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Design of an MRI Compatible Robot for Wrist Rehabilitation
by
Sarah E. Mendelowitz

Master of Science in Mechanical Engineering

Abstract

Magnetic Resonance Imaging (MRI) can be used to study the effects of robotic therapy on
stroke patients. This thesis focuses on the design of an MRI compatible wrist robot to be
used as a clinical tool for studying the stroke recovery process and the effectiveness of robotic
therapy. The robot must comply with strict MRI compatibility requirements, which require
careful selection of materials and components. The actuation approach consists of a non-
MRI compatible electric motor placed outside the MR room, which is used to drive an MRI
compatible hydraulic system. A novel, low friction, MRI compatible hydraulic vane motor
was designed for use in the hydraulic system. The robot was designed for use with two
interchangeable transmission alternatives: differential gears or friction drive. A stand was
designed to allow the wrist robot and patient to fit comfortably within the MRI machine. The
MRI compatible wrist robot was assembled and qualitatively tested.

Thesis Supervisor: Hermano Igo Krebs
Title: Principal Research Scientist
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Chapter 1

Introduction

1.1 Motivation

The objective of this research is to develop a wrist robot for stroke rehabilitation that
can be safely and effectively used in a Magnetic Resonance Imaging (MRI) machine. Several
rehabilitation robots have been developed by previous members of the Newman Laboratory for
Biomechanics and Human Rehabilitation. The approach for this research project is to redesign
one of the existing robots so that it can function in the MRI machine. Placing a robot inside
the MRI machine will enable the study of the brain while robotic therapy is taking place.

The wrist robot was chosen for redesign based on several reasons. First, the wrist robot
is relatively small and compact. This makes it easier to fit into the confined space of an MRI
machine. Secondly, experience with the existing wrist robot has shown that a patient is likely
to keep the rest of the body stationary during exercise. Because the patient’s brain will be
scanned by the MRI machine during therapy, it is important that the head be kept extremely
still. For comparison, patients using the MIT MANUS, which exercises the muscles in the arm
and shoulder, induce movement in their head when they move the shoulder. Thus, the wrist
robot seemed to be the most appropriate of the existing rehabilitation robots to adapt for use
in the MRI machine.

The design of an MRI compatible wrist robot requires several steps. A thorough investi-
gation of the background material is conducted. Preliminary design work is used to evaluate

the advantages and disadvantages of the various design options. Proof of concept testing is
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performed on key design elements. Extensive analysis is required to evaluate and guide design
decisions. Finally, a detailed design of the robot is created. This thesis describes the process

used to design the MRI compatible wrist robot.

1.2 Chapter Overview

This thesis consists of seven chapters. Following this introductory chapter, Chapter 2
describes the necessary background information, which will lay the groundwork for the project.
The third chapter is devoted to actuator design. Chapter 3 describes the actuator selection
process and the design, analysis, and testing of a hydraulic vane motor. In Chapter 4 the selec-
tion of the transmission for the MRI compatible wrist robot is discussed. Chapter 5 describes
the selection process for the remaining robot elements, which includes the materials, bearings,
hoses and fittings, seals, and electric motor. The sixth chapter will include the detailed de-
sign for all elements of the robot. This will include all calculations and final design decisions.
Chapter 7 comments on the assembly and debugging process required for the completed design.
Finally, Chapter 8 will conclude this thesis and comment on the future work that must be done

for the MRI compatible wrist robot.
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Chapter 2

Background

The information presented in this chapter provides the necessary background for this
project. Seven topics are discussed, which include stroke, human anatomy relevant to the
project, the original wrist robot, how MRI works, MRI compatibility, prior art for MRI com-

patible robotics, and the functional requirements for the MRI compatible wrist robot.

2.1 Stroke

A stroke occurs when blood flow to a particular region of the brain is interrupted by a
blockage or hemorrhage[l]. Without blood flowing to the brain the affected tissue will become
damaged. This damage, referred to as a lesion, often results in the loss of a particular body
function, such as motor, sensory, visual, or auditory functions. Approximately fifty percent of
stroke patients will lose their motor skills after a stroke. As a result, a patient will have limited
or no ability to use their arm, hand, or leg. To regain use of their motor skills most patients
undergo extensive therapy.

