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Abstract

Human motor control pathologies, such as those caused by stroke, can be treated
through physical rehabilitation. The use of robots in therapy environments seems
appropriate considering the possibilities they offer for quantification of performance
as well as "quality control" between therapy sessions. The research presented in
this thesis is part of the continuing development of robotic applications for physical
therapy and neuro-rehabilitation at the Newman Laboratory for Biomechanics and
Human Rehabilitation. MIT-MANUS, a robot for shoulder and elbow therapy devel-
oped in this lab, introduced this new brand of therapy, offering a highly backdrivable
mechanism with a soft and stable feel for the user. The focus here is the development,
characterization, and implementation of a robot for wrist rehabilitation, designed to
provide three rotational degrees of freedom. The wrist motions of flexion/extension
and abduction/adduction are governed by a differential gear mechanism, while prona-
tion and supination of the forearm are actuated by a curved slider attached to the
rest of the mechanism. Through the characterization, the device was found to exhibit
some unwanted behavior, largely attributable to the nonlinearities inherent in the
system. Efforts to suppress these effects through control are presented along with
recommendations for addressing these problems at the design level. The alpha proto-
type has been set up for clinical trials by providing a functional control scheme along
with "video game" patient interfaces; initial clinical trials will run in parallel with the
development of the next version of the device. If improvements comparable to those
seen with the use of MIT-MANUS are seen with the wrist robot, then rehabilitation
therapists will have a new and useful tool at their disposal.

Thesis Supervisor: Neville Hogan
Title: Professor, Mechanical Engineering
Professor, Brain and Cognitive Sciences
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Chapter 1

Introduction

Robots and automated machinery have found a number of uses in today's society. In

general, industrial robots are designed to be stiff with respect to their environments,

since an important measure of their performance is their ability to track a prescribed

trajectory. Part of the research at the Newman Laboratory for Biomechanics and

Human Rehabilitation has been to introduce robotic technology that interacts with

human beings, mainly by designing and developing robots for physical therapy appli-

cations. Such robots should exhibit a softer feel, not only for safety, but because the

emphasis is no longer on trajectory control; ideally, these robotic therapists would

act as pure, controllable, effort sources, so that the targeted limb could be pushed

around in response to its motion. The introduction of robots into the field of physical

therapy opens the door to many research questions. The mere fact that data gathered

from robots can be so repeatable promises orders of magnitude of improvement over

the current methods of data collection in human motor control. Insights into human

motor control, human learning, and the ability to provide customizable, adaptive, yet

rigorously quantified therapy are all among the potential benefits. Reaching these

goals depends on the design and development of appropriate hardware.
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Figure 1-1: Photograph of the wrist robot, currently installed at the Burke Rehabil-

itation Hospital.

1.1 Objectives

The research presented in this document traces the continuing development of a robot

designed for wrist rehabilitation, shown in Fig. 1-1. The overriding theme is to create

a usable clinical device using the conceptual and detailed design provided in Ref. [54]

as a foundation. This is accomplished by addressing the following goals:

e Assemble the wrist robot as described in the original design [54], modifying it

as needed to ensure functionality.

e Analyze the design to determine the areas of focus for redesign.

e Properly identify the mechanisms involved in the operation of robot.

* Create a model of the system competent enough to predict experimentally de-

termined behavior.

e Design a controller for the system capable of ensuring smooth, stable operation.
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. Characterize the corresponding performance limits of the device.

* Create video games to be used by the robot for therapy.

" Lay out the areas that should be addressed in the future development of this

project.

1.2 Motivation

Each year, about 700,000 Americans become victims of stroke [58] making it the third

largest cause of death and the leading cause of disability in the country. The risk of

stroke increases geometrically with age, so that an increase in the incidence of stroke

among the population can be expected as the average lifespan increases. Depending

on the severity of the stroke, survivors may lose their pre-stroke levels in abilities that

rely on cognition and motor control. Research has shown that the brain's plasticity

leaves open the possibility for motor recovery [10]. Plasticity refers to the brain's

ability to reorganize itself, which can be stimulated through physical therapy. This

physical therapy generally involves one-on-one attention from a therapist who assists

and encourages the patient through a number of repetitive exercises. The repetitive

nature of therapy makes it amenable to administration by properly designed robots.

A robotic therapist can eliminate unnecessary exertion by the therapist, quantita-

tively monitor and adapt to patient progress, and ensure consistency in planning and

executing a therapy program.

1.3 MIT MANUS

MIT-MANUS, shown in Fig. 1-2, is a planar, two degree of freedom robot providing

exercise for the upper extremity as the patient completes a series of "video games"

that involve positioning the robot end effector. The design of this robot, completed in

1991, is based on a five-bar, parallel drive Selective Compliance Assembly Robot Arm

(SCARA). By minimizing the endpoint impedance of the robot and using impedance
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Figure 1-2: Photograph of MIT-MANUS I, currently in service at the Burke Reha-

bilitation Hospital.

control, it is able to interact with the patient safely and without excessively interfering

with the patient's natural arm dynamics. The controller sets up a virtual spring and

damper between the task-defined, time-dependent equilibrium point and the position

of the end effector. Clinical trials involving MANUS and MANUS-II [56], the alpha

and beta prototypes installed at two different rehabilitation hospitals, have shown

that robot therapy has great potential. Even as more extensive studies are currently

underway to provide additional insight into the usefulness of robot therapy, the success

of MANUS has led to the design of more robots to allow for more functionally relevant

therapy.

Task related training has proven to be an effective method of therapy in stroke re-

habilitation. Improvements due to physical rehabilitation are localized to the targeted

area so that, in order for a patient to relearn a given task, that task must be rehabil-

itated. In order to extend the impact of the robotic therapy techniques developed for

MIT-MANUS, new modules targeting other limbs are in development. Designed as a

three-dimensional extension to MANUS, the vertical module is currently installed at

Burke as a stand-alone robot. Figures 1-3 show this robot before and after packaging,
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(a) Prototype ball- (b) Covered with bellows.
screw design.

Figure 1-3: A vertical extension for MANUS, currently installed at the Burke Reha-
bilitation Hospital.

with Fig. 1-3(a) revealing the ball-screw actuated design [8]. Projects in earlier stages

of development include those for the fingers and for gait training. Stroke survivors

commonly present with reduced fine motor control in their hand; intricate control

over the action of the digits allows man to interact with his environment. Once

completed, the finger robot will address this issue within the paradigm of providing

low mechanical impedance hardware for therapy delivery [52]. Other stroke-induced

impairments can directly and indirectly (through voluntary compensatory motions)

affect an individual's ability to walk. Though often taken for granted, the ability to

walk represents a certain level of independence for a person. The gait training robot

will consist of a number of modules, eventually allowing for independent and coop-

erative assistance of those functions that are critical to human ambulation: weight

shift and support, forward progression, ankle mobility, and foot placement.

The research presented here focuses on the effort to develop a robot for wrist

rehabilitation. The mobility of the wrist and forearm enhances the value of finger

articulations by allowing the hand to take up a wide variety of orientations with
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Figure 1-4: Photograph of MIT-MANUS I version of wrist design.

Distal Wrist Connection
Handle
Connection

Forearm Support

Wt. / urvea Niiae
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and Gear Train Flexion/Extension and
Housing Abduction/Adduction

Actuator

Figure 1-5: CAD solid model representation of the wrist robot [54].

24



respect to the upper arm. The original design for MIT-MANUS included an actuated

handle attachment, shown in Fig. 1-4 to provide for wrist therapy. This design did

not find its niche in practice, largely due to difficulties with patient access. Figure

1-5 shows the true starting point for this research, a CAD solid model of the wrist

robot as designed by Williams [541. The robot provides three actuated degrees of

freedom: one for forearm articulation and two for wrist rotations. The design will be

introduced in more detail in Chapter 3.

1.4 Outline of Chapters

The remainder of this thesis follows through on the aforementioned objectives as

follows:

Chapter 2: This chapter elaborates on the motivation behind this work, providing

information on the relevant biology and therapy practices.

Chapter 3: Important details from the design of the device are presented here. The

steps taken to render the robot functional are also discussed. Finally, details

relating to the overall system operation are presented.

Chapter 4: In this chapter, the characterization of the individual components used

in the robot is discussed.

Chapter 5: Model reticulation and system identification for the assembled robot are

found here.

Chapter 6: The investigation of the stability and control of the device are covered

in this chapter.

Chapter 7: This chapter offers the context in which the robot will be used.

Chapter 8: The final chapter ties together the major conclusions, elaborates on the

state of the project, and discusses the avenues of research with this device that

have yet to be explored.
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Chapter 2

Background

Before delving into the details of the design, it is useful to discuss some of the under-

lying biology. This information has not only helped direct the design of the robot,

but has also clarified its purpose. This chapter is not meant to be an extensive study

of these topics, but is merely meant to introduce them to the point of usefulness.

2.1 Anatomy and Anthropometry

The wrist robot targets three degrees of freedom: two degrees of wrist articulation

and one degree of forearm rotation. This section reviews these motions, their basic

mechanisms, and some of the anthropometric data characterizing them. Detailed

presentation of the relevant dimensions and strength of the hand and wrist have

been omitted in this discussion as they have been covered by Williams [54] during

the design phase of this project. Parameters that are not discussed in this chapter

but are relevant to the remainder of the thesis are summarized in Table 2.1. These

parameters, tempered by knowledge of patient variability, especially due to edema or

hypertonicity, provide guidelines for the mechanical design.

27



Wrist Breadth 2.7 in
Wrist Thickness 1.7 in
Distal Wrist Crease to Handle Center 3.0 in
Rotational Inertia about Flexion/Extension Axis 10.2 lb-in 2

Rotational Inertia about Abduction/Adduction 14.4 lb-inT
Rotational Inertia About Pronation/Supination 5.9 lb-in 2

Hand Volar Flexion Strength 1100 oz-in
Hand Dorsal Extension Strength 1500 oz-in
Handle Pronation Strength 2000 oz-in
Handle Supination Strength 1700 oz-in

Table 2.1: Summary of key anthropometric data for the male 5 0 th percentile [54].

2.1.1 Wrist Articulation

The biomechanics of the wrist joint are more complex than the resulting motion of

the wrist would suggest. The wrist motions of interest are depicted in Fig. 2-1 [311.

Rotations about axis AA' are described as flexion (arrow 1) and extension (arrow 2).

Rotations about BB' are known as adduction (arrow 3) and abduction (arrow 4).

The term adduction can be used interchangeably with the term ulnar deviation, as it

describes wrist motions moving toward the ulna; similarly, abduction is also termed

radial deviation. Figure 2-2 shows that a human is generally capable of 150 of active

abduction and 30' of active adduction when ignoring finger adduction. Figure 2-3

shows the active range of motion of the wrist in flexion and extension both to be 85 0.

The overall motion of the wrist is a summation of the interactions of the individual

carpal bones both amongst themselves and with the adjacent bones of the forearm

and hand. The eight carpal bones of interest are generally divided into a proximal and

distal row. Figure 2-4 shows the layout of the carpals and tendons of the wrist. The

shape of each carpal bone defines its kinematic relationship to each neighboring bone,

thereby contributing to the overall wrist mechanism [2]. Subtleties notwithstanding,

it is appropriate to think of the wrist as a Cardan joint within the context of the

two gross motion patterns discussed above, at least in a limited sense. Due to the

nature of the articular complex, however, it is important to note that the motions
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A

Figure 2-1: Drawing showing the axes of wrist rotation [31].

II *2
/

- -, -4

Figure 2-2: Drawings from left to right: available range of motion in wrist abduction

(radial deviation), a neutral position, available range of motion in wrist adduction
(ulnar deviation) [31].
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Figure 2-3: Drawings from left to right: available range of motion in wrist flexion, a
neutral position, available range of motion in wrist extension [31].

of the wrist joint are coupled. The range of radial and ulnar deviation is minimal

when the wrist is fully extended or flexed because of the tension developed in the

carpal ligaments [31]. The degree of forearm articulation, the subject of the next

section, also plays a role as the achievable ranges of flexion and extension are reduced

when the wrist is pronated and abduction is greater in supination than in pronation.

This idea is further exemplified in Figure 2-5, which shows the so-called "cone of

circumduction." Movements of circumduction refer to the combination of movements

of flexion, extension, adduction, and abduction. The coupling between the wrist

rotations defines the shape of the cone.

2.1.2 Forearm Articulation

The third type of motion addressed by the wrist robot is the rotation of the forearm

about its longitudinal axis, known as pronation and supination. Pronation refers

to rotating the forearm in the direction that causes the palm to face down while

supination refers to the opposite rotation, causing the palm to face up. This rotation

is easiest to observe when the elbow is flexed, thus eliminating any confusion with
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Figure 2-4: Drawings depicting the bone and ligament structure of the articular
complex of the wrist [31].

Figure 2-5: Drawing depicting the "cone of circumduction," the envelope of the locus
of orientations the axis of the hand can make during normal wrist movements [31].
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shoulder rotation. Figure 2-6 shows that the position of neutral rotation occurs when

the open palm lies in the plane formed by the shoulder and elbow. In other words, the

relationship between a lab frame and a frame of reference describing this rotation is

determined by the degree of shoulder abduction. This fact becomes important when

considering patient placement at the device. Figure 2-6 also shows that the effective

range of motion in pronation and supination is nearly 180 .

Figure 2-6: Forearm articulation.
[31].

The center drawing represents the neutral position

Forearm rotation is a result of the two long bones of the arm, the radius and the

ulna, rotating over each other. Figure 2-7 shows that the axis for this motion is not

constant throughout the range. In supination, the two long bones are parallel to each

other. In pronation, however, the radius and ulna are crossed and the axis of rotation

is no longer parallel to the radius of the ulna. For the purpose of the design presented

here, the main interest is when the forearm lies on the table throughout the motion,

i.e., the ulna remains stationary and the radius rotates about it. For this situation, it

is appropriate to approximate the location of the axis of rotation through the medial

edge of the ulna [31] as shown in Fig. 2-8.
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Figure 2-7: Schematic of forearm articulation locating the axis of rotation. The set
of drawings on the left represent supination, while the two drawings to the right

represent pronation [31].

Figure 2-8: Front view of forearm articulation when the forearm is resting on a table

throughout the rotation. Note that the axis of rotation is situated slightly above the

table, coinciding with the medial edge of the ulna [31].
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2.2 Perception

Combining information about the capabilities of the normal human wrist with how

humans internally perceive actions on their limbs provides a useful backdrop for de-

termining functional requirements. Sensors in the receptor system encode important

information about sensation that is integrated at higher levels in the central nervous

system. These sensors tend to be very specialized to cover the many quantities hu-

mans are able to sense. They can be loosely categorized as exteroceptors, which are

responsible for conscious sensation, and proprioceptors, which are not responsible for

conscious sensation [36]. Cutaneous reception and visual feedback are examples of

important conscious sensations during motor control. Proprioception, namely the

combination of limb-position sense and limb movement (kinesthesia) [29], is com-

posed of signals from muscle spindle receptors, Golgi tendon organs, and receptors in

the joint capsule [29]. A useful analogy found in Ref. [36] likens the muscle spindle

receptors to strain gauges and the Golgi tendon organ to a force transducer.

Human perception is not a direct record of the environment, but rather a func-

tion of how the nervous system interprets the sensory information it receives. The

goal in the field of psychophysics is to correlate the quantitative aspects of physical

stimuli gathered by these sensors with the sensations they evoke [29]. Experimenta-

tion has yielded information on this interplay between cognition and sensation. The

determination of the just noticeable difference (JND) is akin to the determination

the resolution of the human system. This "resolution" must be taken in context,

however, as the JND is generally found to be proportional to some reference level

(Weber's Law). Table 2.2 summarizes the JNDs associated with wrist activity [51].

2.3 Human Motor Control

Between the decision to make a given movement and the execution of that movement

by the body lies a complicated feedback control system. The basic unit of the nervous

system is the neuron; afferent neurons convey information from tissues and organs
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Activity JND
Wrist and Forearm Rotations 2
Velocity 10% of the reference
Acceleration 20% of the reference
Force 7% of the reference

Table 2.2: Haptic data showing the just noticeable difference (JND) for various ac-
tivities associated with the wrist [51].

into the central nervous system (CNS), efferent neurons transmit signals from the

CNS out to the effector cells (muscles and glands), and interneurons serve as connec-

tions between afferent and/or efferent neurons within the CNS. There are roughly 10

efferent and 20,000 interneurons for every afferent neuron [55], indicative of the fact

that even the simplest sensation can give rise to multiple neural and, consequently,

physical events. Current understanding offers a hierarchical picture of human mo-

tor control with five major subdivisions: the cerebral cortex, the basal ganglia, the

cerebellum, portions of the brain stem, and the spinal cord. Each subdivision plays

a role as processed information from the cerebral cortex, collected from the entire

motor apparatus, is refined and modified for execution. All sensory stimulation must

first be transformed into neural events, or, action potentials. Force is generated in

the muscle when the electrical signal from the efferent neuron activates a series of

contractile proteins in the muscle fiber that make up the muscle. The muscles are the

actuators for the skeletal system, whose geometry defines the transmission of these

forces. Neural circuits in spinal cord provide for reciprocal innervation of agonist and

antagonist muscles, which can contribute to the stability of movements or modulate

the limb impedance, among other things. Coordinated movement is characterized

by appropriate timing and sequence of muscle activation which is, in large part, a

learned capability, consisting of both feedback and feed-forward mechanisms [29].

While much of the circuitry necessary for movement is contained within the spinal

cord, the organization of these movements apparently takes place at higher levels in

the brain. One approach to gaining knowledge about motor control has been to

make inferences from the observation and measurement of selected movements. Such
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information can be useful in determining control schemes and desired trajectories

for an interactive robot. Through dynamic optimization of data from point-to-point

movements by primates, it has been shown that such movements are organized so

that the trajectory in Cartesian space is smooth, i.e., they follow a minimum-jerk

trajectory [25]. A competing theory expounded by Uno [6] holds that movements are

organized so as to minimize the integral of time derivative of joint torque, offering a

dynamic rather than kinematic view of motor control.

2.4 Stroke

Also known as cerebrovascular accidents (CVAs), strokes are generally caused by a

blockage in the arteries supplying the brain (ischemia) or by bleeding from burst blood

vessels within the brain (hemorrhage), each of which interrupt the blood supply to

the brain. Blood transports oxygen and nutrients to the brain while transporting

carbon dioxide and other waste products from it. Three major vascular trees supply

the arterial blood flow into brain: the right and left internal carotid arteries and the

vertebral-basilar system. Any interruption in the flow of blood to and from the brain

jeopardizes the survival of the affected tissue and its associated functions. Ischemic

stroke, the most common type of stroke, is generally caused by a narrowing of the

arteries of the head and neck, in turn commonly caused by atherosclerosis. Blood

clots can form on the roughened arteriosclerotic blood vessel wall (thrombosis), or

clots can form elsewhere, usually in heart, and break off and lodge at a distant site,

occluding circulation at that point (embolus) [14]. The cells deprived of blood for too

long will die (necrosis), leaving what is known as an infarction. Cerebral hemorrhages,

much less common as a cause of stroke, involve the bursting of blood vessels in the

brain either within the brain or at the surface in subarachnoid space. As the brain fills

with blood, healthy brain cells are displaced and pressurized, resulting in lesions. The

damage to the neurons and pathways in the central nervous system caused by a CVA

can cause two types of impaired motor control to appear immediately, namely a loss

of volitional movement on the affected side (hemiparesis) and inappropriately timed
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or graded muscle activations. With time, other impairments will appear including

hyperactive stretch reflexes, increased resistance to passive movement due to changes

in the mechanical properties of muscle (spasticity), and hypo-extensibility of the

muscle-tendon complex (contracture).

Spasticity is a relatively poorly defined term that has been used to refer to hy-

peractive stretch reflexes, increased resistance to passive movement, prominence of

primitive synergies, and excessive co-contraction of antagonist muscles, among other

things [14]. In each definition, the resulting impairment can be likened to some sort

of hypertonicity. Functionally, spasticity can be viewed as an asset; spasticity can

provide support for otherwise uncontrollable motions. In this sense, spasticity and ab-

normal reflexes can be viewed as safety features against more disabling impairments

such as muscle weakness and loss of coordinated movement. Another pathological

consequence of stroke is contracture, which is often a result of neglect of an affected

joint. When a joint is neglected, its controlling muscles will atrophy and the colla-

gen and other connective tissue will reorganize, even ossify, across the joint. While

the difficulties associated with contracture can be similar to those associated with

spasticity, muscle activity is not a factor in contracture; contracture may be a con-

sequence of a neural injury, but it does not constitute a neural deficit. Finally, in

discussing the various pathologies stemming from stroke, it is important to mention

the cognitive and perceptual consequences. Sensation and perception, along with

their importance in the motor control feedback loop, have already been discussed.

Loss of proprioception may prompt disuse of a given muscle despite an otherwise

intact efferent pathway. Since the effects of a stroke are so highly dependant on the

specific nature of the injury, including the size and location of the resulting lesion,

the prescribed therapy is highly individualized.
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2.5 Human Motor Recovery

2.5.1 Brain Plasticity

The human brain is capable of extraordinary self-reorganization, making the actions

of learning and remembering possible. This ability to dynamically modify neural

pathways is known as plasticity. While the brain is hierarchical in nature, its paral-

lel, possibly redundant, neural pathways may allow for this plasticity. Brain injury

incurred early in life can be accommodated for, as alternate regions of the brain can

be recruited to perform functions normally performed by the injured section. Later

in life, the brain is considered less plastic; brain trauma at these stages results in less

favorable prognoses for recovery. This could be the result of the brain attempting a

reorganization within a more mature structure whose connections are not so easily

reintegrated. In any case, there is a strong motivation to look for analogies between

the processes of motor learning and motor recovery, offering a reason to expect that

therapy would be useful. There is some poorly understood period of spontaneous

recovery, usually within the first few months after the incident. After those neu-

rons that have been reversibly injured recover, the stroke patient can be left with

impairments as described in the previous section.

2.5.2 Physical Therapy

Stroke rehabilitation is a restorative process that seeks to hasten and manage recov-

ery by treating the disability caused through prevention of secondary complications,

remediation (treatment to reduce neurological deficits), compensation to offset and

adapt to residual abilities, and maintenance of function [23]. A well-planned reha-

bilitation scheme employs a team of medical professionals [12] in order to deal with

the many facets of disability and impairment. There are certainly alternatives and

complements to physical rehabilitation including medical and surgical procedures and

the use of orthotics, though the remainder of this discussion will focus on physical

therapy. The main goal of physical rehabilitation is to maximize motor performance
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and minimize functional deficits within the constraint of the neurological deficit [14].

Two of the key players involved in achieving this goal are the occupational therapist

(OT) and the physical therapist (PT). The difference between the two types of ther-

apists is found in the distinction between impairment and disability. PTs attempt to

address functional restoration of impairment, i.e., the rehabilitation of gross motor

function. OTs, on the other hand, attempt to address disability by working on func-

tional activities and teaching compensatory strategies that will allow the patient to

operate successfully within his environment.

In motor learning, the practice of a specific skill will not affect performance in

another skill [1]. The inability to generalize is addressed by working on exercise in

the context of functional activities. Wrist and forearm articulation play an important

role in enhancing the usefulness of the hand by allowing it to take up a variety of

orientations with respect to the elbow. One can imagine that forearm articulation

is prominent in turning tasks. Examples of tasks requiring wrist rotation include

painting, waving, flipping a switch, and throwing a curve ball. Measures of the

ranges of motion of functional wrist activities through the course of a day show that

50' of flexion and extension, 120 of radial deviation, and 400 of ulnar deviation are

common. An immobile wrist can force a person to compensate with exaggerated

upper arm movements that are not even entirely successful. It is, therefore, beneficial

to focus on the restoration of wrist and forearm functionality.

Patient evaluation in rehabilitation is largely one of function. There are a number

of clinical scales meant to indicate levels of disability or impairment, all with varying

degrees of uncertainty and subjectivity. Some, like the Manual Muscle Test (MMT)

and Fugl-Meyer, attempt to address impairment by assigning scores from an ordinal

scale to specific motions as judged by the therapist. Others, like the Functional

Independence Measure (FIM) and the Barthel Index focus on the patient's ability to

execute common activities of daily living (ADL), with scoring based on the amount of

assistance needed. Evaluation equipment is available for more objective measurements

such as dynamometers or the goniometer shown in Fig. 2-9. In clinical practice,

however, evaluation of quantities like tone, strength, and range of motion is often
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qualitative.

Figure 2-9: A multi-degree-of-freedom wrist goniometer [47].

