb are well-supported. Moving the driving joint away from the shoulder joint
axis creates a virtual 4-bar linkage like MEDARM (dashed lines) that allows all equipment
to be moved away from the user. (d) The final mechanism design incorporates all of these
ideas, and is shown without cables for clarity.

pass along the link. A single link length change can be up to ∼ 10 cm, thus the cable

will be as much as ∼ 20 cm too short or too long. This is more than sufficient for all

of the cables to fall off the pulleys entirely if one or both links are shortened. The

solution is to guide the cables along passive triangular linkages between each joint as

shown in Fig. 5.4b. Now, if the limb segment lengths are adjusted to accommodate

different size users, the total distance between joint axes does not change.

Gravity Support and Body Interference: There are two additional draw-

backs for both Fig. 5.4a and 5.4b. The first is that the weight of both the exoskeleton

and the limb must be supported at the shoulder joint axis. Providing support only at

this point means that a significant bending moment would be applied to the shoulder
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joint axis. Not only does this put significant force on the shoulder joint bearings, but

also, it invariably leads to out-of-plane compliance. The second problem is that all

equipment must be attached to or passed across the shoulder joint axis. The torso

prevents equipment from being placed directly under the shoulder joint, therefore all

equipment must be placed above the shoulder, resulting in a substantial amount of

equipment directly beside the user’s head. Not only can this be uncomfortable for

the user, but also it limits the amount and kind of equipment that can be used.

The solution to both of these problems is to incorporate MEDARM’s virtual 4-bar

linkage into the design. A circular track on which a low-friction carriage can freely

move is placed underneath the upper-arm so that it is centred on the shoulder joint

(Fig. 5.4c). Also, all equipment on the shoulder joint axis is moved back and away

from the shoulder joint axis. The passive linkage of the upper-arm becomes an active

linkage that drives the carriage along the track. In this configuration, the combined

weight of the exoskeleton and limb is supported by the carriage, and all equipment

is moved away from the user. The resulting motion is identical to a 4-bar linkage,

but there are no physical structures near the shoulder joint axis as indicated by the

dashed lines in Fig. 5.4c. A CAD view of the final mechanism is shown in Fig. 5.4d.

Planar MEDARM’s structure is similar to KINARM in that both can be described

as a 4-bar linkage (see Fig. 5.5). The difference is that Planar MEDARM does not

require any physical structures on the shoulder joint axis, whereas KINARM is sup-

ported entirely at the shoulder joint axis. An advantage of this new design is that all

equipment is moved away from the user, and because there is no longer any interfer-

ence with the user’s body, the equipment can be placed underneath the arm entirely.

Planar MEDARM’s design also allows an actuated DOF at the wrist, which would be

a challenge to incorporate into the current KINARM design. An additional benefit

of the new design is reduced vertical compliance because the weight of the arm will

be directly supported by the carriage near the elbow joint axis.
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Figure 5.5: Top view schematics of (a) Planar MEDARM and (b) KINARM. Planar
MEDARM has 3DOF (shoulder, elbow, and wrist), and is driven by a joint that is off-
set from the shoulder joint axis and that is part of a virtual 4-bar linkage. KINARM has
2DOF (shoulder and elbow) and is driven directly through the shoulder joint axis, where
the elbow is driven by a 4-bar linkage (parallelogram). The shoulder joint axis is the only
support point for KINARM, while Planar MEDARM is supported by its curved track.

θsd

lsd
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θg1

θsτs

τsdθo

elbow joint

guide pulley joint (Px,Py)

shoulder joint

shoulder driving joint

x
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Figure 5.6: A schematic of Planar MEDARM’s virtual 4-bar linkage. The links and angles
are related to Fig. 3.6: θo = −20◦(= α1), lo = 0.125m (= r1), lg = 0.25m (= r3), and
lsd = 0.20m (= r4). lu(= r2) is the upper-arm length (0.26m and 0.37m). θs(= α2) is the
shoulder joint angle, and θsd(= α4) is the shoulder driving joint angle. Knowing θsd, both
θs and θg1 can be determined. Likewise, it is possible to determine how much torque to
apply at the shoulder driving joint, τsd, to produce a torque at the shoulder joint, τs.
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A schematic view of the 4-bar linkage is shown in Fig. 5.6. The kinematics of this

4-bar linkage are described in Section 3.3. Using these kinematic relations, knowledge

of the motion of the shoulder joint can be obtained from knowledge of the motion

about the shoulder driving joint. An important note to make is that although the

mechanical structure of Planar MEDARM’s 4-bar linkage is the same as MEDARM,

the driving mechanism is different. For Planar MEDARM, the 4-bar linkage is an

integral part of the open-ended cable drive system, rather than just a means to guide

cables to the base of the system. The effect on the cable-drive calculations will be

addressed in Section 5.4.1.

5.3.2 Joint Design

The joints of Planar MEDARM are simpler than MEDARM due to the planar

nature of the device. Each joint shaft is held in place by a pair of bearings, and thus

the shaft is free to rotate. All pulleys are similar to the MEDARM pulleys in that

each one is mounted to the shaft by a pair of bearings. The driving pulleys (with

cable terminations) are clamped directly to the joint shafts. All five joints follow this

design; the wrist, the elbow, the two guiding joints, and the shoulder driving joint.

The wrist and elbow joints are very similar in other respects. Each incorporates

a secondary high resolution optical encoder which provides a direct measurement of

the joint angle. A glass scale is glued to the base of the joint shaft, and the sensor is

mounted such that it is pointing upwards towards the scale. In both joints, mechanical

joint limits are machined directly into the linkages. The links simply touch each other

at the limits of the motion. Rubber pads soften the contact. There are no adjustments

built into these joint limits in this prototype.

The shoulder joint is different because there is no equipment on its axis. Instead,

the carriage and curved track define the shoulder joint axis, thus the secondary en-

coder must employ a different design. In this case, a tape scale is mounted to the
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base of the system, concentric with the track. The sensor is mounted to the underside

of the carriage so that it runs along the tape scale as the carriage moves along the

track. Knowing the spacing of the tape scale grating and the radius onto which the

scale is mounted allows direct knowledge of the shoulder joint angle. Joint limits are

of the same style as for the curved track in MEDARM. Rubber bumpers are mounted

to the end of the track, and the carriage simply contacts these bumpers at the joint

limits. All of the joint limits are fixed and thus are not adjustable.

Secondary encoders offer several benefits to this design. Most importantly, they

provide direct measurements of the joint angle, bypassing any flexibility and friction

in the mechanism. Therefore, it is not necessary to rely on calculations based on

measurements of several motor angle rotations. Using such high resolution encoders

helps to provide more smooth velocity and acceleration measurements.

5.3.3 User Attachment and Alignment

The user alignment and attachment design is a mixture of ideas from MEDARM

and KINARM, and is illustrated in Fig. 5.7. It is first necessary to align the user’s

shoulder joint centre (glenohumeral joint) with the robot. Currently, this is achieved

simply through adjustment of the chair position. The upper-arm and forearm lengths

can be independently adjusted to accommodate users of different size. Upper-arm

length can be adjusted by sliding the elbow joint relative to the carriage. A single

quick-release clamp is used to lock the joint in place as shown in Fig. 5.7b. Forearm

length can be adjusted by positioning the wrist joint using a telescopic linkage, which

is then clamped using thumbscrews (see Fig. 5.7a).

The user is aligned with the mechanism at the upper-arm and forearm using

fiberglass arm troughs which can be adjusted along the linkages (see Fig. 5.7a). There

is no need to adjust perpendicular to the plane, so there is no need to strap the limb

in place using a cuff as is required for MEDARM. The system is designed to allow the
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FL
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Figure 5.7: Close-up views of the adjustment system. (a) A side view of the exoskeleton
showing all thumbscrews needed to adjust the exoskeleton for different size users. (b) A
close-up view of the carriage (opposite side view of (a)), showing the quick-release clamp for
the upper-arm length adjustment. The adjustment labels are as follows: UL - upper-arm
length, FL - forearm length, UT - upper-arm trough, FT - forearm trough, H - handle.

arm troughs to be easily swapped for different sizes to accommodate a wide range of

users. Currently, the subject grasps a handle. The location of the arm troughs and

the handle can be fixed with a single thumbscrew clamp as shown in Fig. 5.7a.

All links are custom machined aluminum to keep the mass and inertial properties

low in order to minimize the exoskeleton’s influence on natural limb motion. Each

joint has built-in mechanical joint limits to ensure that the robot does not extend the

user’s arm beyond physiological limits.

5.4 Planar MEDARM Actuation System

Planar MEDARM is actuated entirely by an open-ended cable-drive system that

is very similar to the one proposed for MEDARM. However, there are only three

joints to actuate, rather than four. There are no motors located directly on any of

the joint axes, and all motors are located behind the user, out of the way. Fig. 5.8

illustrates the system.