Robotic rehabilitation has been successfully used as stroke therapy[2]. A variety of stroke
rehabilitation robotics exist for the arm, wrist, and legs. Robotic therapy gives a patient more
repetition and control than conventional therapy in which a physical therapist manually moves
a patient’s limb. The stroke rehabilitation robots developed at the Newman Laboratory for
Biomechanics and Human Rehabilitation use a computer prompt to signal a patient to move to

a particular point. If the patient is able to move the robot allows the patient to move freely.
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However, if the patient is unable to move or moves in the wrong direction the robot will assist
the patient in reaching the target.

The process that the brain uses to repair itself is very much unknown. It is believed that
some reorganization of the brain takes place. The location in the brain that this reorganization
occurs is a topic of many motor recovery studies. Studying the brain during therapy will help

researchers understand the process by which motor skills are relearned.

2.2 Anatomy

To properly design a wrist robot for use inside an MRI machine it is important to under-
stand certain aspects of human anatomy. First, it is necessary to know how the wrist moves.
This will allow the robot to provide the necessary degrees of freedom and ranges of motion to be
exercised. Second, it is important to determine the average size of the human wrist, hand, and
arm. This is important so the robot can be properly sized. Finally, it is important to deter-
mine the dimensions of the human body that are important for fitting inside the MRI machine.
The robot must be able to fit inside the MRI machine with a patient. Therefore, determining

the space the patient will need is important so that the robot can be sized appropriately.

2.2.1 Wrist Motions

The wrist has three degrees of rotational freedom. Each of these degrees of freedom has
a corresponding range of motion. This section outlines the values and terminology required to
understand the motion of the wrist.

The flexion and extension motions are shown in Figure 2-1. The range of motion for
most people is 70 degrees of extension and 65 degrees of flexion[3].The abduction and adduc-
tion motions are shown in Figure 2-2. The range of motion for adduction is 30 degrees and
that of abduction is 15 degrees. The final degree of freedom is pronation and supination as
shown in Figure 2-3. The range of motion is 90 degrees for both pronation and supination.
The MRI compatible wrist robot is designed to exercise only the flexion/extension and ab-
duction/adduction degrees of freedom. The reason for eliminating the pronation/supination

actuation is discussed in Section 2.7.
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Figure 2-1: The range of motion for flexion and extension of the wrist[3]

Figure 2-2: Abduction/adduction of the wrist[5)
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Figure 2-3: Pronation/supination of the wrist[5]

2.2.2 Body Dimensions

There are two types of body dimensions that are important in the design of an MRI
compatible wrist robot. First, various dimensions of the wrist and arm are required so that
the robot can be properly sized. Second, dimensions of the torso are important to ensure that
the robot and a human can both fit within the MRI machine. Two dimensions were deemed
critical in regards to the design of the robot. First, the distance from the wrist to the center
of the hand as it grips a handle is shown in Figure 2-4 as dimension H [3]. This dimension is
3.0 inches for the 50 percentile male. The second important dimension is the distance from
the elbow to the wrist, which is labeled as dimension L in Figure 2-5. This dimension is 10.1

inches for the 50 percentile male.
The maximum body width and thickness are important to determine how much space a

patient uses in the MRI machine. Thus, the amount of space remaining can be estimated and

occupied by the robot. The width of the hips, shown in Figure 2-6 as dimension 19, of the 50
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Figure 2-4: The dimensions of the hand[3]

Figure 2-5: The dimensions of the forearm|3]
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Figure 2-6: Width of the hips[5]

percentile male is 14.2 inches[4]. The thickness across the abdomen, illustrated in Figure 2-7

as dimension 21, is 10.5 inches for the 50 percentile male.

2.3 Wrist Robot

The original wrist robot was designed by Dustin Williams. The details of the design
can be found in Williams’ Master’s thesis and the characterization of the design can be found
in the Master’s thesis of James Celestino[3] [6]. However, a brief overview of the design is
included here. It is important to note that the original wrist robot was not designed to be
MRI compatible. As a result, most of the robot must be altered to comply with the constraint
that it will be used inside an MRI machine. Nonetheless, the original design of the wrist robot
is a valuable starting point for designing an MRI compatible counterpart.