This discussion will close with a review three of the major thrusts of wrist and

forearm therapy. In order to combat contracture and otherwise stiff joints, therapists

will employ what is known as continuous passive motion (CPM) exercises. In these

exercises, the patient's joint is forced through its range of motion a number of times.

Commercial devices exist to automatically administer this type of therapy, some

examples of which are seen in Figs. 2-10. The other two important types of therapy

require more patient involvement. With resistance and strengthening exercises, the

patient is encouraged to withstand forces and move against forces, respectively. The

Multiwrist, shown in Fig. 2-11, is advertised as a portable solution to wrist exercise

and assessment needs. It is configurable to provide resistance to each of the motions

targeted by the wrist robot, though it is only capable of one motion at a time.

Resistance is achieved by stacking weights like many universal exercise machines and

the device comes with optional digital angle measurement capabilities.
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(a) Device for wrist ro-
tations.

(b) Device for forearm
rotations.

Figure 2-10: Some commercially available CPM devices by Joint Active Systems, Inc.

[59].

Figure 2-11: The Multiwrist [61], a commercially available device for wrist exercise.

41



2.6 Implications

This chapter has covered the basic biology necessary for understanding the motivation

for and execution of this project. Each topic presented here is an active area of

research in its own right. It is anticipated that the completed wrist robot will not

merely take its place as an advanced rehabilitative tool, but also serve as a research

tool in many of these fields. Summarizing the main points to take from this discussion:

" Discussion of anatomy and anthropometry helps define the proper mechanical

design constraints.

" The articular complex of the wrist can be approximated by a two-degree-of-

freedom joint whose axes are perpendicular, but whose ranges of motion are

coupled.

* The axis of forearm rotation is not parallel to the long bones of the arm through-

out the range of motion and is referenced to a plane defined by the arm.

" Knowledge of the limits of human perception should also be considered in de-

termining functional requirements for the hardware.

* Stroke can adversely affect human ability in motor control, though the brain's

resiliency allows for motor recovery.

" Currently, physical therapy techniques for the wrist involve continuous passive

motion, strength training, and resistance exercises, occasionally using commer-

cially available mechanisms.

* Properly implemented, the device described in this thesis could provide objec-

tive measurements that will benefit studies on the nature of human movement

and motor recovery.
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Chapter 3

System Overview

The current design of the wrist robot is the work of former Master of Science stu-

dent Dustin Williams. The reader is referred to Dustin's thesis [54] as a source for

understanding the thought that went into the design process. A great deal of per-

spective has been gained through the re-examination of that design and experience

with its hardware. This chapter presents the features of the robot and points out

some of the more important differences between the original design and the present

implementation. A more complete listing of the necessary modifications is provided

in Appendix C. Figure 3-1 shows the robot as ultimately deployed at the Burke

Rehabilitation Hospital.

Note that throughout the remainder of this thesis, the following nomenclature will

be used:

PS: The motor (or corresponding axis) controlling pronation and supination, located

at the back of the assembly.

ADL: The left motor (from the point of view of the patient) controlling abduction

and adduction as well as flexion and extension movements.

ADR: The right motor, complementary to ADL.

DIFF: The motors controlling the differential, i.e., ADL and ADR together.
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Figure 3-1: Photograph of the wrist robot, currently installed at the Burke Rehabil-

itation Hospital.

3.1 Functional Requirements

In laying out the framework for the design of the wrist robot, it is important to

tie in the information presented in the preceding chapter. This section reviews the

quantified functional requirements devised by Williams [54] and attempts to comment

on their appropriateness within the context of the information presented in Chapter 2.

Overall functional requirements filter down to define the specific requirements for

each component of the design. The effects of these choices and the extent to which

the overall requirements were met are subjects that are revisited throughout the

remainder of this thesis.

3.1.1 Ranges of Motion

The most basic requirement for this device is that it provide for motion of the wrist

and forearm. Table 3.1 summarizes the stated design requirements and chosen ranges

[54] for each targeted motion. The discussion from Chapter 2 suggests that the
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Motion Desired Range Designed Range
Wrist Flexion 700 600
Wrist Extension 650 600
Wrist Abduction 150 200
Wrist Adduction 300 300
Forearm Pronation 900 760
Forearm Supination 900 760

Table 3.1: Initial functional requirements for the robot's range of motion [54].

designed ranges would be appropriate for abduction, flexion, and extension, as they

exceed the ranges expected during normal functional tasks. Wrist adduction could

prove somewhat problematic, as its designed range of motion is 100 less than the

maximum expected excursion in functional tasks1 . The designed ranges for pronation

and supination seem useful, but recall that this value is a measure of the handle

orientation in a lab reference frame and is not a measure of the patient's own forearm

articulation. This situation will be discussed more fully in section 3.5.

3.1.2 Required Output Torques

Experimentation prior to the design [54] estimated that useful therapy would require

170 oz-in from the differential axes and 240 oz-in from the PS axis. It is neither

expected nor desired that the robot be capable of exerting forces comparable to

the maximum strengths mentioned in section 2.1. The robotic therapist's goal is to

assist in patient motion; patients exhibiting hypertonicity or otherwise stiff joints may

require some type of CPM treatment before using this device. The effects of spastic

reflexes is not entirely known. Determination of more appropriate strength levels will

be borne out through pilot studies with stroke patients.

'Recall from section 2.5.2 that 400 of wrist adduction is common in everyday tasks.
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3.1.3 Endpoint Impedance

One of the important features of MIT-MANUS is its backdrivability, a property that

comes from its low mechanical impedance as seen from the endpoint. Closed-loop con-

trol for this robot is accomplished using position feedback, as will be seen in Chapter

6. There is no force-feedback nor any intention to use a twice-differentiated position

signal for inertia compensation. This places the onus on the designer to prevent the

mechanical impedance from being dominated by endpoint inertia. Endpoint friction,

which presents its own set of control problems, should also be avoided. Inertia speci-

fications were qualitatively determined at 10 - 15 lb-in 2 for each of the three axes in

question [54]. Frictional forces less than 30 oz-in were also deemed backdrivable [54].

Using an argument based on human perception, the most restrictive requirement

on endpoint inertia occurs where the robot is acting in a "passive2" sense, so that the

reference force is the inertial load felt by the patient. This translates to an inertia

requirement for the robot of 7 % of the human limb inertia of each axis. Such an

exceedingly restrictive design requirement is not merely unrealistic, it is unnecessary.

While part of the goal is to introduce hardware that will interact transparently with

the human dynamics, feeling some inertia from the device is not prohibitive. In truth,

as long as the machine is backdrivable in passive operation, the endpoint inertia is

adequate. This is due to the fact that, in general, the robot will be active and the

accelerations will be low, meaning the inertial load will be small in comparison to the

reference force. In robot-assist mode, the inertia will likely be more difficult to notice,

since the reference forces will be dominated by the actuator effort and, presumably,

lower than any encountered inertial load3 .

Choosing an appropriate limit for friction is an even more ambiguous task. To be-

gin with, this depends on the nature of the friction considered. There are a number of

different models that describe tribological phenomena. In this thesis, static, kinetic,

and viscous friction will be discussed. Dry friction, encompassing static and kinetic

2 When referring to robot operation, the term passive is meant to imply that the robot has no
preferred position and, therefore, is not assisting the patient toward any equilibrium point.

3 Realize that as a therapeutic device, the robot will be operate at low speed and potentially high
torque. Actuator effort should influence patient motion much more than inertial loads.
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friction, is often modeled as the meshing of asperities on the surfaces of two contact-

ing bodies. The effective contact area is proportional to the normal load, as seen

through Hertzian contact stress analysis, and not related to the geometric contact

area. Static friction, or stiction, is generally higher than kinetic friction. This causes

problems at low velocities, as the system is liable to exhibit stick-slip type behaviors.

Velocity-dependent friction should be designed to be small compared to the desired

environment damping added through control and the poorly defined damping that is

naturally present in the human joints. Friction is notoriously difficult to characterize

and is often highly position dependent, making many control strategies difficult to

implement. Suffice it to say, it is in the best interest of the design to minimize fric-

tional contributions. Should it become desirable to introduce damping effects, this

can be done by controlling the actuators.

3.2 Actuation

The system uses three Kollmorgen brushless servomotors to generate motion. The

ADR and ADL motors are both model RBE 711 motors, and the PS motor is an

RBE 712, all of which have 6 magnetic poles (3 pole pairs) on the rotor. Brushless

servomotors were chosen due to their potential for higher torques, lower speeds, and

better heat dissipation [54]. Briefly, brushless motors replace mechanical commutators

(brushes) with electrical commutation. Permanent magnets on the rotor are affected

by the phase currents developed in the windings of the stator. Ideally, these actuators

should produce a torque proportional to the input current. In reality, torque pulsa-

tions4 cause the actual torque to depend on the electrical position of the rotor. For

practical reasons, the windings are bunched together in slots, producing irregularities

in the magnetic circuit and, consequently, preferred rotor positions known as cogs.

These motors have skewed slots in order to alleviate cogging torques. The other form

of torque pulsation worthy of note is torque ripple, a position-dependent variation

4 Torque pulsation is a term that will be used to refer to any phenomenon that causes the actuator
torque production to vary from the ideal. The main types of torque pulsation discussed in this thesis
are cogging torque and torque ripple.
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in the torque constant of the motor that results from the position-dependence of the

mutual inductance between the rotor and windings.

Three phase current is supplied to each motor using SERVOSTAR CD model

CE06 servo-amplifiers. These servo-amplifiers, essentially voltage-controlled current

sources, provide for commutation of the motor using encoder feedback5 . The currents

sent to the motors are actually the outputs of an internal feedback loop that adaptively

compensates for disturbances such as load irregularities using Kollmorgen algorithms

and updating at 16 kHz. Current is generated using pulse width modulation (PWM),

a method that encodes an analog signal as a digital one; the output of each phase of

the servo-amplifier is a pulse train that switches at a frequency of 16 kHz, the duty

cycle of which is modulated to correspond to given analog signal level6 .

The servo-amplifiers commutate the motors sinusoidally. This type of commuta-

tion requires a properly indexed, high resolution encoder signal. The servo-amplifier

is capable of receiving encoder inputs up to 3 MHz. Sinusoidal commutation can

help reduce torque ripple and increase efficiency when compared to simpler commu-

tation schemes (e.g., six-step/trapezpoidal). Among the options available with the

Kollmorgen servo-amplifiers is a feature known as Angle Advance. In normal three

phase current commutation, the phases are separated electrically by 1200. With An-

gle Advance, the electrical phase of each current is set some fixed amount ahead of

the commutation table, creating a magnetic field that opposes the field from the per-

manent magnets. This field weakening is a method for developing torque at speed

[13, 24]. For this application, the actuators are expected to produce high torque

while operating at low speed, removing the advantages offered by field weakening.

Accordingly, this feature was disabled.

5The servo-amplifiers also receive feedback from the Hall effect sensors embedded in the motor
windings. The coarse position information provided by these sensors is only used on power-up until
the encoder's index bit has been sensed.

6The signal is digital, but the high switching frequency renders it effectively analog.
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From To Change in Count
(1,0) (1,1) +1
(1,1) (0,1) +1
(0,1) (0,0) +1
(0,0) (1,0) +1

Table 3.2: Encoder state transition table. States are given as ordered pairs (A,B).
Changes in state are shown for forward travel. For reverse travel (transitions for
which the change in count is -1), interchange the To and From columns.

3.3 Sensing

The sole source of feedback for the controller is provided by the incremental optical

encoders mounted on each motor shaft. The three encoders used for the PS, ADR,

and ADL motors are identical; they are all Gurley R119 encoders with 1024 lines per

revolution and 1OX onboard interpolation. After quadrature, this gives a resolution

of 40960 counts per revolution. The encoders send differential signals as outputs,

increasing signal stability, and include an index pulse to find absolute position. These

encoders have a maximum output rate of 500 kHz, placing an upper limit on the

speed that can be achieved without missing counts. The encoder signal is read by

the counter card and the servo-amplifier 7; missed counts by the counter card will

disrupt the feedback to the controller while missed counts by the servo-amplifier will

lead to improper commutation. In both cases, the resulting operation of the actuator

becomes unpredictable. Figure 3-2 shows a typical position response to a smooth

input 8 . Perfect encoder operation should provide a mirror of this input, which would

appear linear in the range shown. The "wobble" seen is repeatable in position for

different input torque rates and magnitudes.

Basic encoder operation involves light emitted and detected on opposite sides

of a glass disk. The disk contains alternating opaque and transparent sections so

7 The USDigital encoder card interprets the encoder signal differently from the Kollmorgen servo-
amplifier. The A and X signals from the encoder are reversed going into the amp or the counter
card depending on the encoder mounting details.

8 The input command is actually a slow sinusoid.
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Figure 3-2: Encoder wobble: response of encoder to an open loop torque command

during a quasi-locked rotor test. The input command is a slow sinusoid, which should

be reflected by the rotor response.

Figure 3-3: Encoder output signal: directional information is obtained by a quadra-

ture decode of the pulse trains.
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that a sensed channel will read either "on" or "off." As shown in Fig. 3-3, the

two channels are separated electrically by 900 to make up the quadrature encoded

signal. This allows for four possible encoder states; counts are added or subtracted

depending on the order the states appear, as summarized in Table 3.2. In mounting

the encoder to the actuator, there is inevitably some eccentricity between the motor

shaft and the encoder shaft. Since the disk is attached to the shaft, any loading on the

encoder housing while the shafts rotate will tilt the disk with respect to the internal

electronics. One can imagine that this may distort the phase separation between

the two channels or, perhaps more likely, distort the duty cycle of the pulse train;

interferometric effects can broaden the light signal and cause a false reading of the

sequence of transitions. Figures 3-4 represent two scenarios in which the nature of

the quadrature signal is distorted. With no phase distortion, i.e., A leads B by 90 0,

and a pulse train duty cycle of 50 %, these curves would appear as straight lines with

a slope of 1. The simulations presented are simple in that they introduce a constant

phase distortion between the channels or a constant change in the duty cycle of the

channels. Adjusting these values disrupts the accuracy of encoder reading and can, as

in Fig. 3-4(b) lead to situations where the signal reverses direction. Considering the

possibility of a position-dependent distortion creates even more potential distortion

profiles. This provides a plausible explanation for the origin of the encoder wobble

observed in Fig. 3-2.

Predictable actuator performance depends on the accuracy of the encoder reading

sent to the amplifier. Over-constraining the encoders has caused inaccurate position

readings in line with the above discussion, leading to actuator failure. In order to

prevent cases like the one shown in Fig. 3-4(b) from occurring, it was necessary

to adjust the encoder mounting. Figure 3-5 shows the location of ADR and ADL

encoders, mounted on the inside of the transmission housing'. These encoders come

with compliant, leaf spring mounts. Originally, these mounts were deformed to fit

into the space allotted (see Fig. 3-6(a)). In this configuration, the effects noted in

Figs. 3-4 precluded reliable operation of the actuators, as folding the edges of the leaf

9The details of the transmission housing will be covered in subsequent sections.
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Figure 3-4: Simulation of corrupted quadrature decode.

mount made it stiff enough to introduce transverse loads on the encoder housing. A

custom compliant mount, shown in Fig. 3-6(b), was fashioned out of spring steel and

held in place by rubber stops. This mounting option allows the encoder to move in

response to side loads (due to shaft eccentricity) while disallowing encoder rotation

with respect to the motor 0 . The combination of using these mounts and removing

enough material from the transmission housing for the encoder wires to fit through

makes actuator operation possible.

Figure 3-5: DIFF encoder placement within transmission housing.

10Clearly any rotation of the encoder with respect to the motor would render the encoder readings

meaningless.
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(a) Initial encoder mount. (b) Prototype custom compliant
mount.

Figure 3-6: Mounting options for DIFF encoders.

3.4 Transmission

3.4.1 Gears

Gears are one of the oldest machine components, providing for the transmission of

power between two shafts. Since gears play such a central role in the design of this

hardware, it makes sense to cover some of the basic aspects of gearing and gearing

practice. Obviously, not all aspects of this mature field will be addressed. The

main concern here is general power transmission and interaction forces. Dynamics

of individual tooth interactions will not be covered. The fundamental law of gearing

states that the angular velocity ratio between two gears in contact is constant, as

seen in Eq. 3.1,

mv- = -Jr=± Np (3.1)
li rg Ng

where my is the angular velocity ratio, w is angular velocity, r is the pitch radius,

N is the number of teeth, and the subscripts p and g stand for pinion and gear,

respectively. Assuming lossless power transfer, this corresponds to a constant torque

ratio,
1 N

mT g M (3.2)
my N

Mating teeth contact at a point known as the pitch point. The most common

gear tooth profile is an involute curve, whose shape ensures a common tangent at
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the point of contact. The transmission axis differs from the direction of travel of the

pitch point by the pressure angle # = 20 . The pitch circles of mating gears are

meant to be tangent to each other. One consequence of using the involute profile is

that changes in center-to-center distances will not affect the gear ratio. They will,

however, affect the pressure angle. Power transmission is accomplished through a

combination of rolling and sliding at the pitch point. Friction and wear are reduced

in such situations by using lubrication. Open gearing systems, like the one used in

the wrist robot, are limited to dry lubricants such as graphite.

Figure 3-7: Basic gear nomenclature [37].

Figure 3-8 depicts the concept of backlash, the clearance between the mating teeth

as measured along the pitch circle. The uncertainties inherent in the manufacture of

gears, especially considering the quality of the gears used here, make the existence of

backlash inevitable. Some backlash is generally necessary to allow for the flow of lu-
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Figure 3-8: Gear backlash [49].

bricants. Backlash becomes problematic during torque reversals, making it a primary

concern in this design. It creates noise during operation, adds to position uncertainty,

and acts as a destabilizer, contradicting the design goal of smooth operation. There

are a number of accepted ways to deal with backlash in the design phase [37] includ-

ing the use of anti-backlash gears or auxiliary gear trains. One method that is built

into this design is adjustable center-to-center distances. Along with tooth thinning,

center-to-center distance tolerances are probably the most common introducers of

backlash into a system. Equation 3.3 is an approximation of the angular backlash

introduced as a function of the error in center distance, AC, and the pitch diameter

of the gear being measured, d.

4 - tanq
9 B d-3.)d

Built-in adjustability places a strong emphasis on the assembly of the mechanism.

Because both ends of the shaft are independently adjustable, it becomes difficult to

ensure shaft parallelism [37]. This method is even more suspect when applied to

multiple stage gear trains. The potential to build up error suggests that at most,

only the final stage should have an adjustable position shaft axis.

The wrist robot includes spur gears and bevel gears. Spur gears are the most

basic type of gears, while bevel gears allow for the transmission of power between
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intersecting shafts. Bevel gears can be manufactured to account for any intersection

angle, but are most commonly seen driving shafts at right angles, as is the case with

the differential. The basic system consists of a differential gear mechanism that drives

the axes of wrist rotation. Pronation and supination are accomplished through the

actuation of a curved slider attached to the rest of the mechanism. The remainder

of this section deals mainly with the transmission of power from the actuators to the

robot handle.

3.4.2 PS Transmission

In analyzing the system, it is convenient to consider the PS transmission separately

from from the differential transmission. The differential transmission housing and

its two motors are carried by the PS motor through two Bishop Wisecarver 180

geared slide-rings. These ring gears sit in a bearing block as in Fig. 3-9. The gear

ratio between the motor pinion and ring gear is 10.5. The two ring gears are coupled

using the normal force generated by two bolts. The spacers around these bolts also

serve as mechanical limits, restricting the range of motion to 76 in each direction.

Positioning the PS motor with so that the pitch circle of its pinion is tangent to that

of the ring gear is critical for the operation of the system. The PS motor mounts to

the bearing block using four bolts into its face. The bearing block itself has thru-holes

for these bolts, adding a degree of uncertainty to the ultimate motor location. To

minimize, or at least standardize, this problem, the relative heights of the PS motor

cover and the bearing block were set by bolting them both to mechanical ground with

the motor" shimmed up to the appropriate height.

The original connection between the transmission housing and the ring gears was

restricted to the bolts through the edges of the ring gears. Figure 3-10 shows the step

taken to relieve the stress at this joint. Using two of the pre-existing holes in the ring

gear, the back of the transmission housing was modified so that it could be bolted

"The actual motor height is still not certain, as the PS motor is not rigidly connected to the PS
motor cover.

' 2 The step in height is actually machined into the robot's table mounting block in place of trial-
and-error shimming.
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Figure 3-9: Ring gear in roller bearing block.

Figure 3-10: View of ring gear support.
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in place. The transmission housing and the distal ring gear are now effectively one

piece. Downward loads that would tend to bend the bolts are now transmitted to the

ring gear's bearings.

The original design called for two spur pinion gears on the PS motor shaft, each

meshing with one of the curved racks. The second, more distal, gear was pressed on in

an attempted anti-backlash configuration. The load of the transmission housing was

borne by one of the pinions in one direction of rotation and by the other pinion in the

other direction of rotation. This made the system feel much smoother in passive robot

operation. Testing with the system, however, showed a peculiar instability in the PS

axis that was excitable using open loop commands (see Figs. 3-11). Constant torques

were applied and equilibrated at the handle by hand. The system audibly vibrated

at 193 Hz with low amplitude vibrations of the pinion on the order of 0.250. The

cause of the instability was determined to be vibration of the PS motor shaft. This

shaft, supported by the motor bearings, is effectively cantilevered with two points of

loading (one at each pinion). When the tooth interaction force is at the distal gear is

great enough, the shaft will deflect and allow the proximal gear to come into contact

with its ring gear. At this point, the load is taken up by the proximal gear and the

shaft is able to spring back toward its equilibrium position. Once the distal gear

re-establishes contact, the cycle repeats itself.

This hypothesis is validated by considering the vibration of continuous systems.

For a beam undergoing transverse vibrations, the natural frequency, w, is given by

EI
1= (3l)2 pAl 4  (3.4)

where E is the Young's modulus (200 MPa for steel), I is the moment of inertia
(- d4  cyinria kpfo

(I = d for a cylindrical beam), p is the density (7800 for steel), A is the cross

sectional area, 1 is the length of the beam, and # is a characteristic constant with

#1 = 1.875 for the first mode of a fixed-free beam. Calculating the natural frequency

of the first mode of vibration using Eq. 3.4 gives a predicted natural frequency of

230 Hz. This does not take into account the extra mass provided by the brass gear
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Figure 3-11: Structural instability in PS axis resulting from constant torque input,
r,= 0.2N -m.

itself, which would tend to lower the estimate towards the observed frequency of 193

Hz. Further validating this hypothesis, the problem occurs in one direction only,

presenting itself any time the torque exceeds roughly 30% of the maximum torque

capability of this axis (41.4r st Nm of motor torque). Since this instability proved

so limiting to the production of force in this axis, the brass pinion was removed.

The problem was indeed eliminated, but some of the backlash in the axis was re-

introduced.

3.4.3 Differential Transmission

Wrist rotations are accommodated by a differential gear mechanism. The system,

depicted in Figs. 3-12, is actuated by the ADL and ADR motors. The pinions on

these motors, gears A, mesh with a compound intermediate gear stage, gears B and

C. Gears C then mesh with gears D, the differential end gears, which are rotationally

fixed to the differential end bevel gears controlling the spider gear. Table 3.3 summa-

rizes the number of teeth on each gear, giving the overall gear ratio of each train as

approximately 8.14. The mechanism is meant to provide a torque about any arbitrary

axis that passes through the center of the differential gear through a combination of
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(b) Photograph of assembled transmission.

Figure 3-12: Differential transmission.
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Gear Number of Teeth
A 28
B 76
C 30
D 90

Table 3.3: Differential transmission gear teeth.

ADR and ADL torques. Each motor contributes equal components of vertical and

horizontal motion when actuated (more specifically, each motor contributes equal

components of adduction/abduction and flexion/extension torque). When ADR and

ADL cooperate, the resulting motion is pure adduction/abduction; when these two

motors are commanded to oppose each other, pure flexion/extension motion is pro-

duced. The following expressions summarize the differential gear basics:

O + = L (3.5a)2

Oad = (3.5b)

TfI = TR + TL (3.6a)

Tad TR ~ TL (3.6b)

where 6 R is the rotation of the right differential end gear (referenced to a neutral

robot arm position), 0 L is the rotation of the left differential end gear, Of, is the

flexion/extension angle of the robot arm, Oad is the abduction/adduction angle of the

robot arm, and the corresponding torques are represented by the letter T. The sign

convention used here is the same as that used by the encoders, i.e., clockwise rotation

of the motor corresponds to positive values. Also note that while the definition of a

positive flexion angle depends on the handedness of the patient, a positive 0 ad always

corresponds to abduction (radial deviation).