Planar MEDARM’s design would perhaps be better suited to using another type

of drive system, but because this was meant to be a prototype for MEDARM, Planar

97



a

b

rsd

s4ξ4

s2ξ2

s1ξ1

s3ξ3
θsd τsd τeτe θe

rg1 re rg2 rw

Shoulder
Driving Joint

τwθw

Wrist
Joint 

Elbow
Joint 

θg1

Guide
Pulley #1

θg2

Guide
Pulley #2

Shoulder
Driving

Joint Guide
Pulley

Joint #1

Elbow
Joint

Guide
Pulley
Joint #2

Wrist
Joint

Cable Clamps

Figure 5.8: (a) A CAD drawing illustrating the cable routing scheme used in the original
configuration. (b) A simplified planar schematic representation of the original cable routing
structure. Each of the four cables is denoted by a different line type. Symbols s, ξ, r, τ
and θ represent cable displacement, cable force, pulley radius, joint torque and joint angle
respectively.

MEDARM was designed specifically to use the same type of routing scheme. This

section will describe the cable-drive system, and its differences from the one proposed

for MEDARM. Also, there will be a brief description of the electronics and control

system used to communicate with the robot.

5.4.1 Cable-Drive System

As mentioned in Sections 3.2 and 4.4.1, there are several ways to route the cables

around the joints, and this has a significant effect on performance. There are five
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Table 5.1: A summary of the antagonism ratio and maximum force ratio for the 5 unique
cable routing schemes for a 3DOF cable-drive system. The structures of each system are
illustrated in previous work [102].

Scheme H Antagonism Maximum Force Maximum

Ratio Parameter Force Ratio

i [1, 1, 2, 2]T 2 [1,
√

3/2,
√

2,
√

6]T 2.45

ii [1, 1, 2, 4]T 4 [1, 1,
√

2,
√

6]T 2.45

iii [1, 1, 1, 1]T 1 [
√

3/2,
√

3/2,
√

2,
√

2]T 1.15

iv [1, 1, 1, 1]T 1 [1/
√

2, 1/
√

2, 1/
√

2, 1/
√

2]T 1

v [1, 1, 2, 2]T 2 [1/
√

2, 1/
√

2,
√

3/2,
√

2]T 1.61

unique cable routing schemes for a 3DOF system [102]. The schemes were analyzed

as described in Section 3.2 to find the choice which has the best compromise between

having both minimal antagonism between cables (and hence the most even distribu-

tion of forces across the cables), and minimal peak forces. The results are summarized

in Table 5.1. Scheme “iv” was chosen (see Fig. 5.8b) because both the antagonism

ratio and the maximum force ratio are 1 (best choices).

The relationship between joint motion and cable motion follows the same for-

mulation as shown in Section 3.1. However, Planar MEDARM’s novel virtual 4-bar

mechanism requires special modifications to account for the fact that the cables are

routed along one edge of the 4-bar linkage. In fact, the 4 cables are routed across 4

joints (shoulder driving joint, guide pulley joint #1, elbow joint, and wrist joint, as

indicated in Fig. 5.8) rather than 3, because the guide pulley on the 4-bar linkage that

drives the shoulder also contributes to the motion. The result is that the cables that

reach the elbow and wrist joints change length as the shoulder moves. Fortunately,

the guide pulley angle is not independent because it is a function of the other angles

of the 4-bar linkage. The cables also pass around a second guide pulley on the forearm

linkage, but this linkage is fixed and thus does not affect the system. Therefore, after

some modifications to account for the 4-bar linkage, the cable displacement, s, and
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the change in joint angle, ∆θ, can be related using (5.1) and (5.2).
s1

s2

s3

s4

 =


−rsd re −rw −1
rsd −re −rw 1
−rsd −re rw 1
rsd re rw −1




∆θsd
∆θe
∆θw
∆θ4bar

 (5.1)

where ∆θ4bar is the added term:

∆θ4bar = rg1∆θsd − re∆θs + (re − rg)∆θg1 (5.2)

These relationships are illustrated in Fig. 5.8b. Note that θs refers to the actual

shoulder joint, and that θsd refers to the shoulder driving joint.

Likewise, to relate cable force to joint torque, some modifications must be made

to the formulation described in Section 3.1 to account for the contributions from the

4-bar linkage. The reason for the modification is that when a torque is applied to

the elbow joint, a torque of the same magnitude is also applied at the guide pulley

joint. This occurs because the cables are routed around the guide pulley in the same

manner as the elbow joint, and therefore a torque is simultaneously applied to the

4-bar mechanism. The result is an unwanted torque about the shoulder joint. To

correct this problem, an additional torque, τ4bar, must be applied to the shoulder

driving joint whenever an elbow torque is applied, in addition to the properly scaled

shoulder torque, τs. This relation is defined by (5.3).

τsd =

(
lsd sin(θg1 − θsd)
lu sin(θg1 − θs)

)
τs + τ4bar (5.3)

where τ4bar is given by:

τ4bar =

(
1− lsd sin(θg1 − θsd)

lu sin(θg1 − θs)

)
τe (5.4)

Using the same formulation as (3.9) from Section 3.1.2, cable force, ξ, and joint

torque, τ , can be related using (5.5): τsd
τe
τw

 =

 −rsd rsd −rsd rsd
re −re −re re
−rw −rw rw rw



ξ1
ξ2
ξ3
ξ4

 (5.5)
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where τsd is the total torque to be commanded to the shoulder driving joint, as

defined by (5.3). The scaling factor in (5.3) is determined from (3.59) in Section 3.3.

It should be noted that with an elbow torque command of zero, τ4bar becomes zero,

and therefore τsd reduces to a single term that describes the applied shoulder torque.

Implementation

Changes in cable length are achieved by winding up or unwinding cable from

driving pulleys. A cable is clamped to each driving pulley, which is driven by a

slotless brushless DC motor (Compumotor SM Series, Parker Hannifin Corporation,

Rohnert Park, CA, U.S.A.) using a timing belt. Thus, a rotation of the motor either

winds up or unwinds the cable from the driving pulley. Each motor has a built-in

optical encoder, which measures the rotation of the windup pulley, and thus a simple

calculation provides the length of cable that has been wound up or unwound.

si = rwi

(
θmi
ηmi

)
(5.6)

where for the ith cable, si is the cable length change, rwi is the windup pulley radius,

ηmi is the gear ratio between the motor and the windup pulley and θmi is the rotation

angle of the motor.

Using these cable length changes, it is possible to use (5.1) to obtain the changes

in joint angles that are associated with the cable system. The angles of the four-bar

linkage can be found as needed using the techniques described in Section 3.3.1, and

with variables defined as in Fig. 5.6.

θs = arctan

(
Py − lg sin θg1
Px − lg cos θg1

)
(5.7)

where,

θg1 = arctan

(
Py
Px

)
− arccos

(
P x

2 + P y
2 + lg

2 − lu2

2lg
√
P x

2 + P y
2

)
(5.8)

Px = lo cos θo + lsd cos θsd (5.9)

Py = lo sin θo + lsd sin θsd (5.10)
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To determine how much torque to apply at each motor, (5.5) must be solved for

the four cable forces. Using the torque resolver technique [102] as described in Section

3.1.2, the cable forces can be expressed as (5.11a)-(5.11d).

ξ1 =
1

2
O+

(
τe
re
− τw
rw

)
+

1

2
O−
(
τsd
rsd

+
1

2

∣∣∣∣τere − τw
rw

∣∣∣∣− 1

2

∣∣∣∣τere +
τw
rw

∣∣∣∣) + δ (5.11a)

ξ2 =
1

2
O−
(
τe
re

+
τw
rw

)
+

1

2
O+

(
τsd
rsd

+
1

2

∣∣∣∣τere − τw
rw

∣∣∣∣− 1

2

∣∣∣∣τere +
τw
rw

∣∣∣∣) + δ (5.11b)

ξ3 =
1

2
O−
(
τe
re
− τw
rw

)
+

1

2
O−
(
τsd
rsd

+
1

2

∣∣∣∣τere − τw
rw

∣∣∣∣− 1

2

∣∣∣∣τere +
τw
rw

∣∣∣∣) + δ (5.11c)

ξ4 =
1

2
O+

(
τe
re

+
τw
rw

)
+

1

2
O+

(
τsd
rsd

+
1

2

∣∣∣∣τere − τw
rw

∣∣∣∣− 1

2

∣∣∣∣τere +
τw
rw

∣∣∣∣) + δ (5.11d)

It is then a simple matter to calculate the torque that motor i must produce to

generate a given force in cable i.

τmi = rwi

(
ξi
ηmi

)
(5.12)

where τmi is the motor torque, rwi is the windup pulley radius, and ξi is the cable

force as calculated by (5.11).

5.4.2 Electronics and Control

Overall, the motor encoders are capable of measuring joint angle in increments

of 0.006◦ (±0.02◦ accuracy). To prevent the cables from becoming slack when the

system is turned off or during a power failure, each motor is equipped with an electric

brake. All motors are located behind the user, as shown in Fig. 5.2. In addition,

secondary optical encoders (Mercury I and II Series, Micro-E Systems, Natick, MA,

U.S.A.) are mounted directly to each joint. The elbow and wrist joint encoders

each employ a high-resolution rotary glass scale, and the angles can be measured in

increments of 0.0001◦ and 0.0002◦, respectively with an accuracy of ±0.005◦. The
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shoulder joint encoder measures shoulder angle in increments of 0.00004◦ (±0.00002◦

accuracy) using a tape scale mounted to the outer diameter of the curved track. Using

such high resolution secondary encoders permits a much smoother calculation of joint

velocity and acceleration.