The design of the original wrist robot is shown in Figure 2-8. The design is capable of

actuating all three degrees of freedom of the wrist: flexion/extension, abduction/adduction,



Figure 2-7: Thickness of the abdomen][5]

and pronation/supination. Electric motors are used as actuators for all degrees of freedom.
The transmission for the flexion/extension and abduction/adduction movements is a differential
gear. A differential gear transmission allows both actuators to remain stationary while pro-
viding two degrees of rotational freedom. FEach degree of freedom is controlled by the relative
rotation of the two actuators. The details of the differential gear transmission that Williams
designed can be seen in Figure 2-9.

The pronation/supination motion utilizes curved slide rings as its transmission. The
slide rings act as an open gear with a large diameter. When the pronation/supination actu-
ator is enabled the curved slide rings will rotate, moving with it the other two actuators, the
differential transmission, and the handle mechanism. A picture of the curved slide rings can
be seen in Figure 2-10.

The linear slider provides an additional unactuated degree of freedom. This is required be-
cause the wrist axes and the robot axes are not coincident. The slider therefore accommodates
for the misalignment of the two sets of axes. Additional parts, such as the forearm support,

handle connection, and distal wrist connection, were designed to assist attaching the patient to
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Figure 2-8: Solid model of original wrist robot|[3]

the robot.

Several changes have been made to the original design of the wrist robot. The current
configuration of the wrist robot is pictured in Figure 2-11. Some of the design changes include
adjustments in the transmission, handle mechanism, and patient connection. Overall, the

methodology of the design has been unaltered.

2.4 MRI

To understand the important aspects in designing an MRI compatible robot, it is useful to
understand MRI. This section explains what MRI is and how it works. This will give insight
into why designing a machine for the MRI environment is drastically different and has strict
requirements.

Magnetic Resonance Imaging (MRI) is a noninvasive procedure that allows the internal
parts of the body to the imaged. This procedure is carried out by an MRI machine. MRI is
used as a medical tool to assist in the diagnosis of illnesses and injuries and to allow the study

of various parts of the body. The technology behind MRI is somewhat complex. However, a
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Figure 2-9: Differential gear transmission in the original wrist robot design|[6]

brief explanation of how MRI works has been included.

MRI is based on altering the spin and orientation of an atom’s nucleus and measuring the
affects of this alteration|[7] [8]. For the purpose of MRI, hydrogen is the atom of interest. This
is because hydrogen is sensitive to magnetic fields and present in both water and fat. The
body is primarily composed of water and fat, making the measurement of these two materials
particularly important. For simplicity, the process of MRI is typically described referring to
the nucleus as a proton. This is because the hydrogen atom has only one proton in its nucleus.
Therefore, in this thesis, one proton will refer to one nucleus and several protons will refer to
several nuclei.

The proton of an atom naturally has a spin and angular momentum which creates a magnetic
field. Figure 2-12 illustrates a spinning proton and its corresponding magnetic field B. In a
normal environment the protons are randomly oriented and in turn their magnetic fields are
also randomly oriented. This means that the magnetic field vectors of a group of protons sum
to zero leaving no net magnetization.

When a proton is placed in a magnetic field, B,, it will begin to process about that magnetic

field vector at a particular frequency, @,, as shown in Figure 2-13. The frequency of this motion

[SN]
[S]



Figure 2-10: Curved slide rings in the original wrist robot design|[6]

Figure 2-11: Current wrist robot



Figure 2-12: Spin and magnetic field of an atom [8]

Figure 2-13: Atom procession due to applied magnetic field [8]
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Figure 2-14: The changes in state exhibited by a proton [8]

is determined by the following equation and referred to as the Larmor Frequency,

°2n (2.1)

where ~v is the gyromagnetic ratio, a constant unique to the nucleus of each element. The
alignment of the proton creates a constant, non-zero magnetic field parallel to B,. This vector
is depicted in Figure 2-13 pointing in the z direction. However, the vectors in the x and y
directions are varying with time. Therefore, when many protons are considered there will be
a net magnetization in the z direction, but zero net magnetization in the x and y directions.