Motion is restricted by mechanical stops in the form of dowel pins in the shafts.

These pins contact parts on the transmission housing to prevent excessive rotations.

61



Figure 3-13: Differential gear with one of the abduction/adduction stops installed

(left of figure).

The abduction/adduction stops are shown in Fig. 3-13 on the differential gear, while

the flexion/extension stop, not shown, is a pin in the shaft of the spider gear. In

what appears to be a manufacturing error, the hole in the spider gear shaft for the

flexion/extension stop is tilted towards the right allowing more motion towards the

ADR motor and opening the possibility for the robot to interfere with itself. Figure 3-

14 displays the range of motion of the handle as expressed in robot joint coordinates.

Properties affecting the smoothness of operation of a gear set, such as friction,

strongly depend on the quality of the gears used. Transmission errors, such as peri-

odic fluctuation of the gear ratio, can result from imperfect tooth interactions. The

ADR and ADL pinions are pinned onto their respective shafts with steel dowels"

and, therefore, require holes. Figure 3-15 shows the effect of drilling holes into the

finished gear. Tooth deformation is apparent near the area of material removal. In

the assembly of the device, attempts were made to position the damaged sections of

these gears away from the center of the workspace. The overall gear ratio tends to

suppress the errors caused by these teeth, but future designs should incorporate more

reasonable methods of gear attachment, such as using hubbed gears.

The intermediate gear stage is connected to the transmission housing with eccen-

"Ultimately, roll pins were used here. The roll pins were easier to insert into the assembly and

offer a better opportunity for gear removal should that become an issue.
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Figure 3-14: Recording of DIFF axes reachable workspace. Positive "flexion" angles
correspond to rotation of the robot arm toward ADL. Notice that the robot arm can
move further toward ADR due to manufacture of the stop.

Figure 3-15: Motor pinion showing compromised gear quality as a result of machining.
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tric bearings (noted in Fig. 3-12(a)). These bearings allow for some control over the

distance between the axis of the differential end gears, the intermediate gear stage,

and the motors. As mentioned earlier in this section, using adjustable gear centers as

a means for backlash control is generally discouraged. The assembly problems intro-

duced with such a method are only exacerbated by the fact that the actual position

of the motor is poorly defined". Assuming the motors could be aligned with their

designed centers, the goal would be to position the intermediate gear stage so that

the pitch circles for gear set A and B and the pitch circles for gear set C and D were

tangent to each other. Unfortunately, the dimensions of the transmission housing

do not allow both parts of this goal to be achieved simultaneously. The axis of the

intermediate gear stage can exist at any point on a circle defined by the eccentric

bearing". The center-to-center distance for each gear set can be computed from the

orientation of the eccentric bearing, 0, from the law of cosines:

dAB p/ 2 + ec2 _ 2 dpgec cos ( i (3.7a)

dCD = dg2 + ec2 _ 2dgec cos - ) (3.7b)

where dpg is the distance between the pinion axis and the eccentric bearing mount axis,

ddg is the distance between the differential shaft axis and the eccentric bearing mount

axis, 6 is the orientation of the eccentric bearing 6 , and e, is the offset of the eccentric

bearing from the center of its mount, 0.008 in. Figure 3-17 plots the difference between

the actual center-to-center distance and the center-to-center distance required by the

pitch circles (AC in Eq. 3.3) as a function of the eccentric bearing orientation. Clearly,

any negative values are not viable for assembly as they will result in inappropriate

gear meshing. This leaves assembly options available for bearing orientations between

"Like the PS motor, the ADR and ADL motors are mounted using thru-holes in the transmission
housing, allowing some play in the final motor positions.

"This is assuming the shaft axis is parallel to the other shaft axes. The independent adjustment
of the two ends of this shaft increase the likelihood that the shaft axis will actually be skewed from
the rest of the mechanism.

16This is a measure of the angle between the notches on the eccentric bearing and a convenient
reference axis to give the stated equations.
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Figure 3-16: Side view of the differential transmission housing; notice the eccentric

bearings.

-3 and -19 '. The stage was positioned to equalize the backlash present in the two

gear sets, so that the intersection of the two curves of Fig. 3-17 was targeted. This

was a rough guide for orienting the eccentric bearing, which ultimately had to be

adjusted according to the feel of the device. This procedure would set the centers

for each gear set slightly over 0.001 in. further apart than their pitch circles would

require, which corresponds to angular backlash according to Eq. 3.3. In hindsight,

it would have been more appropriate to eliminate the backlash between the pinion

and gear B. In this scenario, the backlash would have been confined to only one gear

set and there would be more inertia in the backlash region. Presumably, this would

favorably modify the nature of the backlash instability discussed in Chapter 6.

The differential gear exhibits structural instabilities similar to those found with

the PS axis, though much less perceptible. These instabilities are independent of

feedback, appearing as sustained oscillations while a constant torque is applied to

one or both of the DIFF actuators. The vibrations are perceptible in a tactile sense,

but neither make excessive noise nor move the handle around. Figure 3-18 shows

a manifestation of this instability, attributed to deflection of the differential shaft.
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Figure 3-17: Results of eccentric bearing calculation. During assembly, the eccentric
bearing was oriented near the intersection of the two curves in an attempt to minimize
the backlash in each gear set.

19.6 19.62 19.64
Time [s]

19.66 19.68 19.7

Figure 3-18: Typical structural instability in DIFF axis (ADR shown). Due to the
fact that the handle is held in place (rather than fixtured), there is some movement
of the mean position over time.
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Shaft deflection is observable at significant loads, again due to gear teeth interactions.

Oscillations arise from the shaft deflecting until it is no longer in contact with the

loading gear. The shaft is then able to spring back towards its un-deformed state, at

which time the cycle repeats. There is no immediate solution for this situation; the

robot is capable of performing in spite of it. However, future versions of the design

should carefully consider the stiffness of the differential shaft in response to the loads

it will encounter.

3.5 Patient Attachment

Patient positioning at the device is critical for operation. The original kinematic

analysis called for four degrees of freedom between the robot arm and the handle.

This design, as sketched in Fig. 3-19, calls for three perpendicular revolute joints in

addition to the slider at the robot-human interface. Gruebler's mobility criterion1 7

suggests that this design would have three degrees of freedom. One statement of the

mobility equation is

M = 6(n - j - 1) + fi (3.8)
i=1

where M is the mobility of the mechanism, n is the number of links including ground,

j is the number of joints, and fi is the mobility provided by each joint i. Consider the

closed chain mechanism formed by the robot and patient depicted in Fig. 3-19 with

the human wrist approximated as a Cardan joint. This mechanism can be viewed as

having nine links and nine single-degree-of-freedom joints, which according to Eq. 3.8

corresponds to three degrees of freedom. The initial design, however, only included

two revolute joints at the handle. Constructing the device proposed in the sketch,

in fact, would not allow for torque transmission in the PS axis. This situation was

resolved, somewhat counter-intuitively, by removing another degree of freedom from

1 Care must be taken in applying Gruebler's mobility criterion, as it does not consider mechanisms
with unique geometric configurations. The E-quintet is a classic example of a paradox encountered
in the use of this criterion [40]. This planar mechanism has one DOF when its links are parallel,
though the Gruebler equation suggests it is a structure (DOF = 0).
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Figure 3-19: Original kinematic design [54].

the handle and adding a constraint to the patient positioning. By aligning the wrist

flexion axis with the robot flexion axis, that mechanism appears as though it has

one link. The modified abduction/adduction mechanism can now be viewed as a

planar four bar linkage, so that the total mechanism is comprised of two orthogonal,

planar, single-degree-of-freedom mechanisms. Figure 3-20 shows the underside of the

modified handle connection; the handle was rendered immobile about its vertical axis

by replacing by a bearing with a bushing and introducing a clamp that is bonded to

the handle yoke using Liquid Steel@ (a patch filler).

In order for this configuration to maintain its special geometry, the patient's flex-

ion/extension must align with the robot. Joint compliance allows for some flexibility

in this constraint, but modest excursions from this configuration will either bind the

robot or prompt the patient to move his whole arm to continue motion. To assist

the therapist in positioning the patient, a marker was placed where the wrist must

go (Fig. 3-21). The analysis presented here depends on the accuracy of the model

chosen for wrist kinematics, which are at best poorly quantified. Experience with the

device shows that some abduction/adduction movements may be difficult when the

wrist is flexed or extended, indicating that the model used in the analysis presented
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Figure 3-20: Modified handle connection including bushing and clamp.

Figure 3-21: Robot reference points. The handle sits in the nest block. The marker
on the transmission housing provides a guide for patient placement.
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(a) Original handle. (b) Modified handle by IMT.

Figure 3-22: Robot handle.

here may be inadequate. This issue warrants further study.

The initial handle included a cumbersome configuration procedure to adapt to

the handedness of the patient. A new handle, specified at MIT, then designed and

fabricated by Interactive Motion Technologies (IMT), is now in place on the robot,

shown in Figs. 3-22. This handle weighs approximately three times as much as the

original handle. Slots are provided at the top and bottom of the handle to allow

the therapist to strap the patient in. Securing the hand of the patent to the handle

is quite important, as programming the abduction/adduction axis to be stiffer than

this connection would be meaningless. A loose grip will allow the handle to change

its position along the ball slide guide during abduction/adduction movements. The

method of attachment, shown in Fig. 3-23, ensures a good hand attachment when

properly secured by the therapist, independent of the patient's own grip strength.

The original design called for an extra structural member on the transmission

housing to secure the patient's forearm. This part not only contributed to the assem-

bly required to change the machine from left to right handed, but tended to constrict
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Figure 3-23: Hand attachment: The patient is secured to the robot by the therapist
as shown, using straps at the wrist and hand. The wrist strap, seen above the ADR
motor, is bolted to the transmission housing.

patient mobility. Because the patient PS axis and robot PS axis are separated and,

likely, somewhat skewed, this protrusion will encourage wrist extension during supina-

tion18 . To address this issue, the method of attachment for the distal forearm was

changed to a Velcro@ strap, also seen in Fig. 3-23, that is bolted to the transmission

housing. This serves to isolate the wrist from the forearm during therapy; if the

patient raises his forearm off of the robot19 , the robot can not administer therapy for

radial and ulnar deviation.

The sizing of the ring gear for the PS axis was based on anthropometric data on

the human wrist. The fact that the PS axes for the human and robot are displaced,

however, was not considered. As a result, most patients2 1 will not be able to take

advantage of the robot's complete range of motion due to interference with the ring

gears. This hardware constraint must be addressed in the redesign; the size of the

ring gear must be chosen to accommodate the place on the forearm where the second

18Note that in a "neutral" position, the wrist is already slightly extended.
19 Such a scenario is likely with stroke patients attempting to compensate for their disability.
2 0Again, the abduction/adduction mechanism relies on the flexion axis of the wrist coinciding

with the flexion axis of the robot and the abduction axis of the wrist remaining a fixed distance
from the differential axis.

2 1The degree of interference experienced by a patient will depend on his size.

71



Figure 3-24: Strain relief on ADR and ADL motors.

ring gear will contact the patient. Rubber stops have been placed on the corners

to prevent injury. Partially related to this sizing issue, the forearm support could

not accommodate the entire patient population. This part was redesigned to flare

out on the proximal side, yet still fit into the existing hardware, thus alleviating the

discomfort of larger patients.

Another aspect affecting PS mobility is the cable routing from the actuators and

sensors out to the electrical panel. The importance of preventing the encoders from

being loaded has already been discussed. The encoder cables are strain-relieved on

the actuators themselves to accomplish this task, as shown in Fig. 3-24. The bulky

cables that connect the ADR and ADL components to the electrical panel, provided

by Baker Electronics, restrict PS mobility. No method existed for routing the cables

considering the fact that the ADR and ADL actuators are carried by the PS axis.

The best solution found involved looping the cables around the back of the device, as

seen in Fig. 3-25. This issue can be resolved in future designs by considering potential

cable routing issues earlier in the design process.

Through specifications provided by a team of therapists at Burke (and coordinated

here at the Newman Lab), a patient workstation was designed and fabricated (also

by IMT). This workstation, currently installed at Burke, has the robot mounted in
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Figure 3-25: Cable routing to allow for PS mobility.

the center with and adjustable chair capable of being positioned on either side. A

flat-panel LCD display, the source of visual feedback, can be adjusted in the patient's

line of sight. Recall that PS motion is referenced to the plane of the arm, so that

positioning the patient with 200 of shoulder abduction will change the meaning of

robot data22 . In the future, programs for pronation and supination will have to

be tailored to for right-handed and left-handed patients to avoid over-rotating the

forearm. The patient is seated at the device and secured at the hand and wrist, as

mentioned, as well as at the bicep. The bicep attachment pivots to adjust for patient

size and to accommodate shoulder abduction.

3.6 Computer Control

The servo-amplifiers are configured in Analog Torque mode so that voltages can

be sent directly from the computer with a one-to-one correspondence to the desired

torque levels. The computer is a Pentium III machine with a 1 GHz processor.

The motherboard includes one ISA slot, necessary for the USDigital PC7266 encoder

card. The counter card reads the already interpolated quadrature encoded encoder

22 The encoder information recorded during therapy references the PS angle to the lab frame and
includes no information regarding the orientation of the patient at the device.
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signal, capable of input frequencies up to 1.75 MHz. This information is used by the

controller software. The robot is provided with a nest block as seen in Fig. 3-21. This

piece of Delrin@ was machined as a stand to rest the robot on when not in use and

as an aid for indexing the robot. In order for the encoders to be properly read by

the computer software, they must be indexed. The nest block offers a convenient,

repeatable reference position to move to for this purpose. The computer is running

QNX version 4.24, a real-time operating system based on UNIX. Software, written in

C++, oversees the robot operation, sending the desired actuator voltage to the UEI

PD2-AO-8/16 digital-to-analog card. This card has 16-bit resolution over its range

of -10V to +1OV.

Typical system operation occurs at sampling frequencies of 1 kHz2 1. During each

sample period, the sensors are read, followed by calculation of the output vector based

on these readings. A write function is then performed and its values are held until the

next write occurs. Software timing studies on a similar system show the delay between

"read" and "write" functions to be on the order of tens of microseconds [8]. All of the

software is designed within an object-oriented library structure, internally known as

the robot libraries, allowing for the integration of software and hardware. The wrist

robot physical system consists of nine "states2 4 ": three angles, three velocities2 5 , and

three commands. The libraries also allow access to monitor functions, providing for

the development of video games for therapy. The video games for the wrist robot are

presented in Chapter 7.

Figures 3-26 show the final packaged electrical panel that houses the majority of

the electronics. Cables from the actuators and sensors run through this panel to an

intermediate breakout box, then to the computer. The panel includes such features as

isolation transformers and emergency stop buttons. It also includes a Programmable

Logic Controller (PLC) that continuously monitors the functionality of the servo-

amplifiers. Should one of the servo-amplifiers fail in a detectable manner, the other

23Some experiments, identified when relevant, were sampled at 2 kHz.
24These are not necessarily system states, but any variable recorded by the computer during an

experiment. Henceforth, these will be referred to as robot states.
25A filtered back difference of the position signal. See Appendix B for more detail.
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(b) Panel interior (c) Servo-amplifiers

Figure 3-26: Wrist robot electrical panel manufactured by Baker Electronics.

two servo-amplifiers will be shut down automatically.

3.7 Conclusions

An overview of the wrist robot hardware, both as designed and as modified, has

been presented here. The design choices made naturally affect the performance of

the robot. For the remainder of this thesis, the hardware will be analyzed "as-is."

Modifications were made within the structure of the initial design. The remaining

issues should be solved in the next version of the device by adjusting the earlier

design choices based on how the current choices have propagated to performance and

functionality. The task now is to quantify the performance capabilities of the device

and prepare it for clinical use. The key points from this chapter are summarized as

follows:

* During redesign, anthropometric data must be applied to resolve conflicts with

sizing and mobility.

" The motor-encoder components chosen for this design do not provide a ro-

bust actuating system; future designs should consider an integral motor-encoder

package.

* Motor locating problems, caused by the use of thru-holes, adversely affect the

entire transmission.
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* Backlash and friction-like phenomena are the main obstacles to smooth, stable

operation". These issues can be addressed at the design level through careful

gear train configuration and the use of quality components.

" It is important to consider shaft stiffness in response to the loads incurred by

gear tooth interactions, as (unwanted) shaft deflections are prevalent in this

design.

* Further study is required to resolve the inconsistencies between the expected

and actual behavior of the handle kinematics.

* Securing the patient at the wrist, hand, and upper-arm is critical for patient

mobility and robot effectiveness.

" Patient posture affects patient mobility as viewed by the robot.

" Cable routing must be revised to prevent some of the problems seen with this

device.

26This will become more clear throughout the characterization of the device.
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Chapter 4

Component Characterization

The purpose of the following exercises is to identify the underlying physical phenom-

ena that affect the overall system behavior. A schematic of the system operation

is presented in Fig. 4-1 along with the thesis sections in which some of the subsys-

tems are addressed. System operation, as discussed in Chapter 3, relies on encoder

feedback as a controller input. The patient interacts with the hardware (denoted by

the double arrow) while receiving visual feedback. Examining the operation of the

subsystems will aid in the development of an overall system model.

4.1 Amplifier Characterization

The torque produced by a given actuator is proportional to the magnitude of the

current through its windings. With three phase current generation, conveniently

represented in the phasor diagram of Fig. 4-2, current is distributed to the windings

as a function of electrical position. Equations 4.1 show the relationship between the

currents in each phase.

IA = I cos a (4.1a)

IB = I cos + 2r (4.1b)

IC= Icos a+ 4r (4.1c)
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Figure 4-1: System block diagram. The patient interacts with the physical system
while receiving visual feedback.

where I is the command current magnitude, a is the electrical position of the rotor

which is shown graphically as the angle between the real axis and phase A, and IA,

'B, and Ic are the currents in each of the phases. Because these motors have three

pole pairs, each mechanical revolution corresponds to three electrical revolutions. For

a given position, such as the one shown in Fig. 4-2, changing the command will result

in a scaling of the diagram; the command current is represented by the radius of the

circle and the current in any one phase for a position a is given by the projection

of the corresponding phasor onto the real axis. By measuring any two of the three

phases, the system of equations 4.1 can be solved for the command current as in

Eqs. 4.2. A custom three-phase current sensor, detailed in Appendix A, was built for

this purpose, allowing characterization of the amplifiers. It consists of three identical

circuits, with each circuit consisting of a two-pole Butterworth filter with a cutoff

frequency of 928.2 Hz. Each phase current is read by measuring the voltage across

a 0.1 Q resistor. The third current is a redundant measurement, but could be used

as a parity check, as the three currents should always sum to zero. Characterizing
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Figure 4-2: Phasor representation of three phase current. The magnitude of the
current is I, the radius of the circle. At this instant, a = 20 , so that the current in
each phase is given by the real component of its corresponding phasor.

the current sensor in both discrete and continuous time1 allowed determination of

the gains for each stage, given in Table 4.1, and showed that the sensor effectively

exhibits no dynamics in the frequency range of interest for characterization of the

amplifiers.

(4.2a)

(4.2b)

IA cos (17r) - Ic
a = arctan A

1A sin (1r)

1= 1A
Cos a

Phase Sensor Gain [v]
A 0.461
B 0.438
C 0.433

Table 4.1: Current sensor gains.

Kollmorgen amplifier configuration programs include an option for setting the

'Testing through the real-time operating system is in discrete time. Tests in this chapter were
sampled at 2 kHz. It is also digital in nature due to the use of the D/A and A/D on the UEI mul-
tifunction data acquisition board. Approximations of continuous time measurements were obtained
using a LeCroy oscilloscope with bandwidth of 200 MHz.
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scaling factor between input voltage and output current magnitude. The Kollmorgen

variable, ISCALE is set to 180 for the PS motor and to 240 for the ADR and ADL

motors. The relationship between the input voltage and the output current is

I _ ISCALE 18 Arms (43)

Vcom 1000 10V

where Vcom is the command voltage sent from the D/A board to the servo-amplifier.

The listed values for ISCALE were chosen in part as a safety feature against exceeding

the continuous current limit for the motors in question, since the D/A has a maximum

output of 10 V. The usefulness of Eq. 4.3 can be verified by examining the amplifier

response to different voltages.

Figure 4-3 shows the test setup for locked rotor testing of the PS actuator. In

this setup, the motor shaft is coupled directly to the +z-axis of an ATI 16-bit, 6-axis

force transducer 2 through an Oldham coupling and custom force transducer adapter.

The tests should be considered quasi-locked rotor, as encoder measurements show up

to 20 of movement during each test. Testing with the ADR and ADL motors proved

more difficult. The front-mounted encoders obscured the shaft end, requiring a more

indirect calibration method, as seen in the photographs of the test setup in Figs. 4-4.

The encoder was held in place using a spring steel compliant mount similar to the

ones introduced in section 3.3. Torque was transmitted from the motor to the force

transducer using the same gearset from the actual robot transmission. The rotor is

only quasi-locked in these tests as well, stemming partially from the deformation of

the transducer gear shaft, but mostly from the backlash between the gears.

Quasi-static tests were conducted using the setups described above by inputting

a low frequency sinusoidal voltage to the amplifier (using the computer). Figures 4-

5 show the response of the amplifiers to a sine wave swept at 0.05 Hz along with

the linear expected responses. The plot of the PS amplifier response shows good

2 Note that all tests involving the force transducer were performed on a computer with an 800 MHz
Pentium III processor rather than the computer described in section 3.6. This motherboard had two
ISA slots and was therefore capable of supporting both the ATI force transducer and the USDigital
encoder card.
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Figure 4-3: Test setup for PS motor calibration.

(a) Overview. (b) Close-up of test setup.

Figure 4-4: Test setup for ADL/ADR motor calibration.
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agreement within the capabilities of the current sensor. The ADR/ADL amplifiers

also show large scale agreement with the expected trend, though there are some

irregularities in the response; in Fig. 4-5(b), the response appears to have two distinct

slopes (one for negative command voltages and one for positive command voltages).

There is also a region in about zero voltage command where the response switches

back and forth from zero amperes to the expected value. This effect is attributed to

poor encoder performance during the test. Approximate measurements of the rotor

speed for constant voltages (using the amplifier's onboard digital tachometer) showed

as much as a 30% difference in velocities for positive and negative commands when the

encoder was not secured properly. The compliant mounting described in section 3.3

was designed to address this concern and qualitatively appeared to behave properly.

However, it easily could have been jarred between testing the mounting and installing

the force transducer into the setup. The results of Fig. 4-5(b), therefore, should not

be attributed to amplifier performance, but to encoder malfunction.

Frequency response testing of the amplifier allows determination of the influence

of amplifier dynamics on the overall system. A "brute force" approach was taken in

obtaining this information, as each frequency was tested separately. Forty frequencies,

equally spaced on a logarithmic scale, were input to the amplifier. The response for

each test was measured and fit to a function of the form

I(t) = I sin(w t + q) (4.4)

where I is the amplitude and q is the phase of the output. Figure 4-6 shows the

resulting Bode plot with amplitudes normalized to the DC gain found in the static

testing. This data was taken with the LeCroy oscilloscope and the input was generated

by a function generator, so it is considered effectively continuous. The model, after

subtracting the effects of the currents sensor, shows that the amplifier behaves like a

first order filter. Although these tests are to characterize the amplifier response, the

amplifier is still loaded by the motor. Since the amplifier is not expected to have such

a low bandwidth, it is likely that this first-order behavior is a result of the motor time
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Figure 4-5: Servo-amplifier response to slow sinusoidal input (0.05 Hz)
(linear) response.

with expected

83

Ca,

0

C
0)

0

........ ............. - . 1 ......... ..... .. ....... ............. ..

.............. ............. ........... ............. ......... ............. ....

............................ ........... .......................-

. .. .................... ................ ............ ........

.... ......... ......... .............. ..........

... ........... ...... . . ........

. ......................... .. ..... .............. ........... ........... .. ......................

. ................ ...... . ......... ....... ............ ..................

............ ......... ......... ............ ........................



_0

CZ)
2

a)
UO

CL

-10 ......

-20 - - - - - - - - -

-3 0 -...............

