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ABSTRACT

Above elbow prosthesis control has trended toward increasing the number of control
channels in the human-prosthetic system, to provide simultaneous joint control. Several
methods have had varying success, such as Targeted-Muscle-Reinnervation (TMR) and
Electromyograph (EMG) pattern recognition. While the number of control channels is
increased, the fundamental control loop is still based on amputees placing the prosthetic
end effector through visual feedback. In most clinical uses prosthetic joints are driven
with a standard proportional EMG antagonistic muscle controller (S). The S controller
can be difficult for the amputee as nonintuitive muscle contractions are needed to
overcome internal joint and induced external torques, in particular from gravity. To
address these issues, two new controllers, which use gravity and friction compensation
techniques, have been developed to share the control of the prosthetic elbow joint and
reduce control effort on prosthetic users. The new controllers were tested against the S
proportional control by having 10 test subjects reach to 6 targets in their user workspace
utilizing a Utah Arm 2 testbed. Motion capture cameras recorded the reaching motions.
The controllers were compared using quantitative metrics which define the approach,
time to target and smoothness (jerk), and holding, steady state error and variance, stages
of a reaching motion. A qualitative metric was also used which surveys a test subject’s
effort in performing a reach. It was found that when considering the new controllers

using the combined data for all test subjects at all targets they outperformed the S



controller, except in smoothness. It was also found that the new controllers statistically
performed best over the S controller at target locations where the humerus was in flexion
at approximately 45° except in smoothness. Smoothness is predicted to be more
influenced by the joint friction in the elbow joint. Only one friction compensation method
was tested. Further studies on friction affects by varying joint impedance is suggested.
Considering these findings, including gravity compensation in the control for active
prosthetic elbow joints is found to improve the control over the standard proportional

control, as captured in the majority of the physical metrics and in test subject ratings.
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CHAPTER 1

INTRODUCTION

Powered prostheses for above elbow amputees have been in general use for more than
30 years [1] and [2]. There have been many methods used and explored to control
artificial limbs. Simple body-powered prostheses use body movements to pull on cables
that actuate the prosthetic joint motions [1]. Switches and force sensors attached to
cables amplify body motions similar to the body-powered prostheses. More recently,
upper limb prostheses have been integrated with microcontrollers and mobile power
supplies to actuate the prosthetic joints using DC motors [3], [4], [5] and [6]. A variety
of control methods have been wused to command the prosthetic joint
motions. Electromyographic, or myoelectric, (EMG) signals have been used in several
control modes. Most clinical prostheses use surface EMG electrodes which are placed on
remnant muscle sets [3], [4], [5] and [6]. EMGs pick up the electrical signal from muscle
contractions to act as the command signal to the prosthetic joints. Simple systems use
different amplitude levels of the EMG signal to open and close a hand [7]. These use the
EMG signal essentially as a switch. Finer control can be given using the EMG signal
proportionally [7]. Typically, the difference of the amplitude of EMGs from a pair of
antagonistic muscles is used, producing a proportional control signal for prosthetic joint

motion. In standard above elbow prosthesis that use EMGs for the command input, all of



the joints are controlled proportionally with the antagonistic muscles producing the EMG
signals. In most clinical prostheses the prosthetic joint motion is accomplished
sequentially [8] which is nonnatural. For example, the hand can first be rotated to a
correct grip orientation. Then by performing a switch move, typically a quick co-
contraction of the antagonistic muscles, the prosthesis will switch control to the elbow
joint. The EMG proportional signal can then be used to drive the elbow joint to position
the hand in space. All of the control is done with the proportional EMG signal. Current
research in prosthetics is attempting to improve prosthetic motion by increasing the
number of control channels to control joints simultaneously [2] and [8]. Most research in
this area has been towards pattern recognition. There are several difficulties with these
methods that have prevented their clinical use. Scheme and Englehart outlined these
problems [9]. Other methods such as Targeted Reinervation have begun to realize
simultaneous multi-degree-of-freedom control [10]. While this procedure can be a great
benefit for the recipients, the surgery is highly invasive and not for the vast majority of
amputees [10].