The next step in the process is to expose the protons to a radio frequency (RF) pulse.
The protons will absorb the energy of the RF pulse at the Larmor Frequency. This energy
absorption will cause the proton to change state and thus orientation in the magnetic field.
Originally, the proton is said to be in the low energy "spin up" state. With the addition of
energy the proton is excited into the high energy "spin down" state. This process is illustrated
in Figure 2-14, where step one is "spin up" and step two is "spin down". When the RF
pulse is turned off, the protons will return to their original state emitting energy at the Larmor
Frequency. This step is illustrated in step three of Figure 2-14.

The MRI process will produce a voltage in a properly placed loop of wire. This signal

will contain information related to the frequency of the protons and the magnitude of their
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magnetization. The frequency information is used to determine the material being imaged and
the location of each proton. The material is determined based on the varying natural magnetic
field of different molecular structures. Basically, water will have a different natural magnetic
field than fat. The location of a particular proton is determined by magnetic field gradients.
These gradients are small perturbations in the applied magnetic field, B,, that vary linearly
with position. This causes each proton to resonate at a unique frequency that depends on its
position as shown in the following equation,

®,=Y(B,+G"7) -
where G is the gradient, and r; is the position.

Thus images can be produced that are spatially accurate and also provide information about
the material being imaged. MRI takes advantage of a material’s ability to magnetize in the
presence of a magnetic field. This proves to be extremely valuable in imaging the body;
however, it can produce negative effects when other materials, such as those used to build a
robot, are present. The next section will explore these negative effects and describe the care

that must be taken to avoid them.

2.5 MRI Compatibility

MRI compatibility will be a key issue in the design of this robot. MRI compatibility is
a qualitative description of how obtrusive a particular material is when placed in the MRI
machine[9]. There are two degrees of magnetic compatibility. The first kind of magnetic
compatibility exists when there are no forces or torques exerted on the object when it is inside
the MRI machine. The second kind of magnetic compatibility occurs when the object produces
negligible effects on the MR image. It is important that the materials used in this robot have
magnetic compatibility of both kinds.
1t is extremely dangerous to place materials within the MR room that experience forces or
torques due to the magnet. This can cause the materials to fly toward the magnet, which can
cause serious injury to the patient. The second kind of magnetic compatibility is important so

that the MR images are clear and reliable. The following figures illustrate the effects of having
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Figure 2-15: Pallet jack attracted to the magnet of an MRI machine[10]

materials within the MR room that are not compatible. An example of failure to comply with
MRI compatibility of the first kind is illustrated in Figure 2-15. Here a pallet jack has been
pulled into the MRI machine. Clearly this is a dangerous situation that could seriously injure
a patient in the MRI machine. In Figure 2-16, the MR image is distorted due to a patient’s
dental fillings, which were not MRI compatible. This is an example of failure to comply with
MRI compatibility of the second kind.

Magnetic susceptibility is a quantitative measure of magnetic compatibility. The mag-
netization of a material is the quantity that affects a material’s compatibility. There are two
types of magnetization: inherent and induced. The total magnetization of a material is the
sum of the induced magnetization and the inherent magnetization as shown in Equation 2.3,
where M; is the total magnetization, M; is the induced magnetization, and M, is the inherent
magnetization[9].

M=M*M (2.3)

Inherent magnetization is the magnetization that a material possesses even in the absence

of a magnetic field. It is important that the materials used in a MRI compatible robot have
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Figure 2-16: MRI image degraded by a patient’s dental fillings [11]

zero inherent magnetization. This will ensure that the material will not experience forces and
torques due to the magnetic field and will thus have magnetic compatibility of the first kind.
When a material is placed in a strong magnetic field an additional magnetization can be induced
in the material. The induced magnetization is equal to the magnetic susceptibility multiplied
by the field strength as shown in Equation 2.4, where X is the susceptibility and H is the field
strength.
M, =XH (2.4)
The induced magnetization is responsible for degrading the MR image making a material
fail the requirements for MRI compatibility of the second kind. Thus, materials should have
a low induced magnetization. This in turn means that the magnetic susceptibility must be
low. Ideally, the magnetic susceptibility should be near that of water which is -9.05 x 102,
This is because the human body is composed primarily of water. Therefore, materials with
susceptibilities close to water will have minimal effects on the MR images. A chart illustrating
the range of materials and their susceptibilities is shown in Figure 2-17.
Most of the materials that are commonly used in the MRI machine have a maximum sus-

ceptibility value on the order of £107°. A negative susceptibility means that the material is
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Figure 2-17: Range of materials and their susceptibilities.