-40
100 101 102 103

0 -

-50 - - - -- - -

10 0 - - - - - -- -- - - --

150 - - - - - -

200 - -- - - -

250 - - - -- - - - -- - - - -

100 10 310
Frequency [Hz]

Figure 4-6: Amplifier frequency response in continuous time with fitted model. Mag-
nitude plot shows measured current over 0 Hz current.

constant, T, given by

T = L/R (4.5)

where L is the inductance of the windings (0.54 mH for the PS motor) and R is the

resistance of the windings (0.933 Q for the PS motor). The published values for these

motor parameters place the cutoff frequency at 275 Hz. The data of Fig. 4-6 is plotted

with a fitted model using a corner frequency of 275 Hz plus 120 Ps of pure time delay.

A pure delay will not affect the magnitude of the response, but will affect the phase

lag according to Eq. 4.6:

(4.6)

where q is the phase lag, T is the time delay, and w is the frequency.

Tests were also conducted in discrete time using input and output from the com-

puter. Figure 4-7 shows this data, sampled at 2 kHz, along with the discretized

version of the model from Fig. 4-6. Notice the increase in magnitude roll-off as
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Figure 4-7: Amplifier frequency response in discrete time with fitted model. Magni-
tude plot shows measured current over 0 Hz current.

compared to what is predicted by the model. This is a direct result of the fitting

method, MATLAB's fminsearch, which is attempting to minimize a cost function

related to the sum-of-squares error. Higher frequency testing shows nonlinearities in

the amplifier response, especially where the current switches signs. As these nonlin-

earities become more prevalent, they drag the amplitude of the fit down. This effect

is shown in the progression of plots in Figs. 4-8. As the input frequency increases, the

ratio of the magnitude of the fit to the peak response of the current 3 during the test

decreases. The degradation of amplifier response at modest frequencies is a cause for

concern, but the performance in the frequency range of interest for this application

is acceptable.

3 The peak response of the current was recorded as the magnitude of the response during

continuous-time testing with the oscilloscope.
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Figure 4-8: Progression of amplifier frequency response fits. Each plot shows the
response as measured by the current sensor at a given input frequency along with the
fitted response calculated by fminsearch. Notice that the ratio of the fit magnitude
to the measured peak current decreases with increasing frequency.
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4.2 Motor Characterization

With the amplifiers characteristics modeled, the actuators can be characterized. The

parameters of interest here include the torque constant of the motors, the extent

to which torque pulsation affects the performance of the motors, and the actuator

bandwidth. Locked-rotor actuator testing is executed with the same setups described

in the previous section. For the purposes of data analysis, the compliance of the

overall coupling between the actuator and sensor is not considered and the force

transducer is known to have a first order roll-off at 235 Hz. This allows a model of

the amplifier-actuator package to be developed, providing a transfer function from

input command voltage to developed actuator torque. Free-rotor actuator behavior

is also briefly investigated to determine some friction characteristics.

4.2.1 Static Motor Testing

Brushless servomotors, much like DC torquers, produce torque through the interac-

tion between permanent magnetic fields and current-induced magnetic fields. These

generally follow the equation

T = Kt I (4.7)

where T is the torque developed in the actuator and Kt is the torque constant of the

motor. This value was determined by inputting a slow (0.05 Hz) sinusoidal voltage

to the amplifier in order to get a quasi-static response. The resulting torque versus

current curve for the PS motor, shown in Fig. 4-9, has a slope of 0.0311 9. Compare

this with the published value of 0.03672i-, also represented in the figure. Similarly,

the ADL and ADR motors have a measured torque constant of 0.0169 2 compared

with the published value of 0.0254 f. Note that since the current is directly propor-

tional to voltage, these values can be recast: the torque constant for the PS motor is

0.0143N and the torque constant for the ADR and ADL motors is 0.0103 N.

Referring to this value as the torque "constant" of the motor is a bit of a misnomer.

The characteristics of the interaction between the magnetic fields of the rotor and

windings in the stator depends on the orientation of the rotor with respect to the
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Figure 4-10: PS Torque ripple. Torque constants are calculated by fitting a line to
the measured torque versus measured current profiles at each position shown.
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stator. This fact results in a torque pulsation phenomenon known as torque ripple,

introduced in section 3.2, in which the value of the torque constant is a strong function

of the position of the rotor. The test to determine the motor constant described above

was repeated at 15 0 intervals rotor positions indicated by the encoder. The resulting

torque constant from each test is plotted in Fig. 4-10 along with the best fit sinusoid to

the data. The 6-pole motor shows 6 periods per revolution, with the torque constant

of the motor remaining within ±2% of its average value of 0.0301 i.

4.2.2 Motor Friction and Cogging

Besides torque ripple, the other component of torque pulsation that is of interest

here is cogging, a current independent phenomenon in which the rotor seeks certain

preferred positions (see section 3.2). Cogging is easily observed by rotating the rotor

by hand, feeling each preferred position. In order to determine the magnitude of the

cogging, an open loop voltage command was sent to each actuator while the rotor was

allowed to spin freely. Once at steady state, a braking torque was applied to the rotor

by hand. When the actuator came to rest, the rotor was released. If the command

torque was greater than the cogging torque plus static friction, it would begin to

move again'. This procedure was repeated for different input command voltages to

find the maximum voltage at which the rotor, after being stopped by hand, would

not start moving again. Table 4.2 is a report of these results, scaling the voltage

command according to the identification of the motor constants in section 4.2.1. These

tests, along with the remaining tests in this chapter, provide only indirect evidence of

cogging. The motor cogging could have been easily characterized by coupling a torque

transducer to the motor and rotating it by hand. This would provide an accurate

map of the effects of motor cogging and friction as a function of position without

resorting to scaling motor commands. Such a methodology could be explored in the

future with actuators that have not yet been mounted into their intended assemblies.

Friction, of course, takes many forms, as mentioned in Chapter 3. Figure 4-11

4This test is not able to distinguish between the effects of cogging and static friction.
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Static Friction Plus
Motor Cogging Torque [Nm]

Positive Negative
ADR 2.9. 10-3 2.5-10-3
ADL 2.9. 10- 2.8. 10-3

PS 5.4 -10- 3.9. 10-3

Table 4.2: Motor starting torques. These values represent the scaled command volt-
ages necessary to start the freely rotating actuator from rest.

shows a general interaction between contacting bodies, known as a Stribeck curve.

It is shown in terms of forces, but is applicable to frictional torques as well. There

are four basic regions of the curve. The region labelled "sticking" on the graph,

also known as stiction or pre-sliding, is the region where the friction force is able to

prevent any motion. Once the maximum static friction is broken, there is typically

some velocity-independent friction region resulting from solid-on-solid contact. Higher

speeds at the interface can allow lubrication to flow between the contacting surfaces,

leading to a viscous friction model. To get an idea of the dynamic friction present in

the motors themselves, some simple tests were conducted. In these tests, a constant

velocity was requested of each motor at a number of different speeds. The actual

velocity, of course, was not constant due to the torque pulsation phenomena present

in the actuation system. PD control cannot adequately compensate for such effects,

evident in Figs. 4-12. For the purpose of analyzing the data, average values of the

command torque5 and velocity, assumed to be operating at steady state, are plotted,

showing the general trend. The results, shown in Figs. 4-13, indicate that the motor

friction has some Coulomb component as well as some viscous component. Notice

that the static friction levels given in Table 4.2 are higher than the friction torque axis

intercepts in each scenario. Boundary lubrication regimes are difficult to characterize.

Still, the idea that the static friction is higher than the kinetic friction is consistent

with qualitative tribology.

5A scaled version of the command voltage.
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Figure 4-12: PS motor response in typical dynamic friction test. In order to highlight
the response, the axes are not zeroed.
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4.2.3 Frequency Response

Motor frequency response data is taken for reasons similar to those given for the

amplifier characterization. The procedure is also quite similar, though the results

presented here are only for discrete time. Using the previously developed amplifier

model, Fig. 4-14 shows that an additional delay of 30 ps fits the data well. To recap,

the model includes a first-order behavior with a cutoff frequency at 275 Hz attributed

to the motor, first-order behavior with a cutoff frequency at 235 Hz from the force

transducer, the two-pole Butterworth filter behavior of the current sensor, and a total

of 150 ps of pure time delay. The bulk of the time delay is attributed to the amplifier

with the additional 30 ps due to software computation delays'. The testing here is

inconclusive as to the origin of the delays or even of the first-order behavior. Still

the knowledge of the characteristics of the amplifier-actuator package is useful. Data

from the ADL and ADR motors are much more difficult to interpret. The test setup,

introduced in Figs. 4-4, is prone to backlash. In addition, the interaction of gear teeth

produces forces that tend to separate the gears. These produce nonlinearities in the

response which are not amenable to the linear analysis techniques used in finding

the PS frequency response. Despite this difficulty to attach meaning to the actuator

performance at high frequencies, the data does suggest that the actuator performs

well in the desired frequency range. This assumption is further strengthened by the

fact that the PS motor behaved as a pure delay with no additional dynamics for the

locked-rotor test. The first-order filter behavior has been attributed to the servo-

amplifier; all of the actuators are commutated by identical servo-amplifiers.

4.3 Transmission Elements

Limited testing with the first gear stage verified that the rotors could spin freely.

Step tests for a single gain and for two different amplitudes of pinion rotation were

conducted with each motor. The PS motor was tested with gain k = 0.020 L, while

'Recall that the 120 ps of delay found in section 4.1 was from tests with the function generator
and oscilloscope.
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the ADR and ADL motors, attached to their respective first gear stages, were tested

with a gain of k = 0.015 !. The desired position was stepped from 00 up to the

desired value (either 500 or 1000 of pinion rotation, depending on the test), back to

0 , down to the negative of the desired value, and then back to 00 to end the test.

Each test was repeated five times. The typical response, as seen in Fig. 4-16, is an

oscillation about the equilibrium point. Some steady state error is inevitable due to

the presence of static friction. Table 4.3 summarizes the torque values when the rotor

has stopped. These values, as expected, are lower than those listed in Table 4.2, since

they are not measures of the maximum static friction.

Element Average Static Friction [Nm]
ADR + Intermediate Gear Stage 0.6 - 10-i
ADL + Intermediate Gear Stage 0.7. 10-3

PS 0.7. 10-3

Table 4.3: Steady state error from first stage step response tests.

The step response also provides a measure of the rotary inertia, as determined by

the measured frequency of oscillations, and the relative contributions of Coulomb and

viscous friction, evidenced by the nature of the decay envelope. These components

are identified using a method developed by Liang and Feeny [35] that computes the

decrement. Note that the frequency content of the response is unaffected by Coulomb

damping, while viscously damped vibrations undergo oscillations at some damped

frequency, Wd, given by

Wd = Wn V1 - 2 (4.8)

where w, is the natural frequency of the system and ( is the damping ratio: the

ratio of the damping constant to the critical damping constant. In the response,

the nonlinear Coulomb friction will cause a linear decay envelope, while the viscous

friction will cause an exponentially decaying envelope. The method is based on a

recursive relation for the peaks and valleys of the oscillations:

Oi = -e-,7ro,-1 + (- 1)'- (e -,87 + 1) A , i = 1, 2, ... , n (4.9)
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where e2 is the magnitude of the response at peak (or valley) i, # = (/1 -- (2, and

Ok = Tk/k with rk as the Coulomb friction torque level and k as the programmed

stiffness of the actuator. This comes from the differential equation of motion for free

vibrations of this system,

0(t) +2(Wnw(t) +w6(t) = { -Ok, 0(t) > 0

Wn6k, 6(t) < 0
(4.10)

A logarithmic decrement can be defined to isolate the viscous effects as follows

(4.11)

The frequency, wn, then relates to the rotary inertia as seen at the motor by Eq. 4.12.

The results of this analysis are summarized in Tables 4.4 and 4.5.

k
J = 2 (4.12)

Element W[ad] /3 _ _ Ok [rad] w [ad]
ADR + IGS 96.7 0.163 0.161 0.15 98.0
ADL + IGS 95.2 0.111 0.111 0.06 95.8

PS 96.7 0.181 0.178 0.21 98.3

Table 4.4: Step response characteristics.

Element Inertia Viscous Friction Kinetic Friction
[kg - m2 ] Coefficient [NM] [Nm]

ADR + IGS 1.54. 10-6 50.7- 10-6 0.225. 10-3
ADL + IGS 1.61 .10-6 35.3. 10-6 0.9. 10-3

PS 2.05. 10- 6  74.8. 10-6 4.2. 10-3

Table 4.5: Step response analysis results.

This method can only identify the (symmetric) Coulomb and viscous components

of friction. In cases where only these components exist (along with static friction)
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Figure 4-16: Typical step response for ADR motor connected to its first gear stage;

step size = 50 ', k = 0.015 N.

a-a

the parameters # and Ok obtained from each set of peaks and valleys should be

independent of the index i. This is not consistently the case through these trials;

variability in these derived parameters from test to test shows that they can only

be relied upon as rough estimates. Other characteristics that are not accounted

for, including other forms of friction, may explain the deviations from the expected

response. The most likely cause of such problems is cogging in the motor. Notice

the residual oscillations in Fig. 4-17. The controller used is a simple proportional

controller and this effect can appear in all three axes. This implies that they are not

backlash induced, since at this point in the testing, the PS axis has no backlash'.

These oscillations could be caused by cogging. Figure 4-18 shows the motor torque as

a function of rotor position for a constant controller gain (0.015 N,). This controller

clearly has a single, stable equilibrium point at the origin. The actuators are known

to have 18 cogs per revolution. The cogging map, assumed to be sinusoidal in form

7 A single gear, by definition, can exhibit no backlash.
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Figure 4-17: Oscillation in first stage of ADR during a step response test. A simple
proportional controller is being applied.

with an amplitude equal to the magnitude found in Table 4.2, can be superimposed

onto the control law, as plotted in Fig. 4-18. For this simulation, there are now three

equilibria, of which only two are stable. The location and nature of the resulting

of the equilibria in this simulation depends on the location of the cogging map with

respect to the controller equilibrium point. This effect is presented here mainly as

data; its implications will be investigated in Chapter 6.

4.4 Conclusions

The major components have been reviewed and tested. Amplifier and actuator dy-

namics have been identified and do not appear to be significant for the range of

expected operating frequencies for the device. There is a first order filter behavior

with a corner frequency of 275 Hz that is attributed to the actuator electrodynamics.

The existence of pure time delays in the amplifier/actuator dynamics along with the

effects of sampling at 1 kHz are also modeled and may prove significant in the analysis

of stability.
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Figure 4-18: Cogging instability simulation. The controller, in P control, has a stable

equilibrium point at the origin. Superimposing the cogging map results in three
equilibria, with the center one unstable.

Static testing with the amplifiers and actuators show linear responses with the

constants of interest determined. The motors exhibit both torque ripple and cog-

ging. An introduction to the basic friction models used in this thesis along with the

identification of this friction in the transmission elements has been presented. The

identification method used with the step response tests will be repeated in the next

chapter, noting its inability to account for the effects of cogging. Investigation of the

performance of individual components used for the robot provides some much-needed

insight into the its overall operation. The system identification work that remains

will use these results in an attempt to describe the operation of the assembled robot.
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Chapter 5

System Characterization

The main features of the robot, introduced in Chapter 3, are now translated into

a model capable of describing the system behavior. In order to guarantee patient

safety while interacting with the device, one must have the capability of predicting its

response in a given environment. Models are useful in the development of controllers,

as they allow for simulation. They also indicate the relative contributions of design

parameters to observed behavior and, therefore, aid in the redesign process. In this

chapter, some overall characteristics of the machine are examined. Parameters are

then identified by examining the system response to simple inputs, namely step and

ramp inputs.

5.1 Position Calibration

Encoder operation has been verified using Kollmorgen software that checks the res-

olution and accuracy of the position feedback with the actuator. Since the encoders

are located on the actuators, however, they do not completely define the orientation

of the robot end effector. Further, the handle orientation does not completely define

the patient posture, a topic that will be revisited in section 5.4. Recall Eqs. 3.5 relat-

ing the motor angles to the angles describing the orientation of the robot arm. The

reference position for these angles involves the handle being upright and centered so
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that, when the patient is secured in this position, his wrist rotations are neutral1 . A

brief series of tests were conducted to verify the orientation of the handle with regard

to sensor readings 2. The handle, seated in the nest block described in section 3.5, is

positioned in a horizontal plane using precision angle blocks, generally used for ori-

enting work in a mill for machining. Moving the robot through its flexion/extension

range involves rotations of both the ADL and ADR motors, giving a satisfactory rep-

resentation of the posture of the DIFF axes. The PS position, monitored through the

tests, stayed within ±2 of its nominal rest position. Figure 5-1 shows the results of

the tests, taking into account the gear ratio of - 8.14. The reference and measured

positions are all within ±1.5' of each other, with an RMS error of 0.45 .

2

0

CD

-1

-1

-2

-30 -20 -10
) f

0
[0]

10 20 30

Figure 5-1: DIFF Position
joint space by circles, while

calibration results.
the solid line shows

Measured points are represented in
the reference points used.

For the PS axis, the orientation of a chord parallel to the diameter of one of the

ring gears was measured using a grounded protractor. The protractor measurements

The wrist extension necessary to grasp the handle is ignored here.
2No further attempts have been made to characterize the "wobble" noted in section 3.3 since the

encoders currently function with the servo-amplifiers.
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match up well with the encoder readings, as seen in Fig. 5-2. Data points were taken

at 5 intervals throughout the range of motion. The device was designed to have a

range of 76 0 in each direction. Cable interference with the table, however, limits this

range below 600. Recall that the gear ratio for the PS axis is nominally 10.5. Here,

the data points are all within ±0.53' of each other, with an RMS error of 0.26 .

60

4 0 - - - - -- - - -- -

- 2

0 Data
- Best Fit Line

-50 -40 -30 -20 -10 0 10 20 30 40 50
Reference Angle [0]

Figure 5-2: PS position calibration results. Reference points occur at 5 0 intervals.

5.1.1 Backlash Levels

The endpoint position of the robot cannot be known with any greater accuracy than

the backlash levels present in the device. Chapter 3 covered some of the sources of

backlash in this mechanism. Data from the position response to any locked-rotor

endpoint test can provide a measure of the magnitude of the play in the system.

Figure 5-3 shows such a setup, also used for the force production calibration described

in the next section. In general, the backlash will vary as a function of the position

due to, for example, the variation in tooth thickness on a single gear. Exhaustive

characterization of the total composite error (TCE) of the transmission as a function
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of orientation was not carried out here. Instead, backlash levels are estimated by

measuring the discontinuities in the position response during torque reversals in the

locked-endpoint configuration of Fig. 5-3. Table 5.1 summarizes the backlash levels

as measured by the encoders at each pinion and the corresponding effects on endpoint

position.

Motor Backlash at Pinion [0] Backlash at Output [0]
ADR 5 0.61
ADL 4 0.49

PS 5 0.48

Table 5.1: Measured backlash levels.

Figure 5-3: Endpoint force calibration setup. The robot arm can be positioned and
secured within the workspace.

5.2 Endpoint Force Calibration

The setup of Fig. 5-3 was positioned throughout the robot workspace in an attempt

to verify the robot's force producing capabilities. The position calibration results

suggest that the force production will be predictable through the fundamental law

of gearing, i.e., the torque measured at the differential gear should equal the motor

torques scaled by the corresponding gear ratio. The robot was indexed prior to
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the trials so that the encoder readouts would accurately represent the orientation of

the arm. The information from a six-axis ATI Gamma force transducer with 12-bit

resolution was used in conjunction with position and orientation information from

the setup to compare the measurements with the expected values during open loop

tests. Five tests were conducted at each of eleven positions: each actuator was tested,

as were flexion/extension and abduction/adduction movements. For nominally static

test results, a slow (0.1 Hz) open loop voltage command was sent to the desired

actuator, with tests conducted at 40% and 90% of the maximum actuator output.

Frequency response tests were also conducted for a rough estimate of the bandwidth

of the system by commanding a 3-V sinusoid to each axis over a range of frequencies.

As in the testing in section 4.2.3, the presence of backlash complicates the analysis

of these test results. Despite the difficulty in obtaining a frequency response for the

device, no new bandwidth-limiting effects were found.

The static testing revealed some of the problems due to shaft bending discussed in

Chapter 3. With both the robot arm and the base of the robot grounded to the same

frame, one would expect the recorded motions to be insignificant. This, however, was

not the case, as seen in Figs. 5-4. The shafts, most noticeably the differential shaft, are

not stiff enough to counteract the forces developed between mating teeth, therefore

allowing the pinion to move considerably. The structural instability addressed in

section 3.4.2 is also noticeable in Fig. 5-4(b).

Forces and torques measured at the force transducer are reflected back to the dif-

ferential axis for comparison with the commanded values. A number of factors hamper

the force sensing capabilities of this setup including the aforementioned motion dur-

ing testing and friction effects that may contribute to hysteretic torque responses 3.

Still, the recorded data proved to be clean and self-consistent and, therefore, useful

in characterizing the system. Figures 5-5 and 5-6 show some of the data collected

during the force calibration. Figure 5-5 shows that the data for the PS axis agrees

with the expected slope from the motor calibration of Chapter 4. The DIFF axes

3 One other possible cause for the hysteretic torque responses shown is hysteretic damping in the
structure. It has already been established that the steel shafts deflect during operation.
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Figure 5-4: Typical position responses during "locked" endpoint testing. Motor com-
mands are swept up to 90% of saturation at 0.1 Hz.

results, as seen in Figs. 5-6, show reasonably linear behavior (especially during the

flexion/extension test shown). The ADR and ADL torque responses are readily ob-

tained from this information using Eqs. 3.6. These measurements matched up well

with data from tests in which commands were sent to only one of the motors. The

apparent motor torque constants found through the force calibration differ from those

found in Chapter 4 by nearly 30%. Recall that the ADR and ADL motor calibration

of Chapter 4 was complicated by the front-mounted encoder assembly. Considering

the fact that the setup for the force calibration tests required the actuators to be

seated in their final positions and functioning properly, the results of these tests are

likely more significant. Using the gear ratio, verified through the position calibration,

the motor constants can be calculated for each actuator. These values, presented in

Table 5.2, are used for the remainder of this thesis.

5.3 System Identification

There are a number of quantities that are of immediate interest in determining the

system response. Among these are the inertia and friction characteristics of the
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Figure 5-6: Typical torque responses during "locked" endpoint testing.

107

i

- Measured Torque
--.-.-... - Expected Torque . -

0.8

0.6

T .4

0.2

-0.2

--0.4

-_O.6

_0.8

1

0.4

-0.2

-0.6

-0.8

6



Motor Torque Constant []
ADR 0.0139
ADL 0.0133
PS 0.0138

Table 5.2: Endpoint force calibration results.

robot endpoint. A model-based estimation of these parameters is carried out in this

section. As an initial simplification, each axis will be considered separately and the

consequences of such simplifications will be noted. In each of the tests, the handle is

immobilized along the linear ball slide guide and the axes not being tested are held

with some nominal stiffness. Ramp responses allow for the identification of gravity

terms and static friction contributions while step responses allow for the identification

of inertia and dynamic friction terms. The techniques used for the extraction of the

parameters of interest from this data are also discussed, save the analysis for step

responses introduced in section 4.3.

5.3.1 PS Transmission

The PS actuator carries the entire DIFF transmission housing and its actuators

through the ring gear, contributing to the inertial and gravitational loads on the

system. The act of carrying the motors contributes an estimated 7.4 lb-in 2 to the

endpoint inertia of this axis (compare this to the inertia specification offered in sec-

tion 3.1 of 10 - 15 lb-in 2 ). The location of the center of gravity for this subsystem lies

below the PS axis of rotation, accounting for the presence of significant gravitational

loading on the system. The basic model for this axis involves actuation through a gear

with lumped friction properties and a position-dependent gravity load. The actuators

are modeled as ideal effort sources based on their performance in the static and dy-

namic responses from Chapter 4. For the tests in this chapter, position feedback from

the incremental encoders is used to program the actuator to behave as a spring (with

a programmable, time-varying equilibrium point). Stiction, Coulomb friction, and

viscous friction are all expected to be present in this axis. Motor cogging turns out to

108



be an important contributor to the overall system behavior as well. Cogging results

in a periodic potential as a function of rotor position so that, in the neighborhood

of a cog, there is a spring-like behavior. Actuator effort is transmitted to the handle

through the ring gear/motor pinion pair, whose gear ratio is 10.5 (as verified during

the torque calibration above). The backlash in this gear train must be modeled to

reflect the position response during torque reversals and plays an important role in

limiting stability. The bulk of the inertia is located downstream of the gear reduction.

The position-dependent gravity load behaves as a nonlinear spring when viewed from

the actuator.