In spite of the advances in prosthesis control methods, there remain fundamental
control problems still to be solved. The efferent and afferent communication between the
amputee and the prosthesis is a major bottleneck to better upper limb prosthesis use [8].
Prosthesis use by amputees is inhibited by the ability to receive feedback information of
the position state of the arm. The arm is mostly positioned and is controlled in a control
loop where the prosthetic end effector placement is accomplished by the amputee visually
servoing the end effector. The base control type regardless of the prosthetic motion
accomplished, sequentially or simultaneously, still involves the use of the EMG signals in

a proportional mode to induce motion. The proportional control method requires the



amputee to create a large enough EMG signal through muscle contractions to place the
arm in a desired location. With essentially only visual feedback and proportional control
for the joints, the muscle contractions an amputee has to produce to perform a desired
motion can be difficult to accomplish. The difficulty in producing a desired end effector
motion is thought to be the result of the adverse external and internal environmental
torques acting on the prosthesis joints that have to be overcome before a desired motion
can occur. The lack of a more full “knowledge” of these adverse torques is also thought
to unnecessarily increase the perceived control effort by the amputee.

In addition, there are further issues in the evaluation of above elbow prosthetic
controllers and whether or not they have actually improved prosthetic end effector
placement control in a measureable way. There are multiple tests that measure the
kinematics of normal human arm motions [1], [12], [13], [14], [15], and [16] or hand
prosthesis [17], [18], and [19] which measure the extents of joint motion and object
manipulation. However, there are not as many that evaluate above elbow prosthetics
limbs in their primary use, concerning the elbow and shoulder joints, which is reaching.
This gives a lack of quantitative understanding of how the above elbow prosthetic limbs
and controls have helped regain lost motion in a functional evaluation. The focus of this
thesis is to implement and test new solutions to these problems in an attempt to improve
the control of above elbow prosthetic limbs, over normal clinical EMG proportional
control.

To remove the proportional control burden from amputees, a controller has been
developed which utilizes joint angle sensors to obtain arm kinematic data to create torque
compensation controllers for the elbow joint. These controllers are predicted to aid in the

controllability of the arm and improve a prosthesis user’s ability to drive the prosthesis in



a desired fashion. Likewise, to evaluate control improvement, a test method using three-
dimensional motion capture cameras has been developed. These experiments test the
prosthetic controllers using reaching tasks to obtain quantitative measures of control
performance which can be used to ascertain control improvement. Both of these areas are
addressed in this thesis as a way to improve and begin to classify prosthetic limb control
improvement. The new controllers and a control performance test method are further

discussed in the subsequent sections.

1.1 Prosthetic Torgue Compensated Controller

Many prosthesis control methods use EMG signals to actuate individual joints with
no coordinated control between the motion of the prostheses and the remnant limb.
Problems can occur during such actions as reaching motions. The elbow can become an
inverted pendulum at high humeral flexion angles due to the acting gravity field. This is
a statically unstable position causing difficulties in the elbow control. This is a result of
the external torques placed on the elbow both in motion and by gravity. The effects of
external torques on multijoint human motion including the elbow is well studied [20],
[21], and [22]. The biomechanics of the muscles of the human arm are design to create
torques about the elbow joint, which include the effects of the external torques [21].
Concerning joint torques as induced by muscle contractions, EMG signals which pick up
the muscle contractions have been shown to be equated to muscle forces and thus joint
torques [23] and [24]. Torque control and compensation of torques about the elbow have
been done previously in prosthetics in various forms. Using EMGs as a torque command,
torque controllers about the elbow have been developed [23] and [24]. Some have looked

at the full system of torques acting at the elbow due to mass and weights to predict the