The present motion control system used for this prototype is basic, and a schematic

of the hardware is shown in Fig. 5.9. Each motor is powered by a servo drive amplifier

(Compumotor Gemini GV Series, Parker Hannifin Corp., Rohnert Park, CA, U.S.A.)

operating in torque mode such that the motors provide a torque proportional to

4 Compumotor
Gemini GV Series

Servo Drive
Amplifiers

24V DC
Power Supply

for Motor
Brakes

Computer
Host with:

Delta Tau
PMAC 
Motion
Control
Board

Signal Router
(Breakout Box)

STOP!

Motor Power
and Feedback

(including motor
encoders and brakes)

3 Micro-E
Mercury
Encoder

Interpolator

Figure 5.9: A schematic of the hardware used to operate Planar MEDARM. The PMAC
motion control card is the central component, performing all calculations relating to the
robot motion. A breakout box is used to route all signals between the PMAC and the motor
drives. A separate power supply is used to provide power tot he motor brakes.

103



a ±10 V command. In contrast with other robots (i.e. KINARM), which do not

consume significant power when operating with zero joint torques, Planar MEDARM’s

motors consume power continuously in order to maintain a cable pretension. The peak

power of each drive is 1.1 kW, and the maximum continuous power is 0.44 kW [109].

The drives are wired with a single emergency disable switch. Additionally, the drives

route the power to the motor brakes so that the brakes engage when the drives are

disabled or a fault is detected.

The heart of the system is a motion control card (PMAC, Delta Tau Data Sys-

tems Inc., Chatsworth, CA, U.S.A.). The motion control card receives the quadrature

encoder signals from the four motor encoders and three secondary encoders as input.

The output is simply four ±10 V analog torque command signals which are sent to

the four servo drives. Presently, the motion control card is programmed directly with

all instructions necessary to calculate joint kinematics and apply joint torques. While

basic control algorithms have been hard-coded into the motion control card, a cus-

tom software package is required to apply more advanced control and data handling.

The Dexterit-E software package (BKIN Technologies, Kingston, ON, Canada) was

adapted to allow very simple data collection from Planar MEDARM.

5.4.3 Dynamic Model and Simulation

A dynamic model was created for Planar MEDARM based on the model created

for MEDARM (Section 4.4.3). The model is defined as a standard rigid-body ma-

nipulator with negligible cable dynamics. Once again, dynamic parameters of the

exoskeleton are estimates from CAD drawings, and upper-limb parameters were cal-

culated from anthropometric data tables based on user height and weight [15].

Simulations were performed for various reaching movements with a peak end-point

velocity of 1.0m/s [8]. Movements included single-joint motion through each joint’s

full range, and a variety of multi-joint reaching movements. The simulations were used
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to determine the range of forces/torques that would occur during these movements,

which were in turn used to select motors, gear ratios, cables and bearings.

Dynamic Manipulability

An additional step taken with Planar MEDARM’s dynamic model was to map out

the dynamic manipulability across the workspace. This allows the dynamic effects of

the exoskeleton on the user’s limb to be visualized.

Dynamic manipulability refers to the ability of a manipulator (robot or human

limb) to apply forces or to accelerate its end-effector. Like kinematic manipulability

(as defined in Section 4.3.2), dynamic manipulability varies depending on the config-

uration of the mechanism in the workspace. However, dynamic manipulability also

takes into account the inertial properties of the mechanism.

It can be shown that the dynamic manipulability for a manipulator is an ellipsoid

[104]. If the manipulator is initially at rest, and the the set of joint torques, τ is

restricted to unit norm:

τ T · τ = 1 (5.13)

the ellipsoid will have the following form:

aee
TJ†TMTMJ†aee = 1 (5.14)

where aee = [ax, ay, az]
T is the acceleration of the end-effector in Cartesian space, J

is the Jacobian matrix for the given configuration, and M is the inertia matrix of the

mechanism. Planar MEDARM is redundant, therefore J is not a square matrix, and

therefore cannot be inverted. As a result, the pseudo-inverse, J†, must be used and

is given by:

J† = JT
(
JJT

)−1
(5.15)

For a planar system such as Planar MEDARM, expanding (5.14) results in a

2D ellipse. If this ellipse is drawn centred on the end-effector of the mechanism,

the distance from the end-point of the mechanism to the ellipse is a measure of the
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acceleration that can be imposed on the end-effector along the given direction. This

is for the case when the set of applied joint torques has unit norm, as in (5.13).

Fig. 5.10 shows the dynamic manipulability ellipse for Planar MEDARM in a

variety of configurations. Fig. 5.10a is for 50th percentile user, and Figs. 5.10b and

5.10c are for the smallest and largest configurations of Planar MEDARM, respectively.

In all plots, there are two ellipses at each configuration. The black ellipse is for the

subject’s limb without Planar MEDARM. The gray ellipse is for the case when the

limb is attached to Planar MEDARM.

Looking at Fig. 5.10a, it is clear that the manipulability varies according to the

configuration. A flat ellipse indicates that the mechanism cannot accelerate in one

direction. This occurs at a singular configuration which, for Planar MEDARM, can

happen only at the workspace boundary (i.e. the arm cannot be accelerated beyond

its workspace). The shape of the black (limb only) and gray (limb with Planar

MEDARM) ellipses are comparable, although the gray ellipses are smaller. This

is expected because the added mass and inertia of the exoskeleton will reduce the

possible acceleration for the set of unit norm joint torques. Also, several of the

ellipses exhibit a slight rotation when the exoskeleton is included. This indicates

that the presence of the robot changes the mass distribution of the limb. It should

be noted that the absolute angle of the shoulder joint does not affect the dynamic

manipulability of the system, therefore for clarity, Fig. 5.10 shows the case for just

one shoulder angle.

Figs. 5.10b and 5.10c show the smallest and largest possible configurations of

Planar MEDARM. For the smallest case, it is expected that the exoskeleton will have

a greater effect on the limb, and this is observed. There is a greater size difference

between the black and gray ellipses, and the rotation is more apparent. For the

largest case, the exoskeleton has a smaller influence on the limb. There is a smaller

size difference and a smaller degree of relative rotation. Overall, the effect of Planar
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Figure 5.10: (a) Simulated dynamic manipulability of Planar MEDARM with a 50th per-
centile limb for a variety of configurations across the workspace. (b) Smallest and (c) largest
configuration for Planar MEDARM. The distance from the end-point of the robot links to
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MEDARM with the limb, respectively.
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MEDARM on the dynamics of the limb is predicted to be minimal.

5.5 Cost

The approximate cost of the components required to build Planar MEDARM is

summarized in Table 5.2. Labour costs are not included. As before, the parts have

been categorized into three categories: motion control, electrical, and mechanical.

The motion control category involves all motors, encoders, drives, and control cards

necessary to actuate and control the system. The electronics section includes all

wiring, connectors, power supplies and housings required to connect all of the system

together. The mechanical section includes all other components. As with MEDARM,

the motor and electronics systems dominate the expense of the robot, accounting for

more than 75% of the total parts cost.

Table 5.2: A summary of the cost of the parts for Planar MEDARM. Labour is not included.

Part Cost

Motion Control
Motors, Drives, and Cables $11,600
Motion Control Card $4,000
Secondary Encoders $2,900
Sub-Total $18,500

Electrical
Electronic Components $450
PCBs $1,500
Sub-Total $1,950

Mechanical
Shafts, Washers, Screws, Clamps, etc... $1,050
Bearings $250
Pulleys $1,750
Timing Belts $50
Curved Track and Carriage $550
Cable and Fittings $500
Material and Tooling for Machining $2,000
Arm Troughs (one size) $500
Sub-Total $6,650

Total $27,100

108



Chapter 6: Planar MEDARM Evaluation

A prototype of Planar MEDARM has been fully assembled (Fig. 6.1). This chap-

ter is devoted to detailing performance evaluation procedures and results for the

prototype. Also, a brief description of some rehabilitation control strategy testing

performed with Planar MEDARM will be discussed.

6.1 Planar MEDARM Performance Evaluation

One of the main goals of the prototype is to analyze the cable-drive transmission

system and also the curved track mechanism. The performance evaluation outlined

in this section relates specifically to this goal.

Before any tests were performed, several checks were made to ensure that the

robot was providing the correct feedback. First, the secondary encoders at the joints

were used to confirm that the joint angle calculations based on the motor encoder

readings were correct. Also, the motors and servo amplifiers were calibrated (to

account for variations in the windings between the motors) to ensure that the torque

output would be as expected for all four motors. Calibration is particularly important

in this type of robot as the four cables require constant pretension to be applied by

the motors. Small differences between the motors lead to the application of a small

torque at one or more of the joints. With the motors calibrated, some measurements

were made with a force transducer to confirm that the correct torques were generated.