Ramp Input Results

Figure 5-7 shows a typical test result for inputting a ramp position command to the

PS axis. The controller is a simple proportional feedback with test conditions given

in Table 5.3. Each ramp test consists of holding the axis at neutral for five seconds,

ramping up for five seconds, holding for five seconds, ramping down for ten seconds,

holding for five seconds, and finally ramping back up to the neutral position where

it is held until the experiment is terminated. Two immediately noticeable effects are

the plateaus in position and the steady state error. The steady state error is mostly

accounted for by -F, the gravitational load on the system 4,

Tg = mgh sin Op, (5.1)

where mg is the weight of the transmission housing, h is the distance between the

PS axis and its center of gravity, and O,, is the endpoint PS orientation (the angle

the DIFF axis makes with the horizon). The stepping characteristic of the position

response, more readily seen in the zoomed-in view of Figure 5-8, is caused by a

combination of static friction (stiction) and cogging phenomena.

The ramp tests are analyzed by examining points at which the system is at rest.

4The static friction also contributes to the steady state error, but does not have the strong
position dependence exhibited by the gravitational load.
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Controller Gain [-] Pinion Ramp Rate [ ] Number of Tests
39.5 10-3 50 4
39.5- 10-3 100 4
79.1 . 10-3 50 4
79.1. 10-3 100 4

Table 5.3: PS ramp test conditions.
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Figure 5-8: Blowup of a portion of Fig. 5-7.
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Figure 5-9: Breakaway during PS ramp test.
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Figure 5-10: PS pinion velocity versus position during ramp test.
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112

300 ...

200- -F
100 ...

0

0

0
C

C,,
0)

-100-......

-200 -.-

-300 r.

-400'
-50 0

z

E
E
0

0

0

I -

- ..... -. - -... -.

.. ......... ..

Ann

I

....- -.. ... ... ....

- -. - -

.....................

.............

..........................
fI

.... ..... ...................

.... .. ..... .........

. . . . . . . . . .

... .... ..... .... ......



In doing so, the dynamic effects do not need to be considered. Figure 5-9 analyzes

the zero-velocity points of this response at the end of a single plateau, plotting the

torque command versus the rotor position. A static friction model requires that

the position remain constant until the torque provided by the motor is high enough

to break static friction and move. The effect shown here is typical of Dahl or Lu

Gre models of friction, in which the interaction of asperities is modeled with some

compliance. Another possible explanation for this apparent compliance is the motor

cogging, which can behave like a spring in regions close to the location of the cog.

Examination of the velocity versus position in Fig. 5-10 shows that the system does

come to rest 5 at fairly regular intervals of 20 , consistent with the observed fact

that the motors go through 18 cogs per revolution. The cogging map, however, is

not purely sinusoidal in nature; the perceived gaps and variations of the positions of

zero velocity crossings are due to motor specific factors such as irregularities in the

windings, slot geometry, and air gap geometry that, while varying in rotor position,

are not necessarily strong functions of rotor position. This, in addition to an unknown,

complicated friction function may account for the variation in gap spacing in Fig. 5-

10. Figure 5-11 plots the command torque versus rotor angle results for all trials.

The data seems fairly repeatable with some results following nearly the exact same

path and others following slightly different ones. This points toward an underlying

structure for whatever effect is causing the stepping characteristics, albeit a highly

nonlinear one. Attempts at fitting a periodic waveform to this data in order to have

a model that accurately captures the cogging characteristics were unsatisfactory. For

the purposes of the model developed in this chapter, the effects of cogging are lumped

together with those of static friction. The consequences of this assumption can be

evaluated at a later date.

Calculation of the gravity load and static friction involves analyzing the zero-

velocity points on a torque versus position plot (Fig. 5-12) while the robot is moving

against gravity. The torques used are the scaled input commands recorded by the

5 The system is considered to be at rest when the magnitude of the velocity is below the threshold
of 20 2 of pinion velocity.
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Figure 5-13: PS ramp test response (all points).
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computer. The apparent gaps in the plot are due to positions where the system does

not come to a complete stop. The full plot of torque versus position in Fig. 5-13

shows that the system indeed alternates between sticking and slipping with some

irregularities. The static friction could be estimated as the highest torque recorded

at O,. = 0 , where there is no gravity load on the system. Alternatively, the entire

set of maximum torques6 is fit to a function of the form

T = (mgh) sin Os + -r sgn(O,) (5.2)

where T, is the magnitude of the static friction function. The sign of O,, can be used

to calculate the static friction because motion against gravity is being considered.

Fitting the data to this function using fminsearch 7 results in an estimated static

friction of 0.015 Nm at the motor along with a gravity load of 0.054 Nm. Reflected

out to the endpoint, this analysis estimates a lumped static friction of 0.158 Nm and

a gravity load of 0.57 Nm, suggesting that the center of gravity is located on the order

of a few centimeters from the PS axis. This model, as seen in Fig. 5-14, accounts

for 98.7% of the variance in the data. The plot shows the motor command torque

required to balance gravitational forces as a function of 6,. Notice that in the range

of operation shown, the sinusoidal function is nearly linear.

Figure 5-15 shows the oscillation of the PS pinion about the moving average of

its position as computed using a least-squares regression over the first 5 seconds of

movement. The response is somewhat irregular, i.e., it cannot be easily described

by, say, a single sinusoid. Even so, this supports the idea of modeling this effect as

a stick-slip limit cycle oscillation'. Upon breaking static friction, the moving pinion

is slowed by damping until it stops again. The equilibrium point continues to move

away from the current position until the actuator torque, behaving as a spring, is

again high enough to break static friction, thus repeating the cycle. Figures 5-16

6The set of command torques at breakaway points as suggested by the highest point in Fig. 5-9.
7 fminsearch is an optimization solver provided by MATLAB. It is briefly discussed in Ap-

pendix B.
8In Figs. 5-15 and 5-16, wp, is the PS pinion velocity and AOp, is the difference between the PS

pinion position and the equilibrium position as determined by least squares regression.
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Figure 5-14: PS ramp test fit results.

show closed loops in the phase plane, indicating the existence of limit cycles. The

zero-velocity band, clearest in Fig. 5-16(a), shows the effect of static friction.

Step Input Results

Step response test were conducted and analyzed in the manner discussed in sec-

tion 4.39 according to the parameters given in Table 5.4. The frequency of damped

oscillations along with the decrement are used to find the system's dynamic param-

eters. The analysis method allows for the calculation of inertia, viscous friction, and

Coulomb friction, but is not accurate when applied to systems exhibiting other non-

linearities. While neither cogging nor backlash were perceptible in the feel of the

robot before the test'0 , these phenomena are known to be present. Accordingly, the

results of this analysis must be examined carefully. Ultimately, the model will be ver-

9 Recall that a single step "test" consists of four distinct step responses.
10These tests were performed with the PS axis still in an anti-backlash configuration. See sec-

tion 3.4.2 for details.
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Figure 5-15: PS pinion oscillation about its average position.

Controller Gain ['] Pinion Step Amplitude [ Number of Tests
39.5 -10- 100 6
39.5. 10-3 300 6
79.1 . 10-3 100 6

Table 5.4: PS step test conditions.

ified through simulation, helping to address concerns with the parameter estimation

techniques. Figure 5-17 shows a typical position response to a step in input for the

PS axis. Steady state errors are expected in the response as caused by gravity (when

the equilibrium position is not gravity-neutral) and static friction. The steady state

errors observed throughout testing do not contradict the level of static friction found

in the ramp response testing.

The oscillations are characterized by a damped frequency of 28.6ra-d and a damping
S

factor ( of 0.26. This yields a natural frequency w, of 29.6w. Steps toward a gravity-

neutral position, as the one shown in Fig. 5-17, have an additional component to their
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Figure 5-16: Phase-plane portraits for PS ramp test.
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Figure 5-17: Typical PS step response.

stiffness. Using the linear approximation for the gravity loading, the stiffness km of

the mechanism is

km = kctri + kgin (5.3)

where kctri is the controller stiffness as specified in Table 5.4 and kg,iin is the lin-

earized gravitational stiffness, estimated as 4.97 - 10--3 , significantly lower than

the controller stiffness. From these, the endpoint inertia of the PS axis, J,, is esti-

mated as 5.6 - 10-3 kg . m 2 (19.1 lb-in 2 ), the viscous damping coefficient is estimated

as 0.086 N, and the Coulomb friction term is estimated as 0.085 Nm.

Using the parameters summarized in Table 5.5, the system response to various

inputs can be simulated. For the purposes of these simulations, velocities below

some nominal threshold (specified to be wp, < 0.01 L-d) are considered equal to zero

and, therefore, subject to stiction forces. This is to account for the precision of

the MATLAB simulation using numerical differential equation solvers from the ode

family. The simulation qualitatively reproduces the stepping quality and the steady
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Endpoint Inertia 5.6- 10-3 kg - M2

Endpoint Static Friction 0.157 Nm
Endpoint Coulomb Friction .085 Nm
Endpoint Viscous Friction 0.086 -Ms

Gravity Load 0.57 sin O,, [Nm]
Endpoint Backlash 0.480

Table 5.5: PS model parameters
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(b) With gravity.

Figure 5-18: PS simulation results with experimental data.

state error, the two main features noticed during those tests. The exact character of

the ramp response is not predicted by this model, since the details of the cogging and

the position dependence of the friction terms were not accounted for.

5.3.2 DIFF Transmission

The DIFF transmission, as previously discussed, involves the cooperation of the ADR

and ADL motors through a two-stage gear reduction and differential gear mechanism

to actuate the arm of the robot. The inertia and gravity effects for wrist rotations

should be much less pronounced than those found in the PS axis. This is due to

the fact that only the robot arm and handle are moved around by the actuators.

The resulting handle motion from the ADR and ADL actuators should be decoupled.

Experimentation has shown coupling between the axes due to an inability to eliminate
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Controller Gain [N] Pinion Ramp Rate [ ] Number of Tests
38.7. 10-3 20 4
38.7 10-3 50 4
77.0. 10-3 20 4
77.0. 10-3 50 4

Table 5.6: DIFF ramp test conditions.

the influence of gravity on the test setup. The remainder of this chapter presents the

data collected for the DIFF axes. The test conditions and data analysis for the DIFF

axis system identification are similar to those discussed above for the PS axis since,

in essence, the same model is used for the ADR and ADL axes as for the PS axis.

Each set of tests was conducted on the ADR and ADL axes individually as well as

the ADR and ADL axes working together in both flexion and abduction.

Ramp Input Results

The expected position dependence of the gravitational load for the DIFF axes is

proportional to a cosine function so that, within the workspace of the robot, gravity

always contributes an adduction torque. Denoting the gravity load mgl,

Tg,diff = mgl COS(Oad + !ad) (5.4)

where Tg,diff is the gravity torque produced by the handle on the differential axis

and #ad is a parameter indicating the angle of a line connecting the origin of the

differential axis and the center of mass of the handle. Figure 5-19 shows a typical

response for a ramp profile sent to the ADR motor. The results of these experiments

exhibit the same characteristics as the results from the PS axis, though the difference

between the actual angle and the commanded angle does not show as much of a

position dependence.

Figure 5-20 plots the torque versus position curve for motion in pure abduc-

tion/adduction. The co-sinusoidal characteristic is noticeable and shows the peak

torque (and, consequently, the neutral position) to occur at a negative angle, sup-
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Figure 5-19: Typical ADR ramp result; k = 38.7 -.103 .
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Figure 5-20: Response to command in abduction/adduction; k = 77.0 - 10-N

Central peak in torque is due to starting conditions, while peak in adduction torque
is due to the robot pushing against a stop.
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porting the model with some positive (d. The results show that the gravity load is

nearly constant over the range of the experiment. Fitting to the model given above,

mgl is estimated to be 0.26 Nm and A 3d is estimated to be 15.4 .

-fz
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0
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-30 -20 -10 0 10 20 30

f, [0]

40

Figure 5-21: Response
Central peak in torque

to ramp command in flexion/extension; k = 77.0.
is due to starting conditions.

Movements in pure flexion and extension are subject to a constant torque in

abduction/adduction due to gravity, but the motion in flexion/extension should not

be affected. Figure 5-21 supports this, showing the torque response" for a ramp test

in flexion and extension. The fluctuation of the response over the course of the test

is a result of the friction and cogging affects. The mean value of Fig. 5-21 does show

some position dependence due to the nature of the tests: the controller gain for the

ADR and ADL motors was set to the same voltage per degree without accounting for

the slight difference in motor torque.
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Controller Gain [-] Pinion Step Amplitude [0] Number of Tests
38.7-10-3 50 4
38.7 - 10- 100 4
77.0-10 -3 50 4
77.0. 101- 100 4

Table 5.7: DIFF step test conditions.

0

Time [s] Time [s]

(a) ADR response. (b) ADL response.

Figure 5-22: DIFF step response results for commanded step in ADR.

Step Input Results

The gravity load encountered from the handle disrupts the character of the oscillations

during a step response. This is shown in Figs. 5-22, the response of the ADR and ADL

motors to a commanded step in ADR position. In order to analyze the characteristics

of the system, a pure flexion/extension test will again be performed. Figure 5-23 shows

such a response to be well behaved with a nearly linear decrement (indicating that

Coulomb friction dominates viscous friction). The oscillations occur at a frequency

of 6.8 Hz, so that the endpoint robot inertia (due mostly to the handle) of this axis

is estimated at 0.34 - 10-3 kg . M2 .

"1Note that the reported command torques are actuator torques as opposed to endpoint torques.
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Figure 5-23: Response to step command in flexion/extension; k = 77.0 -O N.

5.4 Patient Interaction

The transmission of forces from the actuators to the base of the handle, as described

in section 5.2 above, does not completely characterize the interaction between the

robot and human. Patient posture has already been introduced as critical for proper

robot operation. To review, the patient is secured at the bicep, wrist, and hand.

The bicep constraint is meant to discourage the patient from lifting his arm out of

the device and isolate forearm rotations during robotic therapy. The wrist is secured

to the transmission housing to further ensure that the patient remains in the device

and uses his wrist to move the handle around (rather than attempting to compensate

by lifting the forearm, for example). The handle itself, heretofore left out of the

modeling process, has two degrees of freedom to allow for mobility. Securing the

patient's hand to the handle regulates the distance between the wrist and handle.

This is particularly important for patients with a loose or flaccid grip, which can

diminish the effectiveness of abduction/adduction training if not properly reinforced.
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Ultimately, the transformation between motor torques and endpoint forces depends

on specific patient geometry and robot orientation.

The PS properties were determined while commanding the DIFF axes to some

nominal stiffness at its neutral position. The actual transmission characteristic of

this axis will depend on the orientation of the handle. For (9 j", Oad) = (0, 0), a PS

torque produced by the robot is transmitted identically to the hand. Denoting p,,h

as the PS torque transmitted to the hand,

Tps,h = Tp, Cos(Of) (5.5)

so that the transmitted torque is a function of Of,, but not 0 ad. Initial trials with

the device will focus on isolated forearm rotations and isolated wrist motions of pure

abduction/adduction and pure flexion/extension along with some select circumduc-

tion motions1 2 . This fact makes the angle dependence of rps,h somewhat moot, but

once combination wrist and forearm rotations are requested of this device, it should

be noted.

During the design [54], the mechanism for abduction/adduction was correctly

modeled as a single degree of freedom mechanism, shown in Fig. 5-24. In this figure,

the robot axis and wrist axis are aligned, so that the closed loop chain defined by

the wrist and robot consists of an inversion of a slider-crank mechanism. The trans-

mission characteristic is dependent upon the patient size; the separation of the axes,

a,(denoted in Fig. 5-24 by a) can be approximated by the sum of half of the wrist

breadth (see Chapter 2) and the distance between the forearm support and differen-

tial axis, while the link length, L, is approximately the distance from the distal wrist

crease to the handle center. The review of anthropometric data provides bounds for

for these quantities when the 1 St and 9 9 th percentiles are considered: 2.6 < L < 3.4

and (1 + 1.36) < a < (1 + 1.36), with all dimensions in inches. A kinematic analy-

sis reveals the relationship between input and output angle as well as the transmission

' 2 Namely, motions along the ADR and ADL axes.
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Patient-- Robot

Figure 5-24: Model of mechanism for abduction/adduction [54].

ratio.

tan 0 ad,h dsif(6ad + /)- a (5.6a)
dCOs(Oad + /3)

d2 = L 2 + a2  (5.6b)

tan3 =- (5.6c)
L

where d and # are parameters defined for convenience as shown. The torque trans-

mission ratio, mT = 1/mv, is then found by differentiating the position relationships.

d2 + a 2 - 2dasin(Oad + /3) (57)
mT =(.)

d2- da sin(Oad + /)

The output angle, 6ad,h, and the transmission ratio, mT are plotted as a function of

the robot angle input in Figs. 5-25 and 5-26. Each relationship is plotted for five

different patient sizes within the expected range. Here, the ratio of wrist breadth

to L is assumed constant and their values are chosen to be equally spaced within

the range given above. Figure 5-25 shows that the input-output angle relationship
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is nearly independent of patient size over the range of input angles shown. It is also

worth noting that for -5 < 0 ad < 5 0, Oad O ad,h. Outside of this range, the recorded

robot data is not a good approximation of the hand angle. The transmission ratio, in

Fig. 5-26, shows a greater dependence on patient size, especially for angles 6ad > 50.

Still, the spread of the functions for output angle and transmission angle over varying

patient size are small enough that meaningful data can still be extracted without

knowledge of patient parameters.

20- -

Increasing
Size

15 - - - -- - -

0 -

- 1 0 - - - -. .- -. .

Increasing
Size

-1
-15 -10 -5 0 5 10 15

0
ad [0]

Figure 5-25: Input-output angle relationship for abduction/adduction mechanism.
Curves are plotted for five different patient sizes within the expected range (direction
of increasing patient size indicated by arrow).

In practice, DIFF operation is accomplished by specifying the stiffness (and damp-

ing) of the ADR and ADL motors. Figures 5-27 shows the effect of the differential

transmission by assuming some stiffness k = 5% for each actuator (reflected out

to the differential end gears) and examining the limits of torque and angle in all

orientations if OR and 0 L are limited between -0.2 and 0.2 radians. The resulting

diamond-shaped patterns are combined in Fig. 5-28 to show that the stiffness of

the differential axes is independent of orientation". The ADR and ADL actuators

1 3This analysis is not taking into account the handle analysis; the "differential stiffness" referred
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Figure 5-26: Transmission ratio for abduction/adduction mechanism. Curves are
plotted for the same five patient positions shown in Fig. 5-25.

combine to give double the stiffness of either actuator.

5.5 Conclusions

A model competent to describe the encountered system behaviors has been developed.

General operating characteristics involving positioning and force production were

verified. Experiments were then conducted to find the parameters for the model.

The model for each axis, based on the information gathered throughout Chapter 4,

included the effects of inertia, stiction, viscous and Coulomb damping, gravity, and

backlash. The basis for patient interaction is also discussed. The models developed

are intended to be simple enough to work with, yet rich enough to describe the

observed behavior of the system. In the next chapter, attempts are made to use these

models to predict system stability and devise control methods.

to is for the robot.
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(a) Limited reachable workspace. (b) Torque envelope.

Figure 5-27: Maps of angles and resulting torques for 0 R and 6 L limited between -0.2
and 0.2 rad. Torque is calculated using actuator stiffness k = 5 .rad

Stiffness, K [Nm/rad]
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Figure 5-28: Endpoint stiffness combining the information from Figs. 5-27. Notice
that K =2k = 10Nmrad
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Chapter 6

Stability and Control

With a model of the system behavior now in place, the goal is to provide the ap-

propriate actuator commands in response to sensor inputs. In its most basic form,

the controller should provide some desired stiffness and damping to some equilibrium

point. The three main properties that are expected of this controller are that the re-

sulting operation of the robot be smooth, stable, and isotropic. This chapter consists

of a discussion of the attempts to provide such a controller and the known obstacles

that remain.

6.1 Controller Requirements

Controller design is often posed as a trajectory or set-point tracking problem. Per-

formance measures indicating the effectiveness of these types of controllers include

steady state error, overshoot, and settling time. When used in therapy, this robot will

be given a reference trajectory, but is required only to provide some predetermined en-

vironment (stiffness and damping) with respect to its equilibrium point. This section

briefly discusses more appropriate controller requirements for this application.

The safe interaction between the robot and human demands assurance of stability.

There are many types of stability that can be considered. For this device, "operational

stability" will be considered violated for any unwanted system behavior. For example,

the existence of stable limit cycles during operation will be considered "unstable" in

131



that their behavior is undesirable and disrupts the delivery of therapy. The patient

must have confidence in the machine for its therapy to be effective. This will only

be the case if the robot appears to be working, i.e., it should operate smoothly and

quietly. The stability limits of the device, as discussed in section 6.2, are an indication

of the machine's effectiveness.

All perceived effects should be biological, not mechanical or otherwise hardware-

related, in origin. In other words, robot operation, passive or otherwise, should be

smooth. Smoothness can be classified as a stability concern as well, as the nonsmooth

behavior encountered can be at least partially explained by stick-slip phenomena.

More than just a functional asset, smooth operation goes a long way toward building

patient confidence in the machine.

Defining the endpoint impedance at some equilibrium point must be meaningful

throughout the workspace. Gravity has already been shown to influence the opera-

tion of the robot, especially in the PS axis. These position-dependent effects should

be compensated for properly. The control strategy that is used in this chapter is

one of specifying the joint impedances through proportional-plus-derivative control.

This was partially done for simplicity, though it is somewhat justified based on the

discussion of section 5.4 (see Eq. 5.5). For the movements being considered, joint

control of the PS and flexion axes coincides with the endpoint impedances for PS and

flexion quite well. Though not implemented here, an impedance controller could be

readily designed based on the analysis of the abduction/adduction axis of section 5.4.

Equation 5.7 giving mT = 1/mv can be used to formulate the one-degree-of-freedom

impedance controller as follows:

Tad = mTTad,h (6. 1a)

kadOad = mTkad,hOad,h (Qad) (6.1b)

where kad is the robot adduction stiffness, and ad,h (Gad) is given by Eq. 5.6, the

forward kinematics of the mechanism. So, for some desired hand stiffness, kad,h the
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programmed robot stiffness in adduction/abduction will be a function of position:

&
kad (Oad) = a (mtkad,hOad,h) (6.2)

00ad

From here, each actuator stiffness can be written in a form that can be implemented

by the controller. The Jacobian transformation from joint coordinates to DIFF coor-

dinates (from the discussion of section 3.4.3) is simply

J =(6.3)
1 -1

so that the actuator torques ,ct [TR L ] are given by

Fact = JT'ajgf (6.4)

where 'Tjff = [rf Tad]T, the torques on the robot arm. This derivation considers stiff-

ness only, but could easily be extended to include damping. Specifying the actuator

commands in this way should allow for the specification of an position-independent

endpoint stiffness and may be implemented in the future.

The remainder of this chapter will cover some of the attempts at achieving these

goals in the presence of the system properties and nonlinearities found in Chapter 5.

The major difficulties all occur near the controller equilibrium point. At this point,

torques due to the controller stiffness are comparable to those produced by the cogging

map. In addition, it is within this region that difficulties with backlash occur. Finally,

low-speed operation of the robot, which often occurs close to the controller equilibrium

point, is hampered by friction (and cogging) effects.

6.2 Stability

Robot operating conditions will be limited to those for which the system is deemed

stable. Blindly considering the maximum actuator output and the lowest perceivable
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position change by the human provides an upper limit on the performance of the

robot of 63.4[ ] Even if stability issues did not preclude the attainment of this

stiffness, it would still be slightly misleading, as actuator saturation would occur at

small displacements. This robot has exhibited a number of behaviors that can be

classified as unstable. The structural instabilities presented in Chapter 3 are not

included in this discussion, as they cannot be influenced by the controller. These

vibrations have been removed from the PS axis and have been deemed acceptably

low for the DIFF axes. It is assumed that uncoupled stability will be more restrictive

on the achievable gain set than coupled stability. Coupled stability refers to stability

of the closed loop system including the robot and patient. While not guaranteed, it

is expected that the load of the patient will add inertia and damping to the device,

thereby acting as a stabilizer.

Testing for stability involved working with each axis and commanding the robot

to some equilibrium position. The axis was then excited by hand in an attempt to

induce some instability. Once deemed stable for this test, the same gain set was used

with a series of step commands. Tests were terminated at any sign of instability,

generally audible in nature. The test conditions were chosen by starting at a high

damping, and incrementing the stiffness at that damping until the stability boundary

was found. The damping was then decremented and the process was repeated. Two

factors contributed to the difficulty in generating the stability maps of Figs. 6-1

and 6-2. First of all, there was initially some confusion during the discovery of the

shaft deflection problems. These forced oscillations were originally attributed to to

controller gain set, resulting in stability maps with poorly defined boundaries. The

greater problem, however, has been exciting an instability.