torque amount at the elbow and apply the correct EMG signal to correct for this adverse
torque. This form of torque EMG signal work has been done by S. Meek et al. [24]. Other
prosthetic arm controllers, focused at the elbow, work to change the elbow joint
impedance by modifying the predicted inertia or varying joint stiffness to create more
fluid motion and allow for better environment interaction [25] and [26]. Others take the
approach of designing a full elbow based on a torsion spring which changes the
impedance in the elbow joint over the joint range of motion [27]. The goals of this
research are to map an impedance gain at the elbow to a position, to better model human
motion. Some prosthesis are designed to overcome the effect of their own weight over a
certain joint range. In the Utah Artificial Arm (Motion Control, SLC UT), the torque
transfer between the motor and the elbow is nonlinear in a way that provides the highest
torque when the elbow is at 90°. This is a result of the four-bar linkage present in the
arm that transfers rotational motion of the motor to the elbow [5]. This works well if the
humerus is vertical, by a person’s side. If the humerus is not vertical, then the transfer is
not optimal concerning external forces. In addition, the EMG signal gains are usually
adjusted to give good control when the humerus is vertical, when the prosthesis is fit to
an amputee. Again, if the humerus is not vertical, the gain adjustment is not optimal.
While these methods have been fielded and torque controllers equated to muscle force
have been equated to the joint control, the controllers do not appear to compensate for
external torques across the full ranges of motion.

A method utilizing the knowledge of the arm kinematics and dynamics to predict the
external forces imparting torques about the elbow joint is suggested to be used to
compensate for adverse torques across the full range of elbow motion. Feedback

compensation methods to account for adverse torques in a multilink joint system is a



method that is well studied and is classically used in the robotics field [29]. The human
arm in its motion and in conjunction with the prosthesis can be similarly modelled as a
multilink system such as a robot arm and use these same techniques of torque
compensation about a mechanical joint. With known adverse torques compensated for, it
leaves the remainder of the control input to the amputee’s muscle contractions and the
elbow joint will only move for user desired muscle contractions instead of having to fight
adverse joint torques throughout the range of motion. This method of active
compensation of external torque at the prosthetic elbow joint is the contribution of this
thesis and to the best knowledge of the author, though used in classical robotics, has not
explicitly been accomplished in above elbow prosthetic limbs.

In order to implement the torque compensation controller, measurements of the
positions of the remnant limb must be made to measure the joint angles of the arm. For
the primary motions of the arm these are shoulder rotations and elbow flexion. In
previous work [30], a drift-free inclinometer that uses two, 3-axis accelerometers and a
rate gyro to determine the direction of the gravity vector was designed. It can accurately
calculate the gravity vector in the presence of other accelerations. There is no integration
so there is no drift. The details of the design are given in [30]. The original use was to
measure leg positions for gait studies. The inclinometer is adapted in this research to
measure the humeral position. The inclinometer will be mounted on the amputee’s
socket. Without bending of the torso, the direction of the gravity vector would indicate
the angle of the humerus with respect to the shoulder, both in rotation and abduction.
The angle of the elbow is measured by a potentiometer in the artificial arm, so the
complete kinematic state of the prosthesis and remnant limb relative to the gravity field

as translated to the human body frame can be known.



As a result of these findings, the focus of the shared controller in this thesis will be to
implement a gravity torque compensation controller about the elbow joint with the goal
to reduce the control effort of a user over the standard EMG proportional control. The
prosthetic arm instrumentation and the design of the gravity compensation controls are

discussed in Chapters 2 and 3.