Material | Susceptibility

Water -9.05 x 1076
Copper -9.63 x 1076
Glass ~13.88 x 106

Graphite -85 x 1076
Aluminum | 20.7 x 107°

Table 2.1: Susceptibility of various materials.

diamagnetic. A diamagnetic material will align perpendicular to the applied magnetic field
because it is repelled by the magnetic poles. A positive susceptibility means that the mater-
ial is paramagnetic. When a paramagnetic material becomes magnetized due to an applied
magnetic field it will align parallel to the magnetic field. Table 2.1 compares the susceptibility
of some MRI compatible materials with that of water. The materials listed in Table 2.1 are

possible materials for use in this application however many others do exist.

Another consideration regarding MRI compatibility is electrical compatibility. The RF
pulse can induce eddy currents into a conductive material. An eddy current can degrade
the image quality and even generate heat. To avoid eddy currents the design should avoid
consisting of loops of conductive materials. The human body can conduct electricity so loops
that are completed by a patient’s body should especially be avoided.

Overall, MRI compatibility places a number of strict constraints on the design of an MRI
compatible robot. However, these constraints can be overcome. This has been demonstrated

by the numerous MRI compatible robots that exist with a variety of uses and constructions.
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2.6 Prior Art

Several machines have been designed for use in the MRI machine. They are used for a
variety of applications; however, the majority of the designs are aids in performing surgical
procedures. These MRI compatible devices are useful in examining the types of materials,
actuators, and sensors that have been useful in the past.

For example, one MRI compatible robot is designed to perform breast interventions[12].
This particular robot made use of ultrasonic motors, optical encoders, and a variety of poly-
mers including polyethylene, acrylic, delrin, fiberglass, and nylon. The motor was housed in a
conductive material that could distort the MR images. Therefore, the design placed the actu-
ators near the patients feet, approximately one meter from the image center. This particular
robot reported no image distortion and no noise due to the operation of the ultrasonic motors

A tobot designed for trans-nasal neurosurgery, used a design technique in which materials
that were not ideal in terms of MRI compatibility could be used according to their distance from
the imaging area[13]. The idea of the research was that a material’s effect on the MR image
was inversely proportional to the distance from the image location and proportional to the
volume of the material. Thus, non-ideal materials could be used if they are small and far from
the imaging center. The authors used only nonmagnetic materials within 0.3m of the image
location. They used "low magnetic" materials between 0.3m and 0.7m and used a small amount
of ferromagnetic material beyond 0.7m. The robot was driven by non-magnetic ultrasonic
motors, rotary encoders, and potentiometers. The robot functioned without problems within
the MRI machine. However, the authors reported that the ultrasonic motors generated a large
amount of noise when they were active.

A limited amount of research has been done on MRI compatible robots for brain studies
related to human motor function. For example, one design uses a hydraulic system of MRI
compatible linear cylinders driven by an electric motor placed outside the MR room(14]. The
linear cylinders are equipped with a belt drive to convert between linear and rotary motions.
This simple actuator idea was successfully tested in the MRI machine with a human subject.
Additionally, they conducted a study of the system dynamics[15]. The natural frequency of
the hydraulic system was about 7 Hz with a bandwidth of 20 Hz. These numbers could be

significantly improved by using shorter hose lengths.

30



Finally, this lab has received a patent which outlines the concept for producing an MRI
compatible robot[16]. This patent suggests the use of a robot to interact with a human subject
inside an MRI machine. This robot could contain some sort of actuators, such as cables or
hydraulics, and sensors, possibly utilizing optics. The robot would comply with requirements
for MRI compatibility. This thesis will be an attempt to create a robot based on the patented

idea.