6.1.1 Measured Parameters

Several fundamental performance parameters of the Planar MEDARM prototype

have been measured including: joint friction, inertia as seen at the joints, joint com-

pliance, and vertical (out-of-plane) compliance. Data collection has also been tested

by collecting several samples of experimental data using Planar MEDARM. The per-
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a

b

Figure 6.1: (a) A photo of the fully constructed Planar MEDARM prototype in its original
configuration. The view was chosen to match the CAD view from Fig. 5.2a. (b) A photo
of Planar MEDARM in use.
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formance measures are compared directly to those of KINARM where possible. The

following is a brief description of the testing parameters and the methods used to

obtain measurements.

Joint Friction: Friction in a robotic system can have both beneficial and detri-

mental effects on performance. Friction can provide a level of damping that helps

to stabilize the system under position control. However, high friction affects natu-

ral passive motion, which can interfere with measurements of reaching movements.

The main application of this robot is measuring motor performance, which demands

smooth transparent operation of the device, therefore low friction is desirable.

To obtain an idea of the friction that a user would experience at each joint of

the exoskeleton, static friction was measured. Static friction can be measured simply

by determining the minimum torque required to create a movement at the joint.

Friction is a highly variable parameter which is influenced by many aspects of the

system, therefore the friction was measured for several configurations across the range

of motion of the joint, and an average friction torque measurement was obtained.

The accuracy was determined by finding the maximum and minimum friction val-

ues for the entire joint ROM. It was determined that the static friction measurements

are accurate to within ±0.05 Nm. Torque ripple created by the servo drives is the

dominant source of error.

Inertia: The inertia of the exoskeleton as seen by the joints of the user also has

a significant impact on the performance of the system. Ideally, from an experimental

point of view, the inertia should be zero, but of course this is not possible. More

practically, the inertia of the exoskeleton should be kept as low as possible, and

should be proportional to the inertia of the human upper-limb. Otherwise, the device

will have a significant effect on the natural intersegmental dynamics of the limb.

Section 5.4.3 introduced the estimated dynamic manipulability of Planar

MEDARM. Fig. 5.10 showed the difference in dynamic manipulability between the
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limb and the limb with Planar MEDARM attached. The difference is due to the

inertia of the robot. While dynamic manipulability incorporates the inertia of the

exoskeleton, inertia as seen at the joints is not explicitly addressed. This section will

investigate the inertia specifically.

The inertia of Planar MEDARM as seen by the joints of the user was estimated

from the detailed CAD drawings used to manufacture the prototype. The gear ratio

and the number of motors driving the joint were incorporated into the calculations.

All calculations specified a shoulder angle of 45◦, an elbow angle of 90◦, and a wrist

angle of 0◦, which corresponds to a typical starting point for a reaching task.

Considering that manufacturing processes typically produce parts with a tolerance

of ±0.1mm (at most), it is expected that the actual inertia values are within approx-

imately 1% of the CAD estimates. Another source of error arises from neglecting

cable mass in the estimates.

Compliance: Compliance has a significant impact on the overall performance

of a robot. With high compliance, tight position control is not possible, and it is

not possible to accurately measure true joint angles without secondary encoders on

the joints. This is a result of the elastic properties within the system. Sources of

compliance include elasticity of cables and belts, and bending of shafts and linkages.

In-plane joint compliance was measured by reading the change in position noted

by the motor encoders while commanding a joint torque to the system with all joints

locked in place. The effective torsional spring constant (i.e. stiffness, and hence

compliance) could then be easily calculated from Hooke’s Law. The joint torque was

applied in 0.5Nm increments up to the maximum output of the motors. Note that

for Planar MEDARM, the joint compliance can be different for positive and negative

rotations due to the distribution of the cables, but here, the average is presented.

The compliance values presented here are based on measurements of cable length

change (motor encoder readings), torque, and pulley radii, each of which have an
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associated measurement error. Propagating these errors through the calculations

leads to a compliance accuracy of ±9%. The largest source of error comes from the

cable displacement measurements which are limited by the accuracy of the motor

encoders.

Vertical compliance was measured by placing known masses at the wrist joint and

measuring the resulting vertical displacement. The system was configured with a

shoulder angle of 45◦, an elbow angle of 90◦, and a wrist angle of 0◦. Accuracy of the

vertical compliance measurements is ±1%. The main source of error is the vertical

distance measurement.

Reaching Task: To determine its applicability to the real world, Planar

MEDARM was set up to perform one of the standard tasks that is performed in

motor control research - the centre-out reaching task [110, 111]. The virtual dis-

play system shown in Fig. 5.3 of Section 5.2 was assembled and attached to Planar

MEDARM. The display is capable of presenting to the user any one of eight periph-

eral targets equally spaced around a 10 cm radius circle. Several healthy volunteers

were recruited to perform this experiment to test out the robot’s measuring abilities.

The system was calibrated so that the starting point for the user (central target)

was aligned with the handle of the exoskeleton when the shoulder and handle were

aligned at x = 0 and that the elbow was 90◦, and the wrist was 0◦ (see Fig. 6.2).

The subject was directed to move as quickly and as accurately as possible from the

central target to the peripheral targets as they appeared one at a time in the display.

The subject was not directed to follow a specific trajectory. After reaching the target,

the subject moved back to the central target. Planar MEDARM recorded the three

joint angles during the outward movement. Each target was displayed a total of 10

times, in random order. Dexterit-E (BKIN Technologies, Kingston, ON) was used to

develop the experimental protocol and to collect the data.
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Figure 6.2: The experimental reaching task layout. A set of eight targets (open circles)
evenly distributed around a circle of 10cm radius is projected into the plane of Planar
MEDARM. A central target lies in the centre of this circle. The central target (closed
circle) is positioned to match the location of Planar MEDARM’s handle when it is aligned
with the shoulder joint axis (x = 0) and and when the elbow is 90◦, and the wrist is 0◦.

6.1.2 Systems Tested

In order to obtain a better idea about how the above performance measures are

affected by the components and specific design features of Planar MEDARM’s actu-

ation and transmission system, the measures were obtained for several variations of

the actuation system. Starting with the original design as described in Section 5.2,

changes were made one at a time, but each consecutive variant maintained the changes

from the previous systems. In the end, the final system consisted of all changes. Each

modification was chosen to upgrade the performance of the system without requiring

any structural changes or changes to the prototype’s overall mechanism design.

System a - Original: The original design was tested first. The main parameters

include a gear ratio of 6 (3 from belts, 2 from cable pulleys), a cable routing structure

as in Fig. 5.8b, pulley diameter of 60mm, and cable diameter of 1.19mm.

System b - Gear Ratio: The goal of this first change was to reduce both the

friction and inertia of the motor system. The overall gear ratio was reduced to 2
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Figure 6.3: Planar schematic representation of the alternate cable routing structure of
system c. There are 4 cables at the shoulder, 3 at the elbow, and 2 at the wrist.

(3 from belts, 2/3 from cable pulleys) by adding an adapter to the cable-windup

system. The adapter provides a 90mm diameter pulley to wind up the cable, whereas

the original system used a 30mm diameter pulley. This will result in a substantial

reduction of both parameters for the wrist joint, as the motor system is by far the

most dominant component (see results in Section 6.1.3).

System c - Cable Routing: The goal of the second change was to further

reduce the overall friction and inertia about the wrist and elbow joints. An alternate

cable routing structure (scheme “i” from Table 5.1) was implemented to drive the

joints (Fig. 6.3). While the original structure has the lowest and most even force

distribution, it requires all four cables to span all three joints. In contrast, the new

structure needs only two cables for the wrist, three for the elbow and four for the

shoulder. Friction and inertia will be reduced at both the wrist and elbow because

fewer motors are connected to these joints. However, these reductions will come at

the expense of even force distribution and also joint compliance.

System d - Thicker Cable: The primary goal of this third change was to

decrease the compliance by increasing the thickness of the cables. Doubling the cable

diameter from 1.19mm to 2.38mm, increases the cross-sectional area of the cable by
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Figure 6.4: Planar schematic representation of the 2DOF structure of system e. There are
3 cables at the shoulder, 2 at the elbow, and 0 at the wrist (free to rotate).

a factor of four, and thus reduces compliance of the cable by a factor of four.

System e - 2DOF: The fourth change was to convert the system to a 2DOF robot

for a more direct comparison with KINARM. The wrist joint is still present (can be

locked), but it is not actuated because the cables were removed from the wrist joint.

The secondary encoder at the wrist can still measure wrist position, even though it

is not being actuated. The cable drive system now requires only three cables to drive

the shoulder and elbow joints, and thus the cable structure was updated. There is

only one structure for a 2DOF system with three cables (see Fig. 6.4).

System f - KINARM: As a base of comparison, the same parameters were

measured for KINARM. No special changes were made to KINARM, so all testing

parameters were measured for both the shoulder and elbow.