1.2 Control Improvement Testing

A survey of prosthesis evaluation tests was conducted to better understand how to
measure prosthesis motion and if a previously developed test could be used to test the
newly developed controllers. As found in this survey one of the primary issues in
determining the effect of a controller, on above elbow prosthetic arm performance, is the
lack of meaningful quantitative control measurements. Various tests have been developed
for prostheses that require an amputee to pick up objects with their prosthesis and move
them to different defined spaces while being timed. These include tests such as the
Southampton Hand Assessment Procedure (SHAP) [18] and [19]. The test evaluates
prosthetic hands in a range of motion that is close to the body with a varying range of
objects. The tasks are scored against time to complete and a designed metric of statistical
performance. A controller would show improvement if the object being manipulated has
moved from its starting configuration to its targeted end configuration with a reduced
time and accuracy. While this does provide a time quality to the task, the overall motion
of the arm moving through the test workspace is not captured and there is not a
guantitative way to link the actual hand motion to the time measurement obtained. Other
tests have been adapted to test prostheses from occupational therapy tests for humans

with disabilities, such as the Box and Block test [16] . The box and blocks test has been



used to test prosthesis experiments and has been modified to include motion capture
cameras to better understand joint motion during the task [31]. In a similar metric to the
SHAP test, a time metric and score are given based on how many blocks are moved from
one area of a box to another in a minute time frame. In the normal box and blocks test,
the test evaluates the dexterity of the lateral motions of the arm. It does not have the
ability to measure how the hand or arm is actually moving during the test. How the arm is
actually moving is needed to understand the controllability of prosthesis. The lack of
these data is addressed by J. S. Hebert et al. [31] where motion capture cameras are used
to find the motion of the joints and times of motion of the joints during the tasks. This
appears to be a more full method, as two control types, both EMG and body powered
tests were compared using joint range and time to move a specific set of 16 blocks.
However, these measurements do not gather quantitative metrics that link back to control
performance beyond time and joint range, concerning the mechanics of the motion
actually being conducted. They also do not look at the full range of elbow motion. Other
tests that specifically focus on above elbow prosthetic joint motion over an unconstrained
range have also been run to track how prostheses perform [32], [33], [34], and [35].
Some of the tests use optical tracking techniques using IR cameras to obtain information
about joint motions and arm kinematics [32] and [34]. The tasks presented to the user of
the above elbow prosthesis are based on activities of everyday living (ADL). Grasping
tests, using different sized objects, were performed by Bouwsema et al. at different
discrete distances to understand the control of a prosthesis [32]. This test captured
kinematic data using IR markers and IR cameras to understand how above elbow
amputee motion performance compares to below elbow amputees during a reaching

grasp. The primary reaching data used to evaluate the prosthesis are movement reach



time and peak velocity. These metrics are good but a more in depth set of metrics linked
to the mechanics of the motion being performed are desired. In addition, most of the
reaching tests are object specific and involve the direct manipulation of an object. In
many cases, the locations of these objects are not generalized, in the sense of starting
from a rest position and moving a specific target distance to touch a location in a tests
subject’s workspace. A test that presents a more general reaching task, to test joint
motion, with set target distances in the workspace would be required to quantitatively test
prosthetic control improvements. A test that includes repeatable generic reaching
motions, which are nonobject specific and the ability to measure the prosthesis position
over time is necessary in order to understand the aspects of the prosthesis control. In the
evaluated studies the measurement of time to target, or time to complete, is a metric that
links to the mechanics of an upper arm and its performance. Other studies show that the
upper arm movements can be characterized by the trajectory smoothness or how smooth
a “reach” motion is conducted [13]. This is another viable measurement that could be
used in evaluating an above elbow prosthesis as trajectory smoothness links to a test
subject’s ability to move the arm in a desired motion which links to the control
implemented. In addition, as found in some studies, the use of a set of IR cameras as a
method to track the motion of a prosthesis over time is done to determine how the
prosthesis is actually moving during the task. This method can be used to find how a
controller is actually working. These techniques can be adapted to fit a more
comprehensive form of functional reaching tests that can then evaluate an above elbow
prosthesis in a normal upper limb use case.