Systems involving nonlinearities are difficult to analyze because they are not linear

systems. This statement seems self-evident, but important nonetheless. All physical

systems have some inherent nonlinearities, but systems involving hard nonlinearities,

such as those present in the wrist robot, are especially difficult to linearize. This

means that it is difficult to recast the dynamics into a form that can be easily solved

for an arbitrary input condition. The stability of this robot has also been difficult to
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Figure 6-1: PS stability map with best-fit line. The region above the boundary formed
by the data points is unstable
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Figure 6-2: DIFF axes stability map with best-fit line. The region above the boundary
formed by the data points is unstable.
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quantify experimentally, due to difficulties in detection. Some situations are clearly

unstable, as in Fig. 6-3, where the behavior of the machine is so immediately erratic

that it cannot possibly be considered operational. Figure 6-4 shows an example of an

instability that was difficult to discern during testing. Both test conditions involved

only damping of the PS axis, but it was only after some provocation (actuating the

system by hand) that the instability in Fig. 6-4 manifested itself. Because of these

difficulties in determining stability, the value of the maps provided in Fig. 6-1 and 6-2

are somewhat questionable. Attempts were made to exhaustively test the potential

for instability before implementing any gain set in the final robot games (introduced

in Chapter 7).

0.9

0 .6 - -. ..-. ....--.-. .-- --.- -.-.

0 .3 - - -. -. ..-. . . . .. . . . .-. . .. .- --. .-.-.-.-- -- - .-

0 .1 - -.. . - - --. . .. -. . .. .--. . .. .... . . ... .-.-. .-. .-. .- - -.-

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [s]

Figure 6-3: Results of a stability test with the PS axis. The controller is set with no
stiffness and damping of 0.83N". Instability occurred with no provocation.

The work done to derive the cause of instability from the models of Chapter 5

was incomplete at the time of printing of this document. The most likely candidate

for instability is backlash. Empirically, it is known that stability problems only occur

near the controller equilibrium point. In such situations, the actuator command is

low and the pinion is in the backlash region. When the pinion disengages its mating

gear, the dynamics describing its motion are altered (most significantly because of the
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Figure 6-4: Results of a stability test with the PS axis. The controller is set with no
stiffness and (endpoint) damping of 12.5. 10- " Nms. Instability manifested itself after
a long period of motion.

change in loading conditions). The exact nature of the resulting pinion and endpoint

motion depends on whether the dynamics are dominated by friction or inertia. The

dead-zone behavior of a system with backlash at torque reversals effectively places a

delay into the system, a potential destabilizer.

Backlash, however, cannot explain the instabilities encountered in section 4.3,

which occurred without any gears attached to the actuator. These, as stated in that

section, are likely due to the effects of cogging. This is supported by the fact that

there appears to be a lower limit for stiffness to achieve stable operation. The low

gain limit is not shown on the plots of Figs. 6-1 and 6-2 as they were very difficult to

locate precisely and not detrimental to system performance.

Figures 6-5 show the time response and phase diagram of an instability in the

PS axis (under the same conditions as seen in Fig. 6-4. The trajectory in the phase

plane shows convergence toward the final steady state oscillations. The instability

pictured here was not easily discernable during testing due to its low amplitude.

Limit cycles can be classified as either "soft self-excitation" or "hard self-excitation,"
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(a) Time response. (b) Phase space diagram.

Figure 6-5: Results of an instability test with the PS axis. The controller is set

with no stiffness and (endpoint) damping of 12.5. - 0-3 The instability was not

apparent during testing due to the small amplitude of vibrations.

indicating how susceptible the system is to ending up exhibiting limit cycle behavior.

Hard self-excitation systems depend on a specific set of conditions being present

before entering a limit cycle [22]. This appears to be the case with the instability

exhibited by the wrist robot, which is not consistently excitable. Full characterization

of a nonlinear system requires testing and/or analysis over a broad range of input

conditions. Quasi-linear methods exist to aid in the determination of conditions

for stability analytically. Though not successfully applied here, describing function

analysis offers such a method, based on a Fourier analysis of the nonlinearity and

the assumption that the physical system (receiving the output of the nonlinearity as

input) acts as a filter to higher frequency modes. This is one of many topics presented

in this chapter that should be pursued in the future.

6.3 Compensation

6.3.1 Gravity

Gravity compensation figures most prominently in passive robot operation, when it

is the most noticeable. The method used to compensate for gravity is to simply

138



command a torque equal in magnitude and opposite in direction to the expected

gravity torque as predicted by the models of Chapter 5. Initially, the gravity-balancing

torque produced by the DIFF actuators to counteract the load of the handle was

made independent of the orientation of the DIFF axes. This form was chosen for

its simplicity and effectiveness, since the load produced by the handle is reasonably

independent of the orientation of the robot in the range of operation (see section 3.4.3).

In the controller, this torque is modulated to account for changes in Op. When

OPS = 0 0, balancing the gravity torque requires commands that produce torque purely

about the abduction/adduction axis, i.e., rf, = 0. Changing the orientation of the

transmission housing requires the resolving of this torque into components so that

Tad = mgl cos Op, (6.5a)

Tf I = mgl sin Op, (6.5b)

where mg is the weight of the handle and I is the moment arm of the handle, which has

been approximated as a constant. This can be readily converted back into actuator

torque requirements using Eqs. 3.6 to give

mgl
TR= 2 (COS Op, + sin Op') (6.6a)

mgl
TL = 2 ( cos p + sin p,) (6.6b)

Eventually, this compensation was updated to include the dependence of mgl on 0 ad,

thus providing a more isotropic feel to the compensation. This was accomplished by

considering Eqs. 5.4 and 5.7, giving the position dependence of the gravity load when

the handle is fixed along the slider and the torque transmission ratio, respectively.

The values for mgl and /ad used were those found in the system identification. The

final form of the DIFF gravity compensation is

SmT mgl cos (Oad + a)
TR = (COS Op, + sin Op,) (6.7a)
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mT mgl COS (Oad + /Aad)
TL - cos Op, + sin Op,) (6.7b)

as shown in Fig. 6-6.

0.

CP

o - -- - - 11 15 ..0

20 -15. -10.. .5 0 ... 10. 15 20

Ead

Figure 6-6: Gravity compensation command in the DIFF axis. This torque is pro-
vided by contributions from each of the DIFF actuators, the proportion of which is a
function of 0ps

The torque levels involved are fairly low (on the order of 0.03 Nm endpoint torque

produced by each actuator) and could conceivably be ignored, yet they serve a more

important purpose related to the smoothness of operation. Introducing a constant

bias on each actuator forces the gears to one side of the backlash and provides a

higher reference (than zero) to measure the cogging effects, both of which promote

smoother operation. These points will be touched on in subsequent sections.

PS gravity compensation was also accomplished by simply adding the modeled

form of the gravity load to the controller output. This effectively adds a spring with

negative stiffness at the origin which is always stable as long as the gravitational load

is still applied. Due to the influence of gravity, the commanded position does not

coincide with the equilibrium point for a given time, a fact that will prove important

in the backlash compensator development below. The equilibrium point is derived
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by considering where the gravitational load as identified above is equilibrated by the

command torque as follows:

-cr,s=* + rg = 0 (6.8a)

k (0 - 6*,) + mg h sin 6*, = 0 (6.8b)

where Tc is the commanded torque, k is the commanded controller stiffness in ],
0, is the controller equilibrium point1 , and 0*, is the apparent equilibrium point due

to the effects of gravity. Linearizing so that Tg = k1jnmgh6~,,

k* 00 (6.9)
PS k - mgh k1j,

where k1j, is the slope linearized version of sin Op,. The gravity term was linearized by

finding the best-fit line using a least squares regression on the sin function over the

range of -50 < Os < 50 , resulting in k1j, = 0.926 (for O,s in radians). Both the

sinusoidal and linearized versions of this compensation were experimented with on

the device and both were effective in relieving the user of the weight of the machine.

6.3.2 Friction

Ideally, the control strategy that is chosen will not limit the achievable endpoint

impedance of the robot. When considering friction, specifically the stick-slip behavior

noted in Chapter 5, it is sometimes useful to increase the controller damping to

achieve a desired motion. This approach should be avoided with the wrist robot since

it restricts the number of environments the robot can produce and is, in general,

difficult to achieve (due to the limitations conveyed in the stability maps). One

widely used method for overcoming stick-slip type phenomena is dither. The use of

dither involves the superimposition of a high frequency, low amplitude signal to the

control law. This is done to prevent the mechanism from being stopped by static
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friction. Trajectories in phase space at the application of a dither component will

appear (nearly) vertical, setting the system onto a new trajectory as defined by the

dynamics and eventually converging to the equilibrium point. This method would

also be difficult to implement with the wrist robot due to the potential for exciting

an instability. The idea of keeping the applied torque above the static friction value

however, was explored.

There were two main attempts at friction compensation with the wrist robot. The

first involved adding a constant-magnitude torque in the direction of the velocity. The

noise involved in the method of measuring the velocity (a back difference of the posi-

tion measurement) led to uncertainty in its sign at low velocity. In order to use this

method stably, a threshold region around zero velocity had to be introduced in which

the friction compensation was not added. In doing so, the purpose of introducing

the compensation was negated; friction effects are the most detrimental to system

operation at low velocities.

The second major friction compensation attempt aimed at sustaining torque com-

mands above their static friction value. More specifically, a position-insensitive torque

was applied near the controller equilibrium point to discourage the system from en-

tering a pre-sliding regime. There are at least two major problems with this approach

for this system: for one, this necessarily introduces a discontinuity in the torque com-

mand at the controller equilibrium point. This situation, akin to an infinite stiffness,

is unstable considering the discussion of backlash in the previous section. The other

problem, perhaps even more significant, is that this method did not result in smooth

operation when applied. The nonsmooth behavior of the device has been modeled

as an effect of friction, but the possibility that this characteristic is determined by

cogging phenomena has not been eliminated. If this is the case, friction compen-

sation will not be effective in compensating for the position dependent, spring-like

behavior of the cogs. A feedforward cogging map was unsuccessful due to an inability

to analytically describe the cogging. Recall from Chapter 4 that the cogging map

is not necessarily a pure sinusoid. The results of Chapter 5 suggest that the com-

bination of cogging and friction is very repeatable with position, suggesting that a
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table-lookup could be implemented as a compensation technique. However, it is not

a certainty that these characteristics will remain constant or repeatable, as there are

time-dependent factors involved (especially with the friction due to wear in the gear

teeth). This approach may be more feasible if the cogging had been characterized

more fully using the method proposed in section 4.3 and may be revisited in future

work. The problem of guaranteeing smooth operation remains a challenge in the

design and control of this system.

6.3.3 Backlash

Backlash, while often necessary for gear train operation, has proved itself to be unde-

sirable in this design. During normal operation, the robot is expected to make many

torque reversals and, consequently, frequently traverse the backlash region. In order

to avoid the instabilities encountered in section 6.2, the effects of this backlash should

be compensated for. Doing so is limited by the system's sensing capabilities; there is

no output shaft sensing. When not mechanically eliminated from the system, there

are some backlash control methods in use. Among these are phase-lead compensators

and adaptive techniques. In general, the adaptive techniques depend on defining a

suitable backlash inverse or creating a backlash estimator. The implementation of

these techniques depends on the backlash model used, of which there are quite a few.

Besides the exact model of backlash seen in section 3.4.1, backlash can be modeled

as a dead zone or as highly nonlinear spring with very low stiffness near the origin,

just to name a few.

The major backlash compensation technique presented here is an attempt to sim-

plify the problem. Its development involved as much art as science, accounting for

its inability to suitably handle the problem. The idea for the technique originated

with observations mentioned in section 6.3.1 that a constant torque bias improved

the general feel of a gear set with backlash. If the pinions could always be pushed

up against one side of their mating gears, the backlash region could be avoided. A

region of torque-insensitivity, as proposed for friction compensation, could accomplish

such a task. If the impact between the pinion and gear is ignored, this concept is
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Figure 6-7: Hysteretic backlash compensator with controller equilibrium at a gravity
neutral position.

much like a virtual anti-backlash system. At the time, it was though that this con-

trol scheme could simultaneously solve the problems with backlash and friction. The

first problem with this concept has been covered in the previous section: the torque

discontinuity at the controller equilibrium position. Figure 6-7 shows the proposed

solution to this problem: the introduction of a toggle to the control law. The intro-

duction of yet another nonlinearity to the system may not seem like a good idea at

first, but consider that now the system cannot cross back and forth between positive

and negative commands without moving some distance. The two levels of constant

torque no longer create a discontinuity that looks like an infinite stiffness; there are

now two steps in torque, separated by some distance.

Stepping the torque command in such a manner has not caused any problems

with stability. The level of the constant torque was chosen so that it was high enough

to keep the gears in contact at reasonable speeds, yet low enough so as not to move

the coupled system (which could lead to new instability problems). The separation

was chosen as the larger of the backlash and the distance between points where

the controller command drops below the threshold and, in general, needs to be a

function of stiffness. A flag is set in software to define whether the controller should

be on the high side or the low side of the hysteretic loop, centered on the apparent
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Figure 6-8: Torque versus position curve for control law showing actuator saturation.

controller equilibrium point, 6,*, (derived in section 6.3.1 as a consequence of gravity

compensation). The flag is held in the "high" position (corresponding to the upper

rung in Fig. 6-7(b)) until the position is greater than the equilibrium position by

more than the threshold, at which point it switches to the bottom rung. The control

law remains on this bottom rung (with the flag set to "low") until the position is less

than the equilibrium position less the threshold.

Figure 6-9 shows the position response using this backlash compensator for a sinu-

soidal reference trajectory. The resulting motion appears to have the same problems

exhibited by the standard PD control of the device, namely the nonsmooth behavior.

That in and of itself would support using the compensation, as the achievable stiffness

has increased. Figures 6-10 through 6-12, however, show why this technique cannot

be used. When moving with gravity (toward a gravity-neutral position), the control

law switches undesirably. Consider the closeup of the position response of Fig. 6-10,

which is typical of movements toward the neutral position (when the the position is

in between the controller equilibrium point, 90, and the zero command torque point,

6,,.This is due to the pinion remaining stationary while the equilibrium point moves

past it. Once the difference between the controller equilibrium point and the pinion
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Figure 6-10: Closeup of position response to a sinusoidal input using backlash com-
pensation. The response shown is typical of movements toward the neutral position.
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position is greater than the threshold, the pinion switches to the other side of its gear

and initiates movement of the transmission housing. If the pinion moves far enough

to cross the other threshold, the level of the command torque switches again, allowing

the process to repeat. The resulting operation creates some noise and is generally

unsatisfactory. When coupled to a human, the control law does its job properly, but

this operation cannot be guaranteed.

0.4 I 20

0 .2 - - - - - - - .- - - -- - - - --. - 10

z

E

0

0* 5 00 15 02

Time [s]

Figure 6-11: Backlash compensator command torque along with position response.

The dashed line is the position response, using the right y-axis, while the solid line is
the command torque, using the left y-axis. The plot shows that, when moving with
gravity, the control law switches undesirably, accounting for the position response
seen in Fig. 6-10.

While this controller seems to work well for a stationary equilibrium point and

even a moving equilibrium point when coupled to a human, its inability to operate

smoothly very close to a moving equilibrium point makes it unusable in its current

form. Attempts to shape the hysteresis loop to avoid regions where the performance

degrades as discussed have as yet been unsuccessful. Investigation of a similar tech-

nique with the DIFF axes was abandoned in light of the difficulties with the PS axis.

The next step in controller design should follow closely the established literature on

backlash control. The use of model-referenced adaptive controllers may allow the
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Figure 6-12: Closeup of backlash compensator actuator command. In this figure, the
pinion remains below the zero command point (cf. Fig. 6-10) so that the nominal
command is always above zero. When the backlash compensator is applied, the actual
command must be either above 0.725 Nm or below -0.725 Nm.

design of systems that behave according to the desired model (in this case, an end-

point that behaves like a damped spring) while compensating for the effects of the

nonlinearities behind the scenes.

6.4 Controller Conclusions

This chapter has focused on the characterization of the achievable impedances of

the wrist robot under PD control. The desired motion profile, the reference for the

controller, is developed in Chapter 7 along with interactive video games for therapy.

Therapy requires that the device should be predictably stable under all operating

conditions and should operate smoothly when recreating therapy environments. The

task of providing a suitable endpoint impedance for the robot is complicated by the

presence of both hard and soft nonlinearities in the device. Specifically, the presence

of backlash and motor cogging give rise to situations in which stable limit cycles can

develop. In order to avoid these situations, limits must be placed on the controller
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stiffness and damping. Stability was tested over a broad range of impedances, but the

prevalence of so-called "hard self-excitation" limit cycles has hampered the accurate

characterization of the operational limits of the device.

The current implementation of the controller is a joint based PD controller on each

axis with gravity compensation. Gravity compensation in the PS axis is accomplished

by supplying a command to counteract the load, which behaves like a spring at

OPS = 00. In the DIFF axes, the gravity compensation was simplified to a constant

command to each actuator, modulated only by the PS position. This was initially

done to account for the uncertainty in the location of the handle due to the slider, but,

since that kinematic relationship is well-defined (see section 5.4) and variations due

to patient size are rather small, this was adjusted to include an adduction orientation

dependence. As it stands, even a constant force contributes to the smoothness of the

DIFF axes during passive robot operation, as the gears are forced to one side of the

backlash.

A simple method for counteracting the effects of backlash and friction simultane-

ously without limiting the range of impedance was introduced in this chapter, but

not successfully implemented. The basic concept was to introduce a hysteretic toggle,

yet another nonlinearity to the system, so that at the command always stays above

some threshold level and a virtual anti-backlash system is applied to the gears. The

threshold is meant to be above the static friction level to keep the device out of the

pre-sliding regime. By creating a region of torque insensitivity at low commands and

separating the transitions between positive and negative commands, the controller

behaves as if there is a discontinuous torque at the transition (rather than an infinite

stiffness). Smooth operation remains challenged by the cogging characteristics of the

actuators, which are not easily described in a functional form. Currently, efforts in-

volve employing the model developed in Chapter 5 to gain a better understanding of

the instability encountered and aid in the controller development.
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Chapter 7

Robotic Therapy

The discussion now returns to this machine's intended purpose: as a robotic wrist

rehabilitator. Following in the footsteps of MIT-MANUS, this robot will engage the

patient through a series of interactive video games. Therapist duties will include

indexing the robot and ensuring that the patient is seated at the device properly

before overseeing therapy. General robot operation is described in the User Manual,

Appendix D of this thesis.

One of the long term goals of therapy implementation with this robot is to execute

activities that mimic functional tasks, such as those depicted in Fig. 7-1. Based on

the discussion of Chapter 2, the ability to complete a specific task is improved by

practicing that task. Early clinical trials will instead focus on gross motions of the

wrist and forearm. Therapy will still be goal-directed, but the goal is the movement

itself with no other "real world" context provided. This approach is compatible with

the current capabilities of the hardware and simplifies the specification of desired

environments/trajectories. Concentrating on providing a working prototype to the

clinic allows the development of long term goals to be influenced by the initial results.

In order to deliver therapy, the system must successfully convey the desired mo-

tion through visual cues. The actuators provide the corresponding assistance (or

resistance) to emulate the therapy environment. The robotic therapy introduced

here mainly consists of robot-assisted point-to-point movements using a simplified

display and the controllers from the previous chapter.
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Figure 7-1: Some functional wrist and forearm tasks [31].

7.1 Visual Display

To date, communication between the robot-therapist and patient has been accom-

plished through a series of interactive video-games. The displays developed for this

device must convey three rotational degrees of freedom onto the monitor. The tools

used were part of the QNX packages already in the robot libraries, capable of produc-

ing lines and ellipses along with providing color manipulation. The basic requirement

for the visual display is that it accurately and logically represent the position of the

end effector in the workspace. There are concerns over whether stroke patients will

be capable of understanding the abstract representation of their own wrist motions

on a two-dimensional screen, especially in light of possible cognitive deficits. Those

same concerns present themselves when considering the use of perspective in the ren-

dering of three-dimensional images on a screen. The development of a basic display

that properly interfaces with the controller software is discussed here, with further

development and evaluation of advanced display methods deferred to the future.

152



Normalized x-position
0.5 1 1.5

Figure 7-2: Diagram indicating the process used to create a screen representation of
the cursor. Flexion is shown, though the formulation for abduction is identical. The
circles represent Ofi = 300 while the squares represent Of, = 60 . Using the 'sine'

formulation gives points x1 and x3 as screen representations, while using a 'tangent'
formulation would give points x2 and x4 .

Figure 7-3: Initial video game display. The cursor location represents the wrist
orientation while the black line on the cursor represents the PS orientation.
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The endpoint of the robot is represented on-screen by a circular, yellow cursor.

There is a one-to-one mapping of the (x, y) position of the cursor on the screen to

the latitude and longitude of the robot arm, (O1, Oad). Equations 3.5 give the basic

relationship between motor angles and handle orientation. The paradigm employed

for the display is to assume that the patient is pointing at the inside of a sphere.

That point is then projected (from behind) onto a screen some distance 1,c, away.

The position on the screen is then given by

X = -ls, SinOf, (7.1a)

y = isc sin 6 ad (7.1b)

where the negative sign in the equation for x indicates that the mirror image is

displayed on the screen. PS motion is conveyed through the orientation of a bar on

the cursor. Figure 7-2 shows how using a 'sine' formulation rather than one involving

the tangent of the angle scales the position so that changes in angle at large angles

result in smaller changes in screen position. The original implementation of this

display included scaling factors to normalize the ranges of motion of wrist rotation.

This led to the introduction of the circular set of targets shown in Fig. 7-3, reminiscent

of the visual display used with MIT-MANUS. The horizontal black line seen on the

cursor in Fig. 7-3 rotates during pronation/supination so that all three robot degrees

of freedom are mapped onto the screen.

The current wrist robot displays are shown in Figs. 7-4. Scaling the wrist di-

mensions added an extra, unnecessary level of abstraction between wrist motion and

cursor motion that was deemed undesirable. Removing these factors in favor of a

direct application of Eqs. 7.1a is less limiting in terms of conveying the different

ranges of motion in each direction. This approach was chosen over other candidate

representations so that the aspect ratio of the workspace would be more appropriate

for the shape of the screen while preserving the proportions between flexion and ab-

'Recall that the range of motion for the robot is greater in flexion/extension than in
abduction/adduction.
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(a) Basic display for wrist games. (b) Display for PS mode.

Figure 7-4: Visual display types.

duction movements. It would have been possible, for example, to use the joint-space

coordinates of the robot as its position on-screen, as in Fig. 7-5. Doing so, however,

would require the targets to be spaced close together in the vertical direction, while

far apart in the horizontal direction.

Target locations were chosen qualitatively, erring on the conservative side, to

provide useful therapy games. Figure 7-5 shows the target locations in DIFF coordi-

nates2 . Since the circular pattern of targets is not used, the targets are not required

to lie on an ellipse in joint-space. The abduction target length is less than the adduc-

tion target length, as required by the biology. The adduction length was chosen to

avoid the mechanical limit stop in that direction, though future versions of the device

should accommodate more adduction. The flexion and extension targets were chosen

to approach a comfortable 3 wrist extension position 4. The combination movements,

chosen along the axes of the ADR and ADL motors, were also chosen according to

feel. Information gathered during clinical use of the robot will assist in determining

the best target lengths to use.

The PS representation was adjusted, based on therapist recommendation, so that

2 The target locations of Fig. 7-4(a) and Fig. 7-5 are not exactly the same; Fig. 7-5 represents the
latest set of target locations.

3 as judged by the author
'Since the handedness of the patient determines which side of the robot corresponds to flexion

as opposed to extension, extension movements must be taken as the limiting factor. This is mainly

because maintaining the "neutral" handle position requires the patient to extend his wrist.
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Figure 7-5: Current target locations in DIFF space. The rectangular outline repre-
sents the extents of the robot workspace.

the neutral position of the robot would correspond to a vertical bar. In other words,

the orientation of the line on the cursor now represents the orientation of the handle.

Games that only involve PS motion dispense with the moving cursor, as seen in

Fig. 7-4(b), increasing the emphasis on forearm rotation.