6.1.3 Results

Measurements of joint friction are shown in Fig. 6.5a for all systems. Friction was

initially several times larger than KINARM, but it is clear that the changes provided a

substantial reduction of friction. The biggest improvement occurred for system b when

the gear ratio was changed. The friction was nearly halved for all three joints. This

makes intuitive sense because reducing the gear ratio by a factor of three, reduces the
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friction of the motor system (the motors, the timing belts and the associated pulleys)

as seen by the joints by a factor of three. Since all four motors are connected to all

three joints, this is a substantial reduction. Another substantial reduction in friction

occurred for the elbow and wrist when switching the cable routing structure (system

c). This reduction cut the friction at the wrist in half simply by removing two cables

(including pulleys, belts and motors) entirely from the wrist drive system. Similarly,

the elbow friction was reduced by a quarter because the one of the four cables was

removed. For system e, the wrist joint friction was not measurable using our approach

as the only possible source of friction is a pair of bearings on the wrist joint shaft.

The friction at the elbow was reduced to a magnitude comparable with KINARM.

Similarly, the wrist exhibited low friction. In contrast, the shoulder joint has substan-

tially higher friction. An estimate of the friction in the curved track system indicates

that about half of the measured friction (in systems b-e) comes from the curved track

and carriage. It should be noted that moving from system a to system c, the friction

was reduced by similar magnitudes at each joint. However, the reduction in friction

of the wrist joint is most perceptible by the user.

Fig. 6.5b shows the estimates of the inertia as seen by the joints. The length of the

bars for each system show the estimated range of inertia for the robot. The bottom of

the bar indicates the inertia for the exoskeleton when set up for the smallest arm, and

the top of the bar is for the largest arm. The exoskeleton can be adjusted anywhere

in between this range. The dashed lines in the plots indicate the estimated inertia of

a limb size-matched to the minimum and maximum size of Planar MEDARM.

It is clear that except for the wrist joint in system a, the inertia of the robot

is similar to the inertia of the human limb. After reducing the gear ratio of the

system and changing the cable routing structure, the apparent wrist inertia dropped

dramatically. In systems c and d, both the elbow and wrist joint inertias lie within

the lowest range of the human limb. In the worst case, for the smallest person,
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Figure 6.5: Overall (a) joint friction (±0.05 Nm), (b) inertia as seen by the joints (±1%), and
(c) compliance at the joints (±9%) for all variants of the prototype. In (b), the dashed lines
represent the minimum and maximum inertia of the human arm. The bottom and top of the
bars indicate the estimated inertia of the exoskeleton when set up for the smallest and largest
arms, respectively. In (c), the total height of the bars indicate the total measured compliance
of the exoskeleton. The light portion of the bars indicate the estimated contribution of the
cables to the measured compliance.
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the inertia of the robot is roughly equal to the inertia of their limb at the elbow and

wrist. However, the shoulder joint inertia is relatively higher than the elbow and wrist

compared with the human limb, and the changes had little effect. This is a result

of the heavy carriage used in the curved track mechanism. The shoulder inertia of

Planar MEDARM is higher than KINARM, while its elbow inertia is marginally less.

In-plane joint compliance is shown in Fig. 6.5c. The total height of the bars

is the measured compliance, while the light gray portion indicates the estimated

contribution of the cables to the measured compliance. It is clear that changing

the gear ratio and cable routing scheme both increased the compliance of Planar

MEDARM overall. This occurred because the larger pulley winding up the cables

causes more cable length change for a given rotation, and there are fewer cables

attached to the elbow and wrist joints.

In system d, upgrading to the thicker (and stiffer) cable helped to reduce the com-

pliance, but this reduced only the compliance contributed by the cables themselves.

The large proportion of dark gray in the bars for system d indicates that the majority

of the compliance (∼ 90%) comes from a source other than the cables. One source of

compliance is the timing belts, but the major source is the structure of the mechanism

itself. There are several points in the system that visibly bend when loads are applied.

These structural elements include the main support beam, the wrist joint axis, and

the elbow joint axis. The cable compliance in system d is less than KINARM’s total

compliance, so there is potential to reduce the compliance to comparable levels.

One of the advantages of Planar MEDARM’s design over KINARM is the support

against gravity that the curved track provides. Indeed, the vertical compliance mea-

sured for Planar MEDARM is 0.047mm/N whereas for KINARM it is 0.132mm/N.

Planar MEDARM is nearly 3 times stiffer than KINARM for out-of-plane motion,

despite the fact that Planar MEDARM was measured in its worst configuration (90◦

elbow), where most of the measured compliance is a result of the elbow axis bending.

119



-0.1 0 0.1

-0.1

0

0.1

x (m)

y 
(m

)

0 0.5 1

40

50

60

70

0 0.5 1

60

70

80

90

0 0.5 1

-10

0

10

20
ba

A
ng

le
 (
˚)

Time (s)

Shoulder Elbow Wrist

Time (s) Time (s)

1

2

3

4
5

6

7

8

Figure 6.6: Results of a basic reaching experiment using the Planar MEDARM. (a) The
hand path traces for all trials are plotted. (b) The joint angle profile for one of the trials
to target 1 (see Fig. 6.2).

The reaching task tests were run as a qualitative test (no numerical analysis was

performed) to see how users perceived Planar MEDARM during use. It is important

that the exoskeleton feel comfortable and natural for the user. The test was performed

to make sure that users were able to make smooth reaching movements, which is an

indication of whether or not the exoskeleton is unduly influencing motion. When

asked about how it feels to use the robot, subjects noted that it was comfortable, but

some subjects pointed out that there is an audible noise while moving the shoulder.

This noise is generated by the friction between the carriage and the track.

Fig. 6.6a shows the hand path recorded by Planar MEDARM for all ten trials to

each of the eight targets for a single subject. As expected from previous reaching ex-

periments, the results exhibit relatively straight trajectories with a certain amount of

trial-to-trial variability depending on movement direction [111]. In this context, vari-

ability simply refers to the fact that the reaching movements do not follow the same

trajectory for each trial. An important concept is that the variability changes with

movement direction. Looking at Fig. 6.6a, it is clear that some reaching directions

exhibit more variability than others (for example, target 2 exhibits more variability

than target 1). Fig. 6.6b shows a sample of the recorded joint motion for a single

trial reaching to target 1 (see Fig. 6.2). This confirms that all three joints are indeed
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contributing to limb motion.

6.1.4 Suggested Upgrades and Improvements

Planar MEDARM’s performance testing has highlighted several areas for improve-

ment. This section explains several suggested upgrades and improvements based on

this testing and also based on some general observations from working with the proto-

type. The majority of ideas relate to the structural design and the actuation system.

Curved Track: The main area for improvement is the curved track itself, which

is the main source of friction, inertia and audible noise for the shoulder joint. With an

improved implementation, these shortcomings should not be insurmountable. Inertia

at the shoulder is a direct result of the mass of both the carriage and the guide pulleys

on the driving linkage. With all of this weight displaced far from the centre of rotation,

it is not surprising that the inertia is high. Removing one of the carriage’s four wheels

(the most massive components), using smaller wheels for the remaining three wheels,

designing a custom carriage, and using smaller guide pulleys could reduce the shoulder

inertia by at least 25% bringing the inertia much closer to proportion with the other

joints and with KINARM. This reduction would not affect the other joints. Also,

it is important to note that about 40% of the inertia as seen at the shoulder comes

from all of the structures and pulleys needed to attach and actuate the wrist joint.

Considering that Planar MEDARM was designed specifically to add a wrist joint

and to place the support point for the mechanism away from the joint axis, it is a

substantial achievement to maintain joint inertia on the same level as KINARM.

While the inertia can easily be reduced, friction at the curved track may be more

challenging. Removing one wheel from the carriage will reduce the bearing friction by

25%, but this would reduce the friction at the shoulder by only about 10-15% overall.

As indicated by the audible noise, the curved track system does not roll as smoothly

as it perhaps could. The track system was designed for heavy-duty industrial use
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and the wheel surfaces are flat to help distribute the forces on the track. It may be

possible that a custom wheel system with specially contoured wheels would focus the

force onto a smaller surface, reducing the friction at the expense of strength. The

strength of the present carriage is far above the needs for this application, so this is

a realistic compromise.

Elbow Joint: The elbow joint is a significant source of both in-plane and vertical

compliance. The elbow joint shaft is clamped to the system only at the base (see

Fig. 5.7b in Section 5.3.3). There is little to prevent the entire shaft from bending.

It is possible to see the joint bend when forces are applied to the forearm. In fact,

the lack of stiffness at the elbow joint also causes up-and-down flexing of the driving

linkage. If the elbow joint can be made more stiff, there would be no flexion in

the driving linkage. Possible solutions might involve making a wider clamping base

mated with a more rigid clamping surface. Also, reducing the overall length of the

shaft would be a significant benefit in terms of stiffness as well as inertia. Overall, a

stiffened joint and improved sliding clamp is needed.

Wrist Joint: The current wrist joint is stiffened by a clamp added after the

initial assembly because the wrist was easily twisted as a result of cable forces and

also by applying forces to the handle. Part of the problem is a weak connection to

the elbow joint, which itself requires stiffening. However, with the alternate cable

routing scheme, the wrist joint requires only one fixed pulley to clamp the two cables,

so the joint could be made significantly smaller. This would also make the joint

much less susceptible to bending from cable forces, and there would more options

for the placement of stiffening elements. Finally, it would be beneficial to add a

wrist-locking mechanism, which would allow the device to be easily transformed into

a 2DOF system like KINARM.