Using aspects of the work cited above, a method has been developed that tests above

elbow prosthetic limbs using reaching tasks, as this is the primary use case for the upper
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limb and involves both the elbow and shoulder joint motions which characterize the arm
mechanics. A three-degree-of-freedom robotic arm is used to present targets in a test
subject’s reaching workspace, to simulate generalized distances to objects a person might
experience in everyday life. Due to the use of the target robot, the targets are repeatable
and can be scaled to fit individual test subjects. A test subject will begin at rest and reach
to the target presented in space using a specific prosthetic control type. The motion of the
reaching task is captured by IR cameras as set by IR markers on both the target robot and
the prosthetic limb. This provides the ability to track time, distance to target, velocities,
and accelerations of the reaching path taken to the target. Using the reaching tests,
performance measurements related to the mechanics of a reaching motion and thus the
controls can be obtained from the recorded motion data. The physical metrics related to a
reaching motion can then be used to better understand control improvements to an above

elbow prosthesis.

1.3 Thesis Overview

Applied methods of gravity compensation control and a new reaching based test to
measure prosthetic limb control performance are addressed in this thesis as a way to
improve and begin to classify above elbow prosthetic limb control. These methods will
help lead to a better understanding of prosthetic limb control by providing quantitative
control measurements. The overall goal is to return prosthetic limb motion to a more
natural limb motion, while reducing amputee control effort. The content of this thesis is
organized as follows:

1. Chapter 2 contains the description of the system architecture and sensor package

upgrades to the prosthetic limb used to obtain kinematic joint data. It also
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includes the hardware control interfaces used to run the prosthesis.

Chapter 3 describes the human-prosthetic arm kinematics and dynamics. This
chapter also includes the design and description of the newly developed gravity
torque compensation controllers.

Chapter 4 details the experimental setup and methods used to test the prosthetic
controllers. It also includes the description of the equipment setup and control
improvement metrics used with the experimental data.

Chapter 5 contains the description of the results of the tests performed as well as
the discussions of the results to understand prosthetic control improvement. This
section includes the description of the discussion of the statistical analysis used to
interpret the data.

Chapter 6 details the conclusions and future work that provides areas of further

study.



CHAPTER 2

PROTHESIS INSTRUMENTATION

To design a gravity torque compensated controller for an above elbow prosthesis,
kinematic state knowledge must be used. This requires that the joint angular data be
obtained for the full human-prosthetic system, specifically the joint angle data from the
shoulder and elbow. These angles are elbow flexion, humeral abduction, and humeral
flexion. The reset of the degrees of freedom such as humeral rotation or wrist flexion are
not considered, as the primary function of interest is the positioning of the upper limb.
The humeral rotation, though part of the larger upper limb motions, is not included as the
Utah Arm 2, in use, does not have this degree of freedom (DOF) as a mechanized or
controllable joint. Therefore the primary joints of interest are the elbow and shoulder
joints. To acquire the kinematic joint data the position sensors on the prosthesis must be
repurposed. The data for the elbow joint use sensors already present in the forearm of the
prosthesis. A potentiometer is used to obtain the elbow angle and a strain gauge load cell
is used to obtain the torque about the elbow. As the prosthesis and human arm are
coupled, the shoulder joint angles must also be measured. This is accomplished by
measuring the shoulder joint angles relative to the gravity vector with a previously
developed but modified inclinometer sensor [30]. The joint sensor data in conjunction

with the mass, inertia, and lengths of the combined human-prosthetic system can be used



to modify the control of the prosthesis.

2.1 System Architecture

Due to the need to modify and study new controllers and include new sensors on the
Utah Arm, the test bed for the prosthetic limb is built around a dSpace® 1104 control
board (Paderborn, Germany). This real-time embedded controller connects to the
hardware of the prosthetic limb. The other components are the DC power supply, which
supplies power to the prosthesis as well as the supporting analog circuitry. The general

system architecture is displayed in Figure 1, with the supporting sensor data in the

subsequent sections.
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