2.7 Functional Requirements

A set of functional requirements were developed as guidelines and goals for this design. The
functional requirements for this robot are largely based on the requirements for the original wrist
robot. However, some additional constraints were added so that the robot will be compatible

within an MRI machine.

2.7.1 Degrees of Freedom

The original wrist robot is capable of providing three degrees of freedom, which allows the
wrist to move in flexion/extension, abduction/adduction, and pronation/supination. However,
the design of this MRI compatible robot will have two degrees of freedom thus capable of
actuating the flexion/extension and abduction/adduction motions of the wrist. Excluding the
third degree of freedom reduces the size and complexity of the design significantly. The size
is reduced because the actuator and mechanism for the additional degree of freedom can be
eliminated. In the original wrist robot, the pronation/supination actuator was designed to lift
the actuators for the other two degrees of freedom. This increased the force requirements for
the pronation/supination actuator and adds requirements that the other actuators be small and
light. Eliminating this degree of freedom also eliminates these concerns. This is particularly
important because the actuators must be specially designed. Therefore, optimizing the design

for weight will add unnecessary complexity.
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2.7.2 Endpoint Torque

This robot must be capable of providing sufficient force to move the wrist of a patient.
This means that the weight of the wrist must be moved against gravity and that any natural
spasticity in the muscles must be overcome. According to experimentation done during the
development of the original wrist robot, 1.2 Nm are required to move the wrist in flexion,

extension, abduction, and adduction|3].

2.7.3 Endpoint Impedance

Impedance describes the ability of the robot to be backdriven by a patient. Impedance
can be affected by the friction and inertia of the system. Qualitatively, impedance what a
patient feels as he or she moves the robot while it is not active. The friction and inertia should
be low, such that, the patient feels as if he or she is moving without a robot. The quantitative
values set for the friction and inertia in the original wrist robot will also be used as goals in
this application. The endpoint inertia should therefore be limited to 29-44 kg-cm® and the
endpoint friction should be kept less than .21 Nm(3].

2.7.4 MRI Compatibility

All of the materials used in the robot must be MRI compatible if they are to be placed in
the MR room. This includes all actuators, fasteners, transmission components, and structural
materials. In short, this means that all materials must have zero inherent magnetization. Ad-
ditionally, each material should have a small magnetic susceptibility. Ideally the susceptibility
should be kept near -9.05 x 107%, which is that of water. When these two criteria are met the
machine will have negligible effects on the quality of the MR image and will not be affected by
the magnetic forces making it safe for use in an MRI machine. A more detailed description

and definition of MRI compatibility can be found in Section 2.5.

2.7.5 Size

The robot must be designed to fit inside the MRI machine with a patient. The typical

MRI machine has a closed bore so that the patient’s entire body is enclosed as seen in Figurce
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Figure 2-18: A patient inside a closed bore MRI machine[17]

2-18. The bore of the standard closed bore MRI machine is 60cm in diameter.

However, there are several other varieties of MRI machines where space is not as strict of a
criterion. For example, there are MRI machines that are designed for only imaging the head
as shown in Figure 2-19. In this case only the head is enclosed in the MRI machine. The
robot can then be placed outside the bore of the MRI machine where space is less of an issue.

Additionally, open MRI machines provide more space than the traditional closed bore ma-
chines as shown in Figure 2-20. However, this design produces images that have a poorer
quality. Therefore, they are not normally used for functional MRI (fMRI), the MRI process
required for studying brain activity.

To reach the largest number of users, it was decided that the robot would be designed for
the strictest size constraint, namely the closed bore MRI machine. Therefore, the patient and
robot must fit within a 60cm diameter. Figure 2-21 illustrates the space remaining in a closed
bore MRI machine when a patient is inside the machine. The remaining space can be filled

with the MRI compatible wrist robot. The maximum dimensions of the unfilled space inside
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Figure 2-19: Siemens Allegra MRI machine for imaging the head[18]

il

Figure 2-20: Siemens C!, an open MRI machine[19]
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Figure 2-21: Diagram of the space remaining in a 60 cm closed bore MRI machine, where the
solid section represents the dimensions of the human body

the MRI machine are 22.92 inches and 9.06 inches, as indicated on the drawing. The robot

must not exceed these maximum dimensions.
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Chapter 3
Actuator Design

3.1 Actuator selection

The actuators used in the original wrist robot are electromagnetic motors, which are not
MRI compatible. Therefore, several alternative actuators were considered for this robot. These
actuators include ultrasonic motors, pneumatics, and hydraulics. These actuators were consid-
ered because they are not electromagnetic and they produce forces and displacements within
the order of magnitude required for this application. The actuators were then compared using

the functional requirements as a guide.