7.2 Video Games

Now that the patient can receive visual feedback, interactive routines for therapy

must be established. While the usefulness of the robot is based on the effective-

ness of the control algorithm, the game development and controller development are

largely independent 5 . The programs, written mainly in C/C++, are executed on the

QNX 4.24 operating system in an XWindows environment. The monitor program

updates at a rate of 60 Hz, higher than the 24 Hz required for human persistence of

vision to give the illusion of continuous motion. Visual cues are given to the patient

by changing the color of the targets. In keeping with convention used in the MANUS

games, light blue indicates an inactive target, red indicates an active target, and dark

blue indicates that the cursor should be held at the specified target.

'Of course, controller performance measures are often based on properties of the task and more
complex tasks may require more complex controllers. This statement is only meant to imply that
the controller for a given therapy task is not a unique one.
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Data from each game is stored in a binary file containing a recording of each robot

state for every sample period'. There are nine robot states included in every data

file, the descriptions of which are given below.

State 1: Flexion Angle Robot arm flexion angle in [0], nominally equivalent to the

patient flexion angle. Positive readings correspond to flexion for a right-handed

patient and extension for a left-handed patient.

State 2: Abduction Angle Robot abduction angle in [0], distinct from patient ab-

duction angle. The exact relationship between the degree of robot abduction

and the degree of patient radial/ulnar deviation depends on the individual pa-

tient geometry (see section 5.4). Positive values are always indicative of radial

deviation, regardless of which hand is used.

State 3: PS Angle The PS orientation of the robot in [0]. While the amount of

forearm rotation is roughly equivalent to the PS angle indicated by the robot,

patient orientation with respect to the device must always be considered in in-

terpreting the results. Supination is a positive reading for right-handed patients

and negative for left handed patients.

State 4: Flexion Velocity Time rate of change of state 1 in [2] computed using a

7filtered back-difference

State 5: Abduction Velocity Time rate of change of state 2 in [0] computed using

a filtered back-difference.

State 6: PS Velocity Time rate of change of state 3 in [2] computed using a filtered

back-difference.

State 7: Commanded Flexion Torque The commanded torque about the flexion

axis in [Nm] computed by scaling the voltage command according to known

6 Unless otherwise noted, games are sampled at 1 kHz.
7 Velocity calculation is discussed in Appendix B.
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calibration factors. This value is nominally equal to the commanded torque

about the patient flexion/extension axis.

State 8: Commanded Abduction Torque The commanded torque about the robot

abduction/adduction axis in [Nm] computed by scaling the voltage command

according to known calibration factors. This value, like state 2 is related to the

corresponding patient variable through geometry.

State 9: Commanded PS Torque The commanded torque about the pronation/supination

axis in [Nm], roughly equivalent to the commanded torque imparted to the

patient in forearm rotation (see section 5.4). It is computed by scaling the

corresponding command voltage by known calibration factors.

The basic game is a record and playback game. The patient is allowed to move

around the basic display while the robot operates in a passive mode, i.e., gravity

compensation for the weight of the device is provided. This file can be replayed by

the actuators with the playback game. Recording capabilities can be useful in the

evaluation of patient range of motion. Other potential uses include therapy involving

some irregular, therapist defined trajectory. Record and playback eliminate the need

for an analytically defined desired trajectory. It is worth noting that these games

are sampled at 200 Hz to accommodate the system's need to read from and write to

files during operation. In addition to the record and playback games, the robot is

equipped with a number of games appropriate for strength and resistance training,

described in the remaining sections of this chapter.

7.2.1 Resistance Games

The first set of games command the robot to hold a position in the center of the

workspace. Visual cues prompt the patient to move toward the targets so that the

actuators oppose the motion of the patient. In essence, the robot is commanded to

behave as a damped spring centered at the center of the workspace. Two versions of

the game exist: one for wrist movements using the basic display if Fig. 7-4(a), and
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Setting DIFF Axis Values PS Axis Values
Stiffness [3] Damping [ms] Stiffness [L] Damping [S]

"Soft" 2.44 0.05 2.21 0.0315
"Medium" 4.88 0.03 4.41 0.0315

"Stiff" 9.8 0.02 8.72 0.0179
"Unassisted" GRAVITY COMPENSATION, k = b = 0

Table 7.1: Current settings in game software. The therapist is prompted with a menu
of the setting descriptions in column one.

one for forearm movements using the PS display of Fig. 7-4(b). Return moves can be

viewed as a kind of negative resistance game during which the patient must control

his motion as the robot is forcing it along the same trajectory. All of the active

games currently have three preset stiffness/damping combinations for the therapist

to choose at the beginning of the game. Table 7.1 summarizes these values, which

are presented to the therapist as either "soft," "medium," or "stiff." This is done as

a safety precaution against unsafe gain selection. After some testing, it is anticipated

that the appropriate gains for therapeutic application (within the constraints of the

device) will be identified and implemented.

7.2.2 Sensorimotor Games

Star

One of the major advantages of MIT-MANUS has been its ability to provide sen-

sorimotor training; visual feedback prompts the user to make a specified movement,

which is assisted by the robot. The star game accomplishes this task with the wrist

robot. This game involves the DIFF display of Fig. 7-4(a). To set up the game, the

PS axis is set to either "medium" stiffness and held at neutral or to "unassisted"

mode. During the game, the patient is prompted to move to and from the targets

as the colors of the targets change. As discussed in section 2.3, the nature of human

wrist movement is not yet well understood. Through experimentation with this de-

vice, more insight may be gained into this field, but for now, a therapy protocol must
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Figure 7-6: Normalized minimum-jerk profiles.

be established. The initial approach here is to suggest (through the controller) that

the patient make minimum-jerk movements between targets. The most convenient

way to do this is to consider a single-degree-of-freedom minimum-jerk profile8 , given

by

0(i) = em (10 P - 15 P+ 6 P) (7.2a)

(= em (30 P- 60 P + 30 P) (7.2b)
tm

where Om is the total angular excursion of the move, t is the normalized time, and tm

is the time allotted for the move. Figures 7-6 plot normalized position and velocity

profiles for a point-to-point minimum-jerk movement.

The equilibrium point trajectory is not displayed on the screen; only the start

and end targets are indicated on-screen. Stiffness can be set according to Table 7.1

for the DIFF axes and to either "medium" stiffness or "unassisted" mode for the PS

axis. Figure 7-7 shows a test run of this game by the author attempting the moves

with a moderate grip on the handle.

PS Sweep

The pssweep game, using the PS display mode, presents the patient with a line target

that moves with a sinusoidal trajectory. For the inactive axes (the DIFF axes) the

8See Appendix B for a brief introduction to this topic.
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Figure 7-7: Sample test data from star game with the author.

therapist has the choice of setting them to "medium" stiffness or to unassisted mode.

The patient is asked to follow the trajectory on the screen. When the patient is

close enough to the target, the background will change from yellow to green. Game

parameters like the number of periods, the total angular excursion, and the frequency

of the sweep, currently hard-coded into the program, can be adjusted as necessary

in the future. The current settings are for a 0.075 Hz sine wave swept with an

amplitude of 35 0. Figure 7-8 shows the position response for a test run of this game

by the author. The stiffness is set to "medium" and the subject is allowing the robot

to lead the move.

PS Target

The pstarget game is similar to pssweep except that, instead of sinusoidally sweeping

through the desired range of motion, discrete target positions are given. The desired

path of the controller consists of minimum-jerk movements between targets for the

PS axis. The current robot settings specify 8 targets (4 on either side of the neutral
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with regard to PS motion has already been discussed and may necessitate coding

separate programs for right and left handed robot usage.

7.2.3 Strength Training Games

Each of the movement therapy games described above can also be used a strength

training game. The therapist can instruct the patient to hold the handle in the center.

The game controller will attempt to move the patient toward the targets. By resisting

the forces exerted by the robot, strength training therapy is accomplished.

7.2.4 Partial-Assist Games

The games described above set an equilibrium point for the robot. If the patient

moves ahead of the prescribed trajectory, he will be forced back. In order to allow

the patient to move ahead of the robot without penalty, the star and pstarget games
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Figure 7-9: Diagrammatic representation of the effect of partial assist star game.

were modified. In the modified star game, the patient is still asked to move from

target to target, but the robot switches from an active (assist) to a passive mode if

the patient moves between the equilibrium point and the target location. In terms of

the visual display, this area can be thought of as a box with some specified thickness

and some time-dependent length. Figures 7-9 offer a diagrammatic representation of

this concept; the initial star controller sets up a torque field about the equilibrium

point as shown in Fig. 7-9(a). For the partial assist game, Fig. 7-9(b), this field is

turned off within the rectangle in joint space existing between the equilibrium point

and the target location. The partial assist version of the pstarget game is similar

except for the fact that it is only one dimensional.

Due to the fact that this controller defines an assisted region and an unassisted

region, there is necessarily a boundary between the two types of assistance. At this

boundary, where the control law switches, the controller appears to have infinite gain.

High gains, especially when passing through zero command, were covered as a source

of instability in Chapter 6. In order to counteract these instabilities, the control law

was augmented to include a transition region between the two modes of operation.

With the control law defined as a piecewise linear function of position at any instant

in time, the instability should be avoidable. At the present time, this instability has

not been overcome; the system goes into limit cycle oscillations at the edges of the
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"slot." It is anticipated, however, that these instability problems can and will be

solved in the manner suggested here.

This partial assist type of therapy allows more patient directed movements to be

accomplished. In addition, there is the potential for introducing adaptive algorithms.

Such controllers are currently a topic of research with MIT-MANUS. A "slot" is

defined between the equilibrium point (defined by the minimum-jerk trajectory) and

the target, much like the rectangle in Fig. 7-9(b). Parameters like the stiffness of the

walls and the geometry of the slot can be adjusted in response to patient performance.

Implementing analogous controllers with the wrist device is something that could be

done in the future.

7.3 Conclusions

The video games included with the robot emulate typical therapeutic tasks. The

visual display, though primitive, effectively conveys the orientation of the robot on-

screen and records this data for subsequent analysis. Improvements and increased

sophistication of this display is only one of a number of goals for this device. Future

development of virtual environments with the robot can allow a number of functional

tasks to be programmed for therapy. It is hoped that, through pilot studies, a better

understanding of the best ways to use the device will be gained. Parameters in the

games concerning the amount of robot-assist and movement timing are of particular

concern. It is also important how, in general, the patients respond to the device. Ef-

fective therapy relies on a comfortable workstation and robot feel and video exercises

that can retain patient interest.
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Chapter 8

Conclusions

The work presented in this thesis describes a step in the development of a robotic

wrist rehabilitator. The first step, as described in Williams [54], details a design for

the robot. Here, the robot is assembled and the design is reviewed and characterized.

In addition, a controller and basis for therapy with the robot are developed. This

chapter reviews the major accomplishments of this research and discusses what the

next steps for this project should be.

8.1 Current State of the Project

8.1.1 Goals Accomplished

The major accomplishment of this work has been the realization of hardware for the

robot from its initial design. The device is found to be most useful in movements of

pure abduction/adduction, pure flexion/extension, and pure pronation/supination.

Hard nonlinearities impede the development of controllers that can provide smooth

and stable operation. The complexity of the control problem encountered here could

be reduced through proper decision making at the design level. Revisiting and ad-

dressing the research objectives as presented in the first chapter:

9 Basic functionality of the wrist robot was achieved according to the necessary

modifications described in Chapter 3 and Appendix C. The details of the as-
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sembly, especially of the fragile motor-encoder package, proved to be the main

obstacle to this goal.

" Through the analysis of the design, a number of areas of focus for redesign were

identified and addressed throughout Chapter 3 and Appendix C. These include

reassessing the mechanism kinematics, redefining the functional requirements

to address patient sizing/strength concerns, analyzing the gear loading on the

shafts to avoid the excessive deflections seen in the current design, and em-

phasizing higher quality components. Where possible, solutions were suggested

for the identified design issues, though the responsibility for those decisions

ultimately lies with the designers.

" Component characterization showed the amplifiers and actuators to operate

reliably. The main concern with the actuator performance is cogging.

" The parameter identification and system analysis of Chapter 5 aids in the un-

derstanding of device operation. The modeling and simulation carried out here

was sufficient to encapsulate qualitative behavior.

" Closed loop control was successfully implemented on the device. Considering

the patient-robot interaction, it seemed appropriate to focus on controlling the

stiffness and damping of the actuators as a means of providing a given endpoint

impedance. The framework for an impedance controller was introduced along

with schemes for gravity, friction, and backlash compensation. In practice, only

the gravity compensation was implemented successfully to complement the PD

controller.

" The performance limits of the device under the current control scheme were

mapped out. These impedances may suffice for therapy, a question that will be

answered through clinical study, but the device itself is under-performing. In

order to improve the achievable impedances with the current device, the control

problem will need to be reassessed.
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" Interactive video games using a simple graphics display were developed to emu-

late the common therapeutic exercises of strength training, resistance training,

and sensorimotor training. The robot has the ability to record data for patient

evaluation and analysis.

* The remainder of this chapter outlines suggestions for further work/research in

terms of design, control, and device implementation, much of which has been

introduced in this thesis.

Clinical Trial Readiness

The robot as described within this thesis is currently installed at the Burke Reha-

bilitation Hospital in White Plains, New York, set to go through the early stages

of clinical trials. Redesigned versions of the device based on this work and created

at IMT are expected to come on-line soon as well. As mentioned above, the device

has been outfitted with a full complement of video games to provide sensorimotor,

strength, and resistance training. Part of the pilot study should include an evaluation

of what gains and what games work well for therapy.

Safety Features

Safety being paramount in any human-machine interface, it is useful to recall the

following robot features:

" Mechanical limit stops prevent over-rotation about any of the robot axes. This

nearly1 guarantees that the robot will not interfere with itself during operation.

" Software limits shut down the actuators if the handle over-rotates 2 during a

game.

* A PLC monitors the status of each servo-amplifier and shuts down the entire

system in the event of a fault detected in any one of them.

'Contact between the linear slide rail and transmission housing cover remains possible, though
unlikely during a therapy session.

2 These limits are set slightly below the mechanical limits.
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" Where possible, interfaces between the patient and the robot are cushioned,

using Velfoam@ and rubber stops.

" Commands at the beginning and end of each game are ramped up to their

desired values in order to eliminate the possibility of a large discontinuous torque

applied to the patient.

" In the event of either ADR or ADL actuator saturation, the commands to the

DIFF actuators are scaled so as to preserve the intended force orientation.

* Three emergency stop buttons are provided: one is located on the front of the

electrical panel, the other two, attached to the panel by ~ 10 ft cables, can be

positioned where convenient.

" Any program may be terminated through a keystroke.

Device Limitations

While the robot has achieved functionality and is set to begin clinical trials, it is

important to recognize the limitations of the device. The following list summarizes

the issues that have not been satisfactorily addressed by this research. Some of these

issues likely cannot be addressed within the current design; other issues have simply

been deferred due to factors such as the time and cost required compared to the

benefit.

" Patient positioning is critical for operation. The nature of the mechanism for

wrist rotation requires that the flexion/extension axis of the wrist coincide with

the flexion/extension axis of the robot. Furthermore, the hand must be securely

attached to the handle. These restrictions on patient position emphasize the

importance of the therapist in overseeing the robot therapy.

" The robot ranges of motion are limited: the range of motion in pure abduction

is reduced due to the mechanical limit stop, PS motions are limited by inter-

ference with the human forearm, and circumduction movements are difficult as

discussed in section 3.5.
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" The controller design has not successfully accounted for backlash or motor cog-

ging. Acceptable operation is achieved by limiting the gains and, therefore, the

performance capabilities of the device.

" There is some unresolved flickering of the cursor during the robot games. The

code for this should be addressed.

" Structural instabilities remain present in the DIFF axis, resulting in low ampli-

tude vibration of the handle during therapy.

" The current design is not amenable to maintenance, as accessing most of the

components requires partial or complete disassembly of the device.

8.2 Future Work

First and foremost, the work presented in this thesis should be reviewed independently

by members of the research/project group. This is essential for the sake of the long

term success of the project, as allowing errors to propagate will only slow the process

once they are discovered.

Technical Aspects

" The major the engineering effort should focus on the device limitations summa-

rized above. With the redesign effort well underway, many of these known prob-

lems, especially those that depend on component quality, should be addressed.

Once fully designed and constructed, the control problem can be reconsidered

so that it is specific to the new hardware.

" There is also an opportunity to use the device as a test-bed for advanced con-

trollers; this would constitute a case study in controller design for a system

with built-in nonlinearities. This was the approach taken in Chapters 5 and 6,

during which the existing hardware was taken to be a constraint. Clearly, there

is room for improvement over the work presented in Chapter 6.
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* Chapter 5 consisted mainly of identifying the impedance of the robot. A gen-

eral method of robot impedance calibration would be useful for this and other

similar applications. Such a procedure would consist of sensor calibration, ac-

tuator/drivetrain calibration, static and dynamic impedance characterization,

and coupled and uncoupled stability characterization. This could potentially

involve a multi degree-of-freedom machine of known characteristics to auto-

matically perform the identification. Even the most general solution will likely

require some device-specific attention to detail as in, for example, fixturing, but

the concept could prove useful.

Redesign Efforts

Chapter 3 and Appendix C go into some detail over the design issues that should be

addressed in the next version of this robot. This redesign has been conducted concur-

rently with the deployment of the prototype. Beyond the basic reproduction/redesign

project, there is the potential to augment the current system operation. Ultimately, it

is desirable that the wrist device be integrated with MIT-MANUS to provide 5 to six

degree-of-freedom therapy (if the vertical module were also included). This presents

itself as a task that will require a significant design effort on the current hardware to

account for issues such as the transmission of electrical power to the actuators and

the complexity of the new dynamics.

There is also a great deal of potential improvement to be made with the current

visual display. It will be interesting to see how patients respond to the current visual

display, which is built on the graphics primitives available in QNX. The relevance

paradigm employed ("pointing at a screen") is somewhat diminished by the physical

placement of the monitor at the workstation'. One could envision both "high-tech"

and "low-tech" solutions to the visual display problem. Virtual environments ren-

dered in three dimensions may eventually become useful in conveying spatial rota-

tions. At the other end of the spectrum, tasks could consist of the patient reaching

3The monitor is positioned in the patient's line of sight rather than directly in front of the robot.
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for physical objects, doing away with the visual display altogether. Such tasks would

likely require the object in question to be instrumented as well, but there is some

value in eliminating the abstraction of the visual display. Recall that therapy with

the device is meant to promote functional capability, which is generally thought to

be influenced by practicing functional tasks.

Alternate Applications

Even the most specialized hardware finds uses in other fields. Much of the technology

enjoyed by today's society finds its roots in projects for the space program. One of

the more obvious potential applications for the device beyond physical therapy is as

a device for psychophysical experimentation. Data collected from MIT-MANUS [45]

has been used to identify motor primitives; it is anticipated that data from the wrist

robot will be analyzed in the same manner. Experimentation with normal subjects

performing movement tasks while the robot is operating passively could provide data

for this purpose. The evolution of these submovement patterns during motor recovery

can also be investigated by analyzing the data collected from stroke patients. The

value lies in the device's ability to measure the spatial orientation of the wrist and

forearm. Any application requiring such measurements could benefit from the wrist

robot.

The wrist robot could also find a niche in the entertainment industry as a three

dimensional "force feedback" joystick. Utilization of the wrist robot as a haptic device,

such as for a video game or a flight simulator, is fairly analogous to the therapeutic

operation of the device. To be sure, the required force levels will likely not be as high

and specific movement profiles may not be such an important part of the controller,

but the basic idea of emulating some environmental behavior through the actuator

commands is the same. Only a few ideas for alternate applications for the wrist

robot are presented here, with a complete listing limited only by the reader's own

imagination. For the immediate future, work with the device will focus on exploiting

its ability to administer and evaluate therapy protocols.
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Appendix A

Three Phase Current Sensing

A.1 Architecture

The amplifier characterization carried out in Chapter 4 made use of a custom three-

phase current sensor based on plans by Foster [19] and built in conjunction with

Tang [52]. Each phase, identical in construction, consists of one Burr-Brown INA117

difference amplifier and two operational amplifiers, arranged as shown in Fig. A-1.

The voltage difference between a motor phase and a servo-amplifier phase drives the

current, so a 0.1 Q power resistor is placed in that line. The voltage across this

resistor, Vi, serves as the input to the difference amplifier stage so that, by Ohm's

law,

Vin = Vmotor - Vservo = IRs (A.1)

where I is the current to be measured and R, is the power resistor1.

The low pass filter stage is a unity gain, two-pole Butterworth filter implemented

with the op-amp and network of resistors and capacitors. Its transfer function can be

shown to be

Vfit 1 (A.2)
Vi n R 1 R 2C1C 2s 2 + (R1 + R 2 )C 1s + 1

where Vfil is the output of the filter stage, which is also the input to the gain stage.

'While this value is nominally 0.1 Q, the actual resistance across the terminals for each phase
varies slightly.
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Figure A-1: Current sensor electrical schematic [52].

The gain stage transfer function is given simply by

Vot = I+ R4) (A.3)
Vfilt R 3 1

with Vo0 t measured by the oscilloscope or A/D board, depending on the test. This

gives the overall transfer function as

Is 1+ RVout R R3

I s R 1 R 2 CIC2 s2 +(R 1 +
(A.4)

R 2)C 1s + 1

with cutoff frequency given by

1
wc=R 1R2C1C2

(A.5)

Table A.1 shows the values of the components used in the current sensor, which give

it a nominal cutoff frequency of 928.2 Hz.
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Component Value
R, 19.6 kQ
R2 20.0 kQ
R3 4.99 kQ
R4 15.0 kQ
C1 5 nF
C2 15 nF

Table A. 1: Values of current sensor components.

A.2 Characterization

Experiments with the current sensor were conducted in discrete and continuous time

to verify the model given above. The static response of each phase was determined

by inputting a known current from a BK Precision power supply and measuring

the output with a Fluke digital multi-meter. Nominally, the DC gain for each stage

should be 0.4, seen by plugging the values from Table A.1 into the limit of Eq. A.4 as s

approaches 0. Differences between this value and the actual gains, listed in Table A.2,

are due to component tolerances and increased resistance at the terminals.

Phase Sensor Gain [V]
A 0.461
B 0.438
C 0.433

Table A.2: Current sensor gains.

Frequency response testing was conducted using the oscilloscope and a Leader

LG1031 function generator. Figures A-2, A-3, and A-4 show that the current sensor

frequency response closely matches the theoretical. In these figures, the solid line is

the model, while the circles represent the data points. The magnitude is a plot of the

circuit output voltage divided by the DC circuit output voltage in decibels.
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176

F.-..

0

" H . E3 +3 H .(=I,

3

- - - -

-. ... .-.-.-.-.-. -. -. -.. .-

--. -.. .. -.. .... -. .. ....... ..

I
03

10 3



Ca

-e -b --- - -- -6 -, -e - - -

-10-

- 15 - -.-.-.-.-

-20
100 10 102 1

Frequency [Hz]

-45---

0)
w -90-

CO

-135 -

-180 -
100 10 1

Frequency [Hz]
102
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Figure A-5: Phase A current sensor frequency response in discrete time.

Frequency response testing was also conducted using the computer, sampling at 1

kHz. Both the Bode plots and linear phase versus frequency plots are included here.

Figures A-5 through A-10 show these results, whose 1 ms delay is attributable to

sampling, since the effects of the output are not recorded until the next time step.
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Figure A-10: Phase C current sensor linear phase versus frequency in
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Figure A-11: The command current is obscured by the measured current, which is
the noisier of the signals. The curve that saturates is the Kollmorgen current sensor
data.

Kollmorgen servo-amplifiers come equipped with their own configurable-gain 2 cur-

rent monitor. Kollmorgen literature advises against using this current monitor in a

control loop. The current was recorded during servo-amp and motor testing to get

an idea of what it was measuring. One of these tests is shown in Fig. A.2, during

which the Kollomrgen reading saturates. Figure A.2 shows the current sensor gain as

a function of the rotor position. One would expect the current sensor to accurately

reflect the torque ripple encountered in Chapter 4, but this is not the case. Figure A.2

compares the Kollmorgen current sensor readings to the actual current readings from

the current sensor discussed above. The position dependence, accurately reflected in

the actual current, is not perceptible in the Kollmorgen readings. This figure also

reflects the fact that the sensor is reading around 27% above its expected value. This

monitor does not behave as expected: the apparent gain is not directly proportional

to ISCALE, as Kollmorgen literature would suggest, but varies in an unknown man-

ner with this parameter. Due to the apparent inaccuracy and unreliability of this

measurement, it is not recorded or used in any way with normal robot operation.