Forearm: The forearm should include larger adjustment range for the trough

than the ∼4 cm that is currently provided. In addition, the trough should be closer
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to the wrist joint to better secure the limb. A possible solution would be to simply

use a longer trough, but this might add unnecessary weight. Also, the telescopic

slider adjustment needs to be improved for better durability. The current design

runs the risk of binding because an aluminum piece slides along another aluminum

piece. Finally, the current clamping system has too many thumbscrews. A fourth

thumbscrew was added later on to provide a better stiffness at the wrist. Part of the

problem stems from the fact that the wrist joint shaft is not clamped by the forearm.

The wrist link itself is clamped to the shaft, and unfortunately, this configuration can

easily lead to twisting of the forearm structure. The fourth thumbscrew reduced the

twisting significantly, but not completely.

Handle: Currently, the handle is not located in a comfortable position for the

user. The handle is attached vertically, which is awkward in some arm configurations

(i.e. shoulder and elbow both near 0◦). If the handle were angled so that the forearm

is more pronated, it would be more comfortable. Other options instead of a handle

include a trough or flat plate to rest the hand (no handle to grasp), so that the hand is

flat (vertical, horizontal or somewhere in between). The particular task would likely

dictate the best attachment, thus a choice of handles and troughs would be ideal.

Pulleys: There is always a desire to decrease the friction in the pulleys because

there are so many of them in the system. Each one itself has a small amount of

friction, but since each pulley has two bearings and there are many pulleys for each

cable, the total pulley friction is significant. The pulleys could be changed to a single

bearing system, as long as it does not allow the pulleys to wobble. Also, the pulley

flanges should be widened to prevent thick cables from falling off the pulley. Pairs

of guide pulleys before the last joint, or before a clamped joint can be replaced with

a single pulley of slightly larger thickness (to accommodate two cables). This would

reduce both mass and friction. Additionally, a way should be devised to keep the

cables properly positioned on the pulleys in all cases. When the motors are off, the
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brake keeps the cables on the pulleys, but there is enough slack to allow the cables

to slide down to the bottom flange. Perhaps the pulleys could be machined with a

grooved surface to encourage the cables to remain in place. During normal use, a

parking clamp (manual or automatic) could be added to clamp the cables in place

before the motors are turned off, so that there is no slack. This way, the system does

not rely entirely on the motor brakes unless there is an emergency stop.

System Height: As already alluded to in previous suggestions, an important

design upgrade would be to lower the entire profile of the system. This is easy to

achieve with the alternate cable routing scheme since fewer cables and pulleys are

needed at each joint, and thus the height of each joint can be reduced. Lowering

the profile will reduce the strength requirements of the carriage, making smaller and

fewer wheels more than sufficient. A low profile design would be stiffer and lighter.

Drive System: The drive system for Planar MEDARM need not be open-ended

cable-drive. For example, the shoulder driving joint could be driven directly, and the

elbow and wrist could be driven by an open-ended or closed-loop cable-drive system.

This would increase the stiffness by decreasing dependence on the cables. This would

also simplify the system, and would require fewer motors and pulleys, which would

allow a large reduction in height of the system. In a 2DOF setup, several additional

pulleys can be removed, further reducing the weight and size of the exoskeleton.

Transmission System: Currently, the motors are coupled to the gears using

a timing belt with a gear ratio of 3, and then the ratio is decreased to 2 using

the windup pulleys. This was not the original design because the arrangement was

changed during assembly to accommodate larger pulleys and a new cable clamping

design. Ideally, this setup should be redesigned to properly accommodate the new

gear ratio, and new cable clamp system. This would reduce the inertia of the motor

system because several components could be reduced in size. Another option is to

have different gear ratios on different motors to offset the uneven force requirements
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for the cables of the alternate cable routing scheme. Also, the idler pulleys used to

tighten the timing belts are heavy and have relatively high friction, and should be

replaced with lower-friction, lightweight alternatives.

Motor Assembly: The attachment of the motor mounts to the exoskeleton is

a substantial source of compliance. Currently, the motor assembly is joined to the

system by a single piece of aluminum extrusion. When the cables apply force, the

motor assembly is pulled towards the driving joint, bending the extrusion. The result

is visually obvious, and fortunately, this unwanted bending can easily be remedied by

adding support brackets. Similarly, support should be added to prevent the motor

assembly from twisting the extrusion. The cable length (and hence compliance) could

be reduced by moving the motors as close as possible to the driving joint. Likely, this

would mean that some motors would be placed underneath the track.

Secondary Encoder Mounting: The secondary encoders were added to the

design after the initial design was completed, and as a result, the mounting fixtures are

awkward to work with. Most importantly, they should be more easily adjustable. At

the very least, they should be more accessible with more available adjustment. Also,

the links should include a built-in channel to route the encoder cables back to the base.

This will help to make sure that the cables do not influence joint motion. Finally,

the shoulder tape scale is very exposed in the current prototype. Any fingerprints or

scratches will disrupt the encoder readings. Therefore, a protective cover should be

added to prevent damage from accidental bumps and grabs.

Shoulder Joint Alignment: Another welcome addition would be to add an

external indicator of the location of the robot’s shoulder joint axis. There is no

equipment near the robot’s shoulder joint axis, thus it is difficult to align the user’s

shoulder joint with the robot. A properly aligned bar fitted with a laser pointer could

be added above the shoulder joint to indicate on the user’s shoulder where the robot’s

joint centre is located. The bar would be hinged so that it can swing out of the way
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when using the exoskeleton.

6.2 Cost Comparison

Another aspect of Planar MEDARM that can be compared with KINARM is

cost. Table 6.1 compares estimates of the total parts cost for several possible varia-

tions of Planar MEDARM with KINARM. Planar MEDARM as a 3DOF device costs

nearly twice as much as KINARM (only 2DOF). The majority of the cost difference

comes from the motor system because Planar MEDARM requires four motors and

drives whereas KINARM requires only two. Also, Planar MEDARM’s optional sec-

ondary encoders add significant cost ($2,900). The mechanical components of Planar

MEDARM are also more expensive because more parts are required to add the wrist

joint. Moreover, the curved track and pulleys are expensive components. The cost

difference is expected given the benefits that Planar MEDARM has over KINARM,

including a wrist joint and under-the-arm mechanical design.

However, it is more fair to compare a 2DOF version of Planar MEDARM with

KINARM. It is estimated that removing all components associated with the wrist

joint while maintaining an open-ended cable transmission, will reduce the cost by

approximately 20% (see Table 6.1). However, this is still not an ideal comparison.

As suggested earlier, it would be more practical to operate a 2DOF version of Planar

Table 6.1: A comparison of the estimated parts costs for several variations of Planar
MEDARM and KINARM.

Parts Planar MEDARM Cost KINARM
3DOF 2DOF? 2DOF† Cost

Motion Control $18,500 $14,200 $8,800 $8,800
Electrical $1,950 $1,750 $1,500 $1,500
Mechanical $6,650 $5,600 $4,500 $3,500

Total $27,100 $21,550 $14,800 $13,800
? 2DOF, driven by open-ended cable drive, 3 motors.
† 2DOF, 2 motors, no secondary encoders, similar to KINARM.
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MEDARM using a more direct approach. If the shoulder is driven directly, and

the elbow is driven by a closed-loop cable, only two motors are required. In this

case, Planar MEDARM and KINARM are of comparable cost because the motor and

electronic systems are identical, and the only differences arise from the mechanical

components. This 7% difference is a small cost difference given that this version of

Planar MEDARM offers the advantage of placing all of the equipment underneath

the user’s arm.

6.3 Rehabilitation Applications

In addition to testing the performance of Planar MEDARM, some basic rehabil-

itation strategies were implemented. This section briefly introduces these strategies,

and discusses in particular how Planar MEDARM functions using these strategies.

6.3.1 Resistive Exercise

In Section 2.2.2, it was mentioned that progressive-resistive exercise is an im-

portant aspect of the rehabilitation process. Virtual reality environments may also

require the ability to apply resistive loads to the joints or end-point of the robot to

simulate moving through materials of different viscosity. Thus, a rehabilitation robot

should be able to apply a wide range of resistive loads. Resistive loads are simple

loads that oppose motion with a magnitude proportional to the velocity of the motion.

For example, a resistive torque, τi can be applied to joint i with the form:

τi = −biθ̇i (6.1)

where θ̇i is the joint velocity, and bi is the resistive load gain. The same idea can

be applied to resistive end-point loads in which the resistive forces are applied in

Cartesian space to the end-effector.