3.1.1 Ultrasonic motor

An ultrasonic motor is a technology that used piezoelectric actuators to produce large
rotary or linear motions. Ultrasonic motors are actuated using a ceramic piezoelectric strip as
a stator which is in contact with a metal or ceramic rotor[20]. A high frequency wave is then
induced into the stator. The nature of the wave causes the rotor to translate. Because there are
no magnetic parts, the ultrasonic motor can be constructed of magnetically compatible materials
and produce the same general effect as an electromagnetic motor. Figure 3-1 illustrates a linear
ultrasonic motor.

Two companies were identified that produce ultrasonic motors that are feasible for this
application. Adaptronics offers a rotary ultrasonic motor USR60 that produces 1 Nm of torque.

This torque would have to be amplified with a mechanical gear ratio of 1.2:1. The size of the
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Figure 3-1: Nanomotion HR8 ultrasonic motor[20]

USRG60 is approximately 6x5x5cm. Nanomotion manufactures a linear ultrasonic motor HR8
that provides 35 N of force. The linear motion can be easily converted to rotary motion by
using a ring shaped stator rather than the linear stator shown in Figure 3-1. To provide the
required torque for this application the HR8 would need a stator with a 6.9 cm diameter. The
size of the HR8 is 4x5x3 cm.

Although the ultrasonic motor seems like a viable option in terms of size and torque, the
inherent friction in an ultrasonic motor make this option inappropriate for this application. The
principle behind the ultrasonic motor explains the source of this inherent friction. The rotor
and stator are pressed together with a specific amount of preload force. This force multiplied
by the coefficient of friction between the rotor and stator specifies the amount of friction that
must be overcome to backdrive the unenergized motor. The ultrasonic motor also uses the
friction force to produce a drive force. Therefore, the motor cannot produce a drive force that
is greater than the friction force. If 1.2 Nm of drive torque are required for this application than
a patient will likewise need to produce 1.2 Nm of torque to backdrive an ultrasonic motor. The

ultrasonic motor is therefore inherently non-backdrivable. Backdrivability is a key requirement
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Figure 3-2: Air motor from Atlas-Copco|[21]

for this application therefore ultrasonic motors are not a feasible alternative for the actuator in

this design.

3.1.2 Pneumatics

Pneumatic actuators use air to produce forces or torques. There are linear pneumatic
actuators, referred to as pneumatic cylinders, and there are rotary pneumatic actuators, referred
to as air motors. Both options will be discussed in this section.

An air motor is driven by a compressed air source that rotates either vanes or pistons located
inside the motor housing. There are several companies that manufacture air motors examples
of which can be seen in Figure 3-2 and Figure 3-3.Pneumatic cylinders are also manufactured
by a variety of companies. The cylinders vary in size, material, and seal type. Both air motors
and pneumatic cylinders can achieve forces that are of the right magnitude for this application.
Additionally, they are manufactured in sizes that are reasonable for this application. However,
pneumatic actuators have several disadvantages that are difficult to overcome. Air motors are
typically made of materials that are not MRI compatible. Therefore, a custom designed motor
would have to be developed. Cylinders, on the other hand, can be purchased in a variety
of materials some of which are fully MRI compatible. For example, Beco Manufacturing Co.

produces pneumatic cylinders composed entirely of plastic, as shown in Figure 3-4.