2The current-to-voltage transfer function here is actually the same as introduced in Eq. 4.3 which
depends upon the value of ISCALE.
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Figure A-12: Kollmorgen current sensor gain.
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Figure A-13: Kollmorgen current sensor readings.
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Appendix B

Derivations and Analysis

B.1 Velocity Measurement

Velocity measurements used by the controller are computed online from position

measurements. The program keeps track of values from the previous sample and

implements a simple back-difference algorithm, so that

AO6
(B.1)

TS

where T, is the sampling period and A 9 is the difference between the current position

and the previous position. A first order Butterworth filter with a cutoff frequency of

30 Hz is also implemented to give the final velocity measurement as

Wf = 0.0864 (w + wp) + 0. 8 2 7 3 wpf (B.2)

using the subscript p to denote previous, f to denote filtered, pf to denote previous

filtered, and the coefficients are for a 1 kHz sampling rate. This topic is relevant to

discussion on the determination of the appropriate encoder resolution. The remainder

of this section examines some of the limiting factors for the current implementation

of Gurley encoders.

The first point to examine relates to the maximum resolvable speed. Let ren
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be the encoder resolution in counts per cycle where AXOmin is the smallest resolvable

change in encoder reading, given by

AOmin = 1 (B.3)
renc

In this setup, renc = 40960, making AOmin = 0.0088' of pinion rotation. The servo-

amplifier has a maximum input frequency of 3 MHz, which could limit the maximum

resolvable speed. Examining the other components, however, shows that the US-

Digital counter card can read a maximum rate of 1.75 MHz. This card has its own

on-board, configurable low-pass filter whose cutoff frequency can be set to an integer

divider of the maximum rate. This divider is currently set to 3 giving a maximum

input frequency of 583 kHz. This still does not represent a limiting factor for the sys-

tem. The encoder itself is reported to have a maximum output frequency of 500 kHz.

The maximum speed, therefore is 12.2 rps. Taking into account the gear ratios in-

volved, this amounts to some 420 2 in the PS axis and 540 2 in the DIFF axes. It is
S S

expected that these speeds would not be approached during normal stroke therapy,

during which slow motions are executed, often over the full ROM.

The other point of view for determining encoder resolution requirements is on the

low-end. It is not very useful to determine the encoder resolution based on some

endpoint position accuracy requirement. The backlash in the gears, on the order of a

few degrees at the pinion, negates the advantage of being able to resolve thousandths

of a degree. Even if there were no backlash, the JND for wrist and forearm motions is

2 which, in terms of encoder resolution, is multiplied by the gear ratio, translating

to an extra order of magnitude. Such requirements are not very stringent. Instead,

it is instructive to examine the lowest resolvable velocity. By Eq. B.1, the lowest

resolvable velocity is improved (lowered) by increasing the resolution and, somewhat

counter-intuitively, lowering the sampling rate. The sampling rate should be kept

high for the sake of the control algorithm. One way to define the encoder resolution

requirement is to consider the damping gain involved. These servo-amplifiers have 14-

bit resolution on their analog input, roughly 1 mV. Using this along with some desired
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endpoint force resolution due to damping, it is fairly straightforward to calculate a

minimum encoder resolution for this application.

B.2 Minimum-Jerk Motion

Movement profiles for therapy in this thesis follow minimum-jerk trajectories. Such

trajectories are smooth and exhibit bell-shaped velocity profiles. All minimum-jerk

trajectories discussed here are of a single variable and have homogeneous endpoint

conditions. The parameters of the move are Em, the move distance, and tmn, the move

time. The minimum jerk trajectory is found by minimizing the cost function

fm1 (d3 0(t) 2
C2J= d3 )dt ( B.4)2 0 W )

where 9(t) is the position as a function of time, t. Using the Euler-Poisson equation

from variational calculus, the extrema on the interval 0 < t < t of such a functional

are found to satisfy

OC_ d _C d2 0C d &CJ(+ - .. .. (-i)" =0 (B.5)
00 dt ao dt 2 o0 dt" 99(n)

which reduces to

=3 0 (B.6)

The solution to the optimization problem is a fifth order polynomial

(t) =CO+C 1 t+C2t2 +Ct 4 +C 4 t5  (B.7)

subjected to the boundary conditions

0(0) =0 , (0) = 0 , (0)=0 (B.8)

0(tm) = Gm , a(tm) = 0 , (tm) = 0
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assuming the move is from position 0 to Em. Working out the solution provides the

final result as a function of normalized time, i, for the movement profile.

0(i) =E)m (10 P - 15 4 + 6P) (B.9a)

0(i) = m (30 P - 60iP + 30 4 ) (B.9b)
tm

B.3 Numerical Methods

The majority of computations and data analysis carried out within this thesis have

been with MATLAB. MATLAB has become a standard tool in engineering and is

especially notable for its ability to easily handle matrix operations. MATLAB also

contains a number of functions that, when used properly, can assist the user in per-

forming data analysis. The ode-family of solvers, for example, provide solutions to

state-space representations of a system of differential equations. This section intro-

duces the main functions used for curve fitting in this work.

Least-Squares

Least squares curve fitting is simple yet powerful method for finding the best fit line

to a given set of data. The data (or processed data) is assumed to have the form

yi = mXi + b (B.10)

where m is the slope and b is the intercept of the best fit line for the data set, xi and

independent variable set, and yi is the predicted value of each dependent variable.

The goal of the method is to minimize the sum-of-squares of the error, S, with the

individual errors ei given by

ei = Yi - yi (B.11)
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where Yi is the measured data set.

N

s = [(B.12)
i=1

is then minimized by setting the partial derivatives with respect to the slope and the

intercept equal to zero.

as 
N

=m= = Z2 (Y - mxi - b) (-xi) (B.13a)
i=1

as N

ab = 0 = E2 (Y - mxi - b) (-1) (B.13b)
i=1

which can be solved for the fit parameters as

Ex Yi b
b ___ xi) - N(B. 14a)

M = Y-bN (B.14b)
Ezxi

MATLAB's fminsearch

Much of the curve fitting presented in this thesis has utilized MATLAB's fminsearch

function, an unconstrained nonlinear optimization solver. If the functional form of

some data set is known, it can be used to define some error function of the parameters

of interest which become the variables of the search. A simplex search method is

employed to find the best-fit solution. This type of optimization routine can be

thought of geometrically in R" space, where n is the number of dimensions and equal

to the number of variables being optimized. The algorithm evaluates the function

at n + 1 points so that it is able to determine the direction of improvement for

the variables [60]. Control variables are adjusted, searching the solution space for

the optimum solution as the least favorable conditions are rejected. Since it only

utilizes function evaluations as opposed to function derivatives, fminsearch can be
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very robust. Simplex search techniques, however, are both inefficient and subject to

finding local minima of the specified function, so care must be taken in choosing the

initial conditions.
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Appendix C

Version 0 Design Notes

With any alpha prototype some details are inevitably overlooked. Just as errors in

the analyses presented in this thesis will be uncovered, there were a number of ideas

presented in the design of the wrist robot that required more thought. It is instructive

to review the cons as well as the pros of the design, both as an exercise of the design

process and as a matter of engineering curiosity. This appendix, an extension of

Chapter 3, attempts to enumerate the known design issues and comment on their

tractability within the framework of the current design, largely serving as a guide for

future redesign efforts1 . Part naming conventions generally correspond to those given

in Ref. [54] and there are numerous cross-references to the body of this thesis in an

attempt to minimize redundant presentation of information.

C.1 General Comments

An obvious thrust of this design has been economy of size. The compactness of the

hardware, however, creates many difficult assembly problems. Difficulties in assembly

directly translate into difficulties in maintenance. Since the machine components used

will have varying lifetimes, it would be advantageous be able to service the device. If,

for example, the interior (ADR or ADL) encoders on this device were to fail for any

'This information has already been presented to those in charge of the redesign effort, but is
reproduced here for completeness.
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reason, the device would be rendered effectively useless; replacing these components

involves a complete disassembly of the device.

A major recommendation here is that a motor-encoder package be sought out

for the redesign rather than separate pieces. Issues like encoder errors due to excess

loading (section 3.3) were due to the fragility of the connection between motor and

encoder and difficulties in mounting. In addition, the front-mounted encoders within

the transmission housing are a major contributor to the difficulties encountered in

assembly. Figure C-1 shows the location of the encoders. Access to these encoders is

limited to the slots in the housing, making the assembly nearly blind. The set screws

of the encoder must be tightened onto the flats of the motor shafts through this slot.

Figure C-1: Differential transmission housing with modified opening for encoders.

One recurring problem throughout the assembly of this device has been locating

the motors with respect to the device. All of the motors are attached to their re-

spective housings using four machine screws. Motors are located by the counterbores

where the heads of these machine screws sit. Due to the inherent play in such a

connection, it is difficult to say with any degree of accuracy the exact location of

the motor axes. Along these lines, some of these thru-holes are partially obscured.

Consider the DIFF assembly, where the compound gear blocks the holes. Low-profile

bolts were used, inserted before the gears, to accommodate this situation. These mo-

tors must be drawn in a thread at a time so that the motor faces are flush against the

transmission housing (ensuring proper axis orientation). This process is made more
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difficult by the need to simultaneously attach the encoders, which are floating in the

transmission housing.

In general, very little attention was given to cable routing in this design. Three

cables come from each motor-encoder set to the electrical panel (Halls, motor power,

and encoders) and they are all fairly heavy and stiff. The cables from the ADL

and ADR motors adversely affect motion in the PS axis. Looping the cables toward

the back of the mechanism, as discussed in section 3.5, has minimized this problem,

though it remains aesthetically unpleasant, interferes with the workstation, and leaves

the encoder wires prone to accident. The cables provided by Baker Electronics are of

varying lengths and are exceedingly bulky, highlighting the issue. Cabling must be

considered earlier in the design process, especially with the ADR and ADL motors,

along with their associated wires, moving in space.

A final critical, yet overlooked, detail has been a method for mounting the robot

to the workstation. The PS motor is currently located with respect to the roller

bearing mount by four counter-bored bolt holes, allowing a substantial amount of

play in its placement. This play is undesirable because the motor location determines

the center-to-center distance of the PS pinion and ring gear. This, combined with the

fact that the motor floats in the PS motor housing, caused problems during assembly.

In order to make the gears mesh properly, the PS housing had to be shimmed up

with respect to the roller bearing mount. This was accomplished by mounting both

pieces to a stepped piece (the step was machined to be 0.037in.) manufactured from

a U-shaped piece of aluminum stock. This piece serves the additional purpose of

raising the robot high enough so that it does not interfere with the table surface

during normal operation. The roller bearing block was secured using bolts coming

through the underside of the table mount. There was limited clearance for the front

two thru-holes (due to the bearing set) and no access to the back two holes.
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(a) Back view. (b) Bottom view.

Figure C-2: PS encoder cover: These photos show views of the channel milled into

the encoder cover to allow for cable routing.

C.2 Dimensioning

The following lists cover inconsistencies between the listed dimensions in the final

drawings from [54] and the modifications necessary for assembly and operation. These

issues are grouped loosely by the portion of the robot they affect.

Encoders

* The space for the encoders in the transmission housing was opened up to allow

space for the cables without loading the encoders.

" The method for mounting the DIFF encoder was modified as described in sec-

tion 3.3.

" Figures C-2 show the encoder cover for the PS axis, a CNC'd aluminum piece

meant to protect the encoder. A channel was milled into this piece to accom-

modate the encoder cables.
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DIFF Transmission

" The transmission housing covering, a rapidly prototyped piece, was sized incor-

rectly so that the spider gear interfered with it during normal operation. This

piece was machined in-house to allow clearance for both the spider gear and the

encoder wires.

* The transmission housing was machined to allow extra support against bending

as described in section 3.4.2.

* The center axis mount was machined to allow for pin removal. This involved

the removal of material between the two blind holes where the mount lines up

with the transmission housing.

" The compound gears are attached to their shaft with set screws instead of

the prescribed pins. Pinning the gears in place could have caused damage to

the robot while making disassembly problematic. The set screws should be

sufficient (though they do introduce a (negligible) anisotropy in the inertia of

the gear) since the gears do not encounter any axial load (they are spur gears)

and rotation of the gear relative to the shaft is irrelevant (it is an intermediate

gear).

* The heat sinks designed for the ADR and ADL motors were deemed unnecessary

and are not presently being used. If they are included in the future, a method

of attachment will need to be proposed.

PS Axis

" Only one pinion/curved rack set is used on the PS axis; the reasoning has been

covered in section 3.4.2.

* No access holes were provided for the bottom two thru-holes for the motor.

These holes were drilled into the current prototype.
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" The ring gears interfere with the patient's forearm, restricting movement. Rub-

ber stops have been introduced to avoid injury, though this component must be

resized to account for offset between the patient and robot axes and to consider

the actual connection point 2.

* The distal forearm connection restricts patient movement. This component was

replaced by a Velcro strap, discussed in section 3.5. If redesigned with regard

to the relevant kinematics and sizing, it may prove useful in future designs.

* The forearm support is too small for the entire intended patient population. A

support that flared out was introduced as a solution for the current hardware,

though this new piece is constrained to fit in with the current ring gear setup.

Handle

* One of the handle degrees of freedom, as discussed in section 3.5, has been

immobilized.

* The handle has been replaced by a non-handed model also covered in section 3.5.

* The press fit in one of the dowels of the slider yoke failed. The current version

was repaired using adhesive, but for the future, the dimensions used for the

press fit should be reviewed.

* The bevelled head of the dowel pin wedges into the slider connector. This head

could be filed down to remove the interference and allow the designed stops to

fulfill their purpose, though nothing has been done to the current robot.

C.3 Performance

Some of the issues encountered with the robot bridged the gap between operation

and performance. Evaluation of the torque and power producing capabilities will be

2 The initial design was based on the wrist diameter rather than the forearm diameter.
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deferred until more experience with the device in operation with subjects is obtained.

Other issues relating to patient mobility have been covered in the body of this thesis.

The remainder of this appendix covers some of the other issues that warrant a re-

introduction.

The structural instabilities encountered were due to shaft deflection under loading

from gear tooth interactions. Problems here were first noticed in the DIFF axis, as

its shaft visibly moved during static endpoint force testing. Difficulties arose in the

PS axis when the second pinion gear was introduced. These types of problems can

be prevented in the future by including basic analysis of expected loading conditions

and the how the loading affects the structure bearing the load.

The premise behind the introduction of the eccentric bearings is erroneous. The

two major problems caused by their existence are with assembly (the high probability

of ending up with skewed shafts) and their intended purpose (backlash adjustment).

Adjustment of the center-to-center distance between the pinion and intermediate

stage cannot be made without inadvertently adjusting the center-to-center distance

between the intermediate stage and the differential gear stage (whose location is

fixed). Future designs should not include this feature. The motor shaft, intermedi-

ate shaft, and differential shaft locations should all be determined using the pitch

diameters of the gears in question. Even a best-case scenario assembly will result

in unavoidable backlash in the DIFF gear train, adversely affecting the performance

capabilities of the robot.

The gear quality of the ADL and ADR motor pinions is extremely poor; the teeth

are warped in the regions where holes are drilled (for the set screws and pins). This

adversely affects performance. Higher quality gears should be used. It may also

be possible to use a different method of attachment (other than pins) to avoid the

problems caused by the presence of the holes. Two possibilities include using hubbed

gears where the thru-hole is on the hub and pinning the gear parallel to the shaft

axis. In addition, no method of gear lubrication has been proposed. Since this is an

open gearing system, options are limited to dry lubricants, like graphite, or applied

coatings, like Teflon.
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Appendix D

Guide to the Wrist Robot

This appendix contains a copy of the supplement provided to the therapist responsible

for operating the wrist robot. The information is current as of the printing of this

thesis and supersedes all previous editions.

D.1 Getting Started

D.1.1 Powering Up

e Turn on the computer. The computer will automatically boot into QNX.

o Supply power to the robot by turning the red knob located on the upper right-

hand corner of the electrical panel to the ON position. The green light indicating

POWER ON will light.

o Disable the dynamic braking by pressing the red RESET button on the front of

the panel.

o Enable the robot by pressing the green START button on the front of the panel.

Shutting Down

Powering down is accomplished using the red STOP button on the front panel followed

by turning the knob to the OFF position. Never shut down the computer before
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powering the robot down.

D.1.2 Navigating the Directories

All programs are run on the QNX operating system within the X11 XWindows envi-

ronment.

(DETAILS ON LOGGING IN AND DIRECTORY

STRUCTURE OMITTED FOR SECURITY REASONS.)

D.1.3 Indexing the Robot

In order to respond to the control laws properly, the robot must be indexed. Indexing

is accomplished by executing the index-position program. When run, this program

asks that the index points be passed through in a prescribed manner1 . The user

should move the handle from a position corresponding to the NW (starting at the

stops) target to the center for the differential and from the left of center to the center

for PS (starting from a supine position with the right hand). After indexing, a key

should be pressed and the handle should be placed in its cradle. The program will

(after another keystroke) display the location of the cursor. The cursor should appear

at the center target with the PS indicator line vertical. If this is not the case, the

robot should be re-indexed. Also, if either the line or the cursor itself are red while

in the cradle, the robot should be re-indexed. The robot should not need to be re-

indexed after that unless there is a power interruption to either the electrical panel

or computer.

D.1.4 Patient Attachment

Proper patient positioning is critical to the operation of the robot. The wrist axis for

flexion/extension should be collinear with the flexion/extension axis of the differential.

The blue, neoprene marker serves as a reference point to line up with. The wrist is

secured to the robot using a Velcro strap. The patient's grip must also be secured

'These instructions are also displayed on-screen by the the program.
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Figure D-1: Robot reference points.

to the handle; this attachment is critical for meaningful radial/ulnar deviation robot

therapy. Loopholes for Velcro straps are provided for this purpose. The patient is also

secured to the workstation via a bicep constraint. Therapists have recommended that

the patient be situated at the robot so that the shoulder is extended forward 300 and

abducted 20 0. The chair and bicep support should be positioned to approach these

rules of thumb, though patient comfort should always be the guiding factor. Note

that the patient position defines the range of pronation and supination available.

Individual patient size could prove important in the eventual analysis of robot

data. Figures D-2 and D-3 show some typical measurements that are taken of the

wrist and forearm. It is recommended that, at the very least, measurements H, B, C,

and L are recorded for each patient for future use. These measurements are described

as follows:

H: distal wrist crease to handle center

B: wrist breadth

C: wrist thickness

L: forearm length
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(a) Open palm. (b) Closed palm.

Figure D-2: Typical anthropomorphic wrist measurements.

M

L

Figure D-3: Typical anthropomorphic forearm measurements.
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(a) Basic display in wrist joint coor- (b) Display for PS mode.
dinates.

Figure D-4: Visual display types.

D.2 Games

There are a number of games that are currently available for the wrist robot. A brief

description of each of these follows. All programs2 are executed by typing the program

name along with a file prefix designating the .dat file(s) that will contain the results.

The basic display, as alluded to in the indexing section, consists of a yellow cursor (a

circle) with a black line on it. There is a one-to-one mapping between the position of

the cursor on the screen and the orientation of the wrist. This representation is inde-

pendent of forearm orientation, i. e., radial and ulnar deviation are always displayed

as up and down movements of the cursor and flexion and extension movements are

always represented by side to side movements of the cursor on the screen. The line in

the cursor is meant to indicate the orientation of the handle as affected by pronation

and supination.

D.2.1 Record and Playback

The executable recording will allow a trajectory to be recorded in the basic display.

Executing playback after this will play this trajectory back on the robot. For safety's

sake, playback should not be run if the user is unsure when the reference trajectory

2 Not including index..position, recording, or playback-rec.
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was recorded. recording stores the trajectory into a file named ex.traj .dat. During

the recording, the robot provides assistance against gravity. playback can be run at

any one of three preset stiffnesses and stores data into a file named act-traj .dat.

D.2.2 Resistance Games

The programs center and pscenter each set up the robot as a spring with its equi-

librium point at the origin. The changing targets will suggest a direction for the

patient to move, as the patient will have to work against the robot to approach the

targets.

D.2.3 Star

The star game, implemented by typing star (file-prefix), takes the user through the

eight targets of wrist rotation, making minimum-jerk movements between each target

while holding the PS axis at some nominal stiffness. As in many of the games currently

available, the user has the option of one of three preset "stiffness" values. Part of the

development of therapy protocols will be the adjustment and specification of the best

therapy environment. This game can also be used as a strength training exercise if

the patient is asked to hold the handle at the center of the workspace.

D.2.4 PS Sweep

The PS sweep game, implemented by typing pssweep (file-prefix), presents the pa-

tient with a line target that moves with a sinusoidal trajectory. The patient is asked to

follow the trajectory. When the patient is close enough to the target, the background

will change from yellow to green. Game parameters like the number of periods, the

total angular excursion, and the frequency of the sweep, currently hard-coded into

the program, can be adjusted as necessary in the future. This game can also be used

as a strength training exercise.
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D.2.5 PS Target

The PS target games, implemented by typing pstarget (file-prefix), offers the same

visual display as pssweep, only now the target stops at discrete angles and requires the

patient to follow a minimum-jerk trajectory towards each one. Again, this program

can also be used as a strength training game.

D.3 Data Management

The output .dat file for each program consists of a table of nine variables. The

recorded states correspond to the orientation of the robot handle, the velocities de-

rived from those positions, and the torques commanded for each axis. The data that

is recorded by the robot is listed and described below. Note that the data is sampled

at 1 kHz.

State 1: Flexion Angle Robot arm flexion angle in [0], nominally equivalent to the

patient flexion angle. Positive readings correspond to flexion for a right-handed

patient and extension for a left-handed patient.

State 2: Abduction Angle Robot abduction angle in [0], distinct from patient ab-

duction angle. The exact relationship between the degree of robot abduction

and the degree of patient radial/ulnar deviation depends on the individual pa-

tient geometry. Positive values are always indicative of radial deviation, despite

which hand is used.

State 3: PS Angle The PS orientation of the robot in [0]. While the amount of

forearm rotation is roughly equivalent to the PS angle indicated by the robot,

patient orientation with respect to the device must always be considered in in-

terpreting the results. Supination is a positive reading for right-handed patients

and negative for left handed patients.

State 4: Flexion Velocity Time rate of change of state 1 in [ ] computed using a

filtered back-difference.
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State 5: Abduction Velocity Time rate of change of state 2 in [2] computed using

a filtered back-difference.

State 6: PS Velocity Time rate of change of state 3 in [0] computed using a filtered

back-difference.

State 7: Commanded Flexion Torque The commanded torque about the flexion

axis in [Nm] computed by scaling the voltage command according to known

calibration factors. This value is nominally equal to the commanded torque

about the patient flexion/extension axis.

State 8: Commanded Abduction Torque The commanded torque about the robot

abduction/adduction axis in [Nm] computed by scaling the voltage command

according to known calibration factors. This value, like state 2 is related to the

corresponding patient variable through geometry.

State 9: Commanded PS Torque The commanded torque about the pronation/supination

axis in [Nm], roughly equivalent to the commanded torque imparted to the pa-

tient in forearm rotation. It is computed by scaling the corresponding command

voltage by known calibration factors.

Data files can be stored on the hard drive as necessary using standard UNIX file

management commands. These files can be converted into ASCII format using the

toascii command. The mzip utility on the computer allows access to the Zip 250

drive to back-up and transport data. The compression utility tar is also available on

the system.

D.4 Safety Features

The robot includes a number of safety features:

e Patient connection points have been outfitted with rubber and foam cushions

for comfort and protection.
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* A Programmable Logic Controller (PLC) monitors the health of each servo and

disables all servos if any one fails.

" Mechanical limit stops prevent over-rotation by the patient in any degree of

freedom and protect the robot against interference with its own structure.

" Software limits exist to cut off the commands to all actuators in the event of a

detected over-rotation.

* Three emergency stop buttons are provided: one is located on the front of the

electrical panel, the other two, attached to the panel by ~ 10 ft cables, can be

positioned where convenient.

" Any program may be cut short through a keystroke.

" All programs ramp up the command at the start of a game to prevent the robot

from jerking the patient.

D.5 Troubleshooting Guidelines

* In general, errors can be cleared by power cycling and subsequently re-indexing

the robot.

" Documentation and reporting of any errors encountered during operation (along

with the operating conditions during the failure) could prove useful and should

be considered standard operating procedure.

* The slider rail should always be parallel to the handle arm; if this is not the

case, it should be adjusted.

* Do not attempt to run the robot if it is not indexed properly. If, during opera-

tion, something adversely affects the encoders, the system will misbehave. This

is fixed by re-indexing the encoders and, if necessary, power cycling the system.

" Premature termination of the recording and playback-rec games may require

two keystrokes.
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