Robots tend to become unstable when resistive forces exceed a certain magni-

tude because the velocity signal used to calculate the resistive load is not perfectly
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Figure 6.7: The maximum stable joint-based resistive load gains when using joint velocity
as calculated from (a) motor encoders and (b) secondary encoders.

smooth. Flexibility in the system (in-plane or out-of-plane) also causes fluctuations

in the velocity signal. Increasing the resistive load amplifies these issues, and ulti-

mately can cause unstable oscillatory motion. In general friction in the system can

help to dampen any oscillations. Therefore, robots with low friction such as Planar

MEDARM and KINARM are usually limited in the amount of resistive loading that

can be applied. With this in mind, some simple tests were performed to obtain an

idea of the resistive loading capabilities of Planar MEDARM.

Joint-based resistive loading was tested first. The test involved applying a resistive

load to each joint, one at a time, while moving the robot around the entire workspace

using both smooth and abrupt movements. The highest resistive load gain that

could be applied without causing any instability was recorded. Instability involved

oscillatory motion of the motors, and would typically first manifest as tiny vibrations

which could be felt at the robot’s handle.

The results of this test are shown in Fig. 6.7. Tests were performed using ve-

locity as measured by two different means: the motor encoders (Fig. 6.7a), and the

secondary encoders (Fig. 6.7b). The tests were repeated for each variation of Planar

MEDARM. Planar MEDARM was adjusted to its 50th percentile length for all tests.
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The first note to make is that using the secondary encoders allowed equal or

higher resistive loading for all cases. This is expected because the high-resolution

secondary encoders allow a smoother (less noisy) measure of velocity than the motor

encoders. Another expected trend that is readily apparent is that the maximum

resistive loading gain decreases for consecutive configurations changes: systems a-c.

This coincides with the reduction in friction at the joints seen in Fig. 6.5a. This

reduction in resistive loading capability is particularly noticeable at the wrist joint,

because the wrist joint friction was reduced substantially. In addition, the shoulder

joint exhibits enough friction that the maximum torque limits of the motors were

reached before instability was apparent. A final note is that the maximum resistive

load increased substantially for system d. The thicker cable increased the stiffness of

the system, making it more difficult to excite oscillatory motion.

A similar test was performed for end-point resistive loads. Instead of applying joint

torques proportional to joint velocity, end-point forces were applied to oppose end-

point velocity. The same procedure was applied independently for x and y directions,

as well as for the overall orientation of the end-effector (hand orientation). The results

depend highly on the location of the end-point in the workspace, and it was easier

to cause instability in some locations than others. This dependance on the end-

point location relates back to the dynamic manipulability of the system as discussed

in Section 5.4.3. As such, the recorded number reflects the highest resistive load

gain that will not cause instability for the entire workspace. For certain positions,

the maximum stable gain was substantially higher, but this level of loading caused

instability in other locations. The test was performed only with system d.

Fig. 6.8 compares end-point resistive loads with and without velocity signal filter-

ing. A second order Butterworth filter with a cutoff of 10Hz was applied to smooth

out the velocity signals to see how much effect it had on the maximum resistive load

gain. It is clear from Fig. 6.8a that without filtering, the secondary encoders out-
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Figure 6.8: The maximum stable end-point based resistive load gains when using end-point
velocity with filtering (a) disabled and (b) enabled. In (b), the velocity signals were filtered
using a 2nd order Butterworth filter with a 10Hz cutoff.

perform the motor encoders. This is due to the resolution difference between the

encoders. The difference between the two cases decreased with the addition of the

filter (see Fig. 6.8b), although the secondary encoders still allowed a higher gain.

This testing has shown that the secondary encoders help to improve the ability

to provide higher resistive loads. This capability will help to provide a broader range

of virtual environments. It is clear from these results that it would be beneficial

to stiffen the system. With a stiffer system, it would be more difficult to excite

oscillatory motion and cause instability. However, the cost of these encoders is about

$1,000 each, thus it is an expensive addition.

6.3.2 Assistive Trajectory Tracking

Another application for rehabilitation is to provide motion assistance. An assistive

trajectory tracking algorithm based on previous work [45, 46], has been implemented

without the need for force sensing. The basic algorithm discourages motion perpen-

dicular to the desired trajectory. Forward movement can be unaffected or assisted

by a force, while backward motion is discouraged. A channel is defined around the

trajectory within which no forces are applied. This gives the user a chance to make
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Figure 6.9: The assistive algorithm is designed to encourage the end-point of the robot,
P 0
ee, along a trajectory. The trajectory is divided into a series of points joined by linear

segments. The algorithm relates the end-point of the robot, P 0
ee, to one of these segments,

and determines when to apply forces. Each segment has its own reference frame associated
with it, which are related to the fixed reference frame 0 by a rotation and a distance.

the movement themselves without any interference from the robot.

The system operates based on creating linear movement channels between points

along a trajectory. As a point is reached, the next point becomes the new frame of

reference, and so on. As the points get closer together, approaching a continuous

trajectory, the channel segments become shorter, and the channel itself effectively

becomes continuous. The proposed algorithm was designed such that it will function

the same way even when the points are separated by large distances. Assuming

a linear trajectory between points, a force prevents movement backwards from the

current position along the trajectory. The following provides the mathematical details

of this algorithm. The proposed algorithm is described for the two-dimensional case,

but it could be extended to work for a three-dimensional trajectory.

Consider a series of points along a trajectory as shown in Fig. 6.9. These points

are defined in terms of the base reference frame 0. In Fig. 6.9, the end-point of the

robot position, P 0
ee, has just passed in front of trajectory point i− 1. The goal of the

algorithm now is to assist the end-point of the robot towards trajectory point i.
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The first step is to define all information in terms of the target trajectory point

reference frame i. Point i is the origin of frame i, which has a position relative to

the base frame given by x0
i and y0

i . The current linear trajectory segment (joining

points i − 1 and i) defines the xi axis where forward is positive, and the yi axis is

perpendicular to xi as shown in Fig. 6.9. The current trajectory segment is rotated

relative to the base frame by angle ψ:

ψ = arctan

(
y0
i − y0

i−1

x0
i − x0

i−1

)
(6.2)

The coordinates of P 0
ee can be transformed to the new frame by a rotation:

P i
ee =

[
xiee
yiee

]
=

[
cosψi sinψi
− sinψi cosψi

] [
x0
ee − x0

i

y0
ee − y0

i

]
(6.3)

Note that xiee is always negative until it passes the trajectory point i. Also, note

that yiee is a direct measure of the distance the end-point of the robot is away from

the desired trajectory. As soon as xiee > 0, the trajectory point i+1 becomes the new

target point, and thus the next segment becomes the current segment and the system

must be redefined in terms of frame i+ 1. While xiee < 0, it is possible to implement

some virtual boundaries to discourage movement away from the desired trajectory.

Fig. 6.10 shows a close up view of the current segment. A channel is defined

around the segment, as shown by the light gray shading. The end-point of the robot

is free to move within this boundary. In the yi direction, the channel has a fixed

width of 2εy. If yiee > εy or yiee < −εy, a force, f iy, will be applied to the robot in the

yi direction to push the end-point back into the channel.

The xi direction boundary works in a similar way, but the boundary is not fixed.

The boundary line is always a distance of εx behind the largest xi distance reached by

the end-point of the robot, ximax. As the end-point moves forward, ximax is updated

to the current xiee position. If the end-point moves backwards, ximax remains fixed. If

the end-point moves more than εx behind ximax, a force, f ix, is applied to the robot

in the xi direction to push it back into the channel. Thus, the channel has constant
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Figure 6.10: (a) A schematic diagram showing the notation for a single segment of the
trajectory. All variables in this figure are defined in the ith frame. The end-point of the
robot, P iee, is free to move within the channel (highlighted in light gray). The sides of
the channel are fixed, while the back of the channel is continuously updated to match any
movement made towards point i. (b) The force profile for motion in the yi direction, as
indicated by the section line “bb” in (a). (c) The force profile for motion in the xi direction,
as indicated by the section line “cc” in (a).

width, but shrinks in length as the user makes progress along the trajectory. Defining

the channel in this manner gives the user a chance to stay in place without any forces.

The last step to the algorithm requires a transformation of the channels forces, f ix

and f iy, to the base frame 0. The resulting forces, f 0
x and f 0

y , can then be applied to

the robot. The transformation is simply the reverse of the rotation used in (6.3).[
f 0
x

f 0
y

]
=

[
cosψi − sinψi
sinψi cosψi

] [
f ix
f iy

]
(6.4)

There are many options for the channel forces, although a particularly simple and

useful choice is spring force. This way, by changing the spring constant, the stiffness
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Figure 6.11: End-point position of Planar MEDARM as it moves through a channel defined
by (a) four points of a square, and (b) five points of a star. The origin is defined as the
shoulder joint centre. The channel width was defined to be εy = εx = 0.01m, and the spring
constants of the wall were defined as ky = kx = 400N/m. The black and grey lines trace each
of the channels walls as the end-point of Planar MEDARM was gently pressed up against
the wall. The black circles indicate the trajectory points. The dashed line indicates the
centre of the channel, and the arrow illustrate the direction of motion along each segment.

of the boundary can be changed. To apply a spring force when moving outside of the

channel in the yi direction, the applied force is:

f iy =


−ky(yiee − εy), yiee > εy
0, −εy ≤ yiee ≤ ε
−ky(yiee + εy), yiee < −εy

(6.5)

Equation (6.5) is illustrated in Fig. 6.10b by a force profile in the yi direction.