Pneumatic actuators are operated from a source of compressed air. The thesis of Justin
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Figure 3-3: Air motor from Dynatork[22]

Figure 3-4: Plastic pneumatic cylinder manufactured by Beco[23]
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Verdirame shows that regulating a fluid flow from a pressure source is a difficult task[27].
Verdirame was studying the effects of controlling a hydraulic motor with a pump and valve.
He was unable to achieve the desired bandwidth with his design. Pneumatics function in a
similar way to hydraulics. However, due to the compressibility of air the bandwidth could
be worse than was seen using an incompressible fluid. Finally, pneumatic actuators include a
significant amount of friction. For example, most air motors have gear ratios included in their
design to amplify the torque output, which contributes friction to the system. Friction could

also result from the use of seals to contain the air within the device.

3.1.3 Hydraulics

Two options for hydraulic actuation are available. Hydraulic cylinders provide linear
motion and hydraulic motors provide rotary motion. Both hydraulic alternatives will be

discussed in this section.

Hydraulic Cylinders

The idea for using hydraulic cylinders is to use them as part of a transmission system linking
an electromechanical motor placed outside the MR room to magnetically compatible cylinders
that are inside the MRI machine. Recall that this concept was used in an MRI compatible robot
discussed in Section 2.6[14]. Additionally, a similar idea was developed within the Newman
Laboratory for Biomechanics and Human Rehabilitation by PhD. student Steven Buerger[28].
Buerger’s focus was on developing lightweight and low impedance actuators; therefore, his
design is not MRI compatible. The prototype developed by Buerger consisted of a system of
two hydraulic cylinders and a linear motor as shown in Figure 3-5.

The linear motor was used to drive one of the cylinders which would cause the remote
cylinder to be actuated. The idea is particularly useful for an MRI application because it
separates the endpoint from the electromagnetic actuator.

There are several advantages to using hydraulic cylinders in this application. First, the size
of the electric motor and cylinders can be adjusted to achieve the desired forces. For example,
having two cylinders with different cross sectional areas will make an effective gear ratio. The

pressure in a closed system is constant which yields the following equation
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Figure 3-5: Prototype of lightweight, low impedance hydraulic actuator|28]

Fi _ Fout
Ain Aout

(3.1)

where Fj, is the input force, Foy; is the output force, A;, is the area of the input piston, and
Ayt is the area of the output piston. Therefore, if the area of the output piston is greater than
the area of the input piston the output force will be amplified relative to the input force. The
variety of options in pistons and electric motors makes the force requirement achievable with a
multitude of different combinations. This effective gear ratio can be used to eliminate the need
for gears or other mechanical advantages that can introduce negative effects such as friction.
With regards to size, only the actuators inside the MRI machine are of concern. This would
be one cylinder for each degree of freedom. Hydraulic cylinders come in a variety of sizes in
both stroke length and diameter. Therefore, one can be confident hydraulic cylinders that fit
within the size envelop can be found. The friction of the system is dependent on several factors.
The cylinders will have friction primarily due to the variety of seals that they employ. Airpot
manufactures cylinders in which no seal is used between the cylinder and piston. Instead a

tight tolerance is held between the two components to minimize leakage. According to the
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Figure 3-6: Airpot cylinder composed of glass and graphite[24]

Airpot catalog these cylinders have less than 1 N of static friction. The electric motor also
contributes friction to the system. The linear motor used in Buerger’s setup had a static
friction level on the order of 3.5 N[28|. Finally, friction is introduced due to the effects of the
fluid. There are several options for MRI compatible cylinders. For example, Airpot cylinders
are composed of a glass cylinder and a graphite piston as shown in Figure 3-6. Both materials
are MRI compatible.

There is one disadvantage to using hydraulic cylinders. A cylinder is a linear actuator and
this application requires rotary motion. Therefore, a transmission system must be designed to
convert the linear motion into rotary motion. Overall, hydraulic cylinders seem like a viable

option for this application.

Hydraulic Motors

Hydraulic motors are commercially produced with a variety of different mechanisms. For
example, the vane motor shown in Figure 3-7 uses spring loaded vanes to generate torque. An
internal gear motor, or gerotor, uses two non-concentric gears to produce a torque as shown in

Figure 3-8.
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Figure 3-7: Vane motor from Rineer[25]

Figure 3-8: Gerotor pump from Viking Pump[26]



Unfortunately, there are several commonalities that make all commercially available hy-
draulic motors