Similarly, a spring force can be applied when moving backwards in the xi direction:

f ix =

{
0, xiee ≥ (ximax − εx)
−kx(xiee − ximax + εx), xiee < (ximax − εx)

(6.6)

Equation (6.6) is illustrated in Fig. 6.10b by a force profile in the xi direction.

Additionally, a force may be applied in the xi direction to assist the movement. In

the simplest case, a constant force could be applied when xiee > (ximax− εx). Another

option would be to encourage the user to move within a velocity range along the

track. If the end-point was moving too slowly, a force would be applied to speed the

user up, and vice versa.
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A sample recording of motion within two different channels is presented in

Fig. 6.11. Fig. 6.11a shows a square trajectory defined by four points (black cir-

cles), and Fig. 6.11b shows a star trajectory defined by five points. The channel

width was defined to be εy = εx = 0.01m, and the spring constants of the wall were

defined as ky = kx = 400N/m. The centre of the channel is indicated by the dashed

line, and the arrow illustrates the direction of motion.

The traces in Fig. 6.11 show the end-point of Planar MEDARM as the handle

is gently pressed against the channel wall. The results show that the total channel

width is approximately 0.02m as expected. As evident from the curved lines, it is

quite a challenge to say outside the channel. It is difficult to maintain a constant

force while moving in the correct direction, because the force constantly tries to push

the end-point back into the channel. The fundamental goal of the algorithm is to

prevent users from leaving the channel, therefore these results are an indication that

the algorithm functions as desired.
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Chapter 7: Conclusions and Future Work

7.1 Project Overview

This project began with the idea to design a rehabilitation robot that provides

more complete control for the shoulder complex. The focus was to incorporate motion

of the shoulder girdle because this part of the shoulder complex has been poorly ad-

dressed in previous devices. MEDARM was designed to overcome this shortcoming,

providing independent control of the five major DOF of the shoulder. A key aspect

of the design process was to find a way to couple the robotic exoskeleton to the ster-

noclavicular joint of the user without placing equipment in front or above the user’s

head. A novel mechanical design based on a curved track emerged from MEDARM’s

design process to solve this issue and enables the mechanism to drive a limb joint

without requiring any equipment along the axis of rotation. Additionally, a method

was developed to design a spherical joint for the glenohumeral joint so that singu-

larities and collisions are avoided and manipulability is maximized. The technique

provides a visually intuitive way to design the joint while ensuring that the design

criteria are satisfied.

The curved track mechanism is actuated by a cable-drive transmission, and this

combined system required testing in a more controlled way before implementing

MEDARM’s ambitious design. Therefore, a planar version of MEDARM called Pla-

nar MEDARM was designed to evaluate the performance of the new mechanism.

Planar MEDARM was also designed to test out the feasibility of applying the new

design to KINARM to remove the need to place equipment along the shoulder joint

axis, and to provide a simple means of adding a wrist joint to the planar system. A

complete prototype of Planar MEDARM was fully assembled, and its performance

was analyzed and compared with KINARM.
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The results of the performance evaluation indicate that Planar MEDARM per-

forms as well as KINARM in most respects. Overall, the friction and inertia of

Planar MEDARM closely match KINARM. While Planar MEDARM’s shoulder joint

currently exhibits notably higher friction and inertia, modifications to the curved

track have been proposed to reduce friction and inertia to levels similar to KINARM.

Measurements of joint compliance show that the structure of Planar MEDARM is the

major source of compliance. The cable compliance is less than KINARM’s compli-

ance, thus there is potential to reduce compliance to comparable levels by stiffening

the structure. Furthermore, the vertical compliance of Planar MEDARM is close to 3

times less than KINARM, which is a direct result of the additional support provided

by the curved track.

A standard reaching experiment has shown that users can make reaching move-

ments with Planar MEDARM without any significant adverse effects on the natural

movements. The secondary encoders built into Planar MEDARM provide direct mea-

surement of joint kinematics, and improve the ability to implement stable resistive

exercise algorithms for both joint-based and end-point based movements. Addition-

ally, the use of an assistive trajectory tracking algorithm has shown that Planar

MEDARM is capable of providing motion assistance and guidance.

Planar MEDARM compares favourably with KINARM despite the added func-

tionality and new mechanical design ideas. The new design allows all equipment to

be placed underneath the user’s arm, which is invaluable from a clinical perspec-

tive because it is more comfortable for patients and it provides better access to the

limb by the clinician. Also, an actuated wrist joint has been included in the de-

sign. A wrist joint cannot be easily added to the current KINARM design without

adversely affecting the robot’s inertia. The Planar MEDARM prototype has suc-

cessfully demonstrated the benefits of MEDARM’s design, and has also shown its

applicability to extending the functionality of KINARM.
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7.2 Future Directions

As described in Section 6.1.4, the performance assessment of Planar MEDARM

led to a number of suggestions for improvement for future prototypes. As a first

step, these improvements should be implemented in a second prototype. However,

before building the entire prototype, it would be useful to build just the curved track

mechanism with the specific intent to reduce friction and inertia as much as possible.

This process might require several iterations. Once it is confirmed that the friction

can be reduced in a satisfactory manner, the rest of the second prototype should be

assembled based on the list of suggestions. The results of the second prototype will

determine whether or not KINARM should pursue this new design.

Planar MEDARM was only one aspect of this project - the ultimate goal is to

build MEDARM. Therefore, as a second step, MEDARM’s design should be iterated

to incorporate the lessons learned from the Planar MEDARM project. Most of the

suggestions from Section 6.1.4, are also relevant to MEDARM, and its design could

certainly be improved by incorporating these ideas. Furthermore, the practical expe-

rience gained from the first and second prototypes will help to fine-tune MEDARM’s

design substantially before building the full device.

Several additional important thoughts should be kept in mind while iterating the

MEDARM design, including the following:

• Vertical Support Cable: It would be beneficial to remove the need for the

vertical cable supporting the curved track. To accomplish this, the weight of the

track and carriage would have to be substantially reduced. Alternatively, the

motor for joint 1 would have to be larger. Better counterbalancing about joint 1

axis could be used to offset the weight of the track, but this would increase

inertia. One possible solution is the use of a passive spring-based system to

achieve static equilibrium at MEDARM’s zero configuration to counteract the

gravitational load on the joint.
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• Link Sliders and Adjustment: There is potential for simplification of the

sliders used to position the cuffs along the exoskeleton. Currently, the design

incorporates a T-channel in the main link, but this can be difficult to machine

properly. Also, to avoid binding, the sliders should be modified to avoid alu-

minum pieces sliding over other aluminum pieces.

• Joint Width: It is important to reduce the overall size of the joints as much as

possible to keep the device more streamlined and sturdy. With wide joints, the

cable forces will be more likely to bend the joints, increasing compliance. Steps

have been taken throughout the initial design phase to minimize this, but it is

still likely to be a source of compliance. It is also important to make joint 5 as

narrow and small as possible, as a large joint has the possibility of getting close

to the head during motions involving full combined elevation and abduction.

• Actuation System: After implementing the design changes, there will be a

need to optimize several components of the actuation system to account for

these changes. Some aspects of the design which will have to be re-addressed

include: motor sizes, gear ratios, pulley size (windup, guiding and driving), and

cable size. The gear ratios, cable thicknesses, and pulley sizes need not be all

equal for all joints/cables.

With all of these suggestions implemented in MEDARM’s design, the third step

should be to build a first prototype of MEDARM. As before, a full battery of tests

should be carried out to evaluate the robot’s performance.

In addition to improving the mechanical designs of the robots, there are a number

of other aspects of this project that should be considered in the future. The first is

dynamic modeling and control. In this thesis, a dynamic model based on estimates

of dynamic parameters from CAD drawings was used to assist with several design

choices. While sufficient for the design process, these estimates are not accurate

enough to implement advanced model-based control algorithms. Therefore it will be
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necessary to perform accurate dynamic calibration. However, the robots presented

in this thesis are adjustable in many ways, and the calibration would be different for

each subject. Thus it would be useful to develop a means of re-calibrating the system

each time the exoskeleton is adjusted for a new subject.

Another way to widen the scope of this project is to perform field testing of the

device. Pilot projects should be carried out to determine the effectiveness of the device

from both patient and clinician perspectives. Potential patient groups for the initial

phase of research should include stroke assessment and/or therapy. Another possible

avenue for research might be basic sensorimotor research with healthy subjects. Once

in use, there will undoubtedly be aspects of the system that could be improved, and

this type of feedback is invaluable to the future of these robots.

7.3 Final Words

The Planar MEDARM prototype has already provided invaluable insight into the

future development of KINARM, and it is clear that these results will have a signif-

icant influence on MEDARM’s final design. The innovative designs and techniques

developed during this project are important contributions to the robotic rehabilitation

and assessment fields.

Although robotic technology should never replace a physiotherapist, advances in

the technology will lead to an arsenal of new and powerful tools that enable therapists

to provide patients with better care. The ultimate goal is to increase the quality of

life of these patients, which in the end, is what matters most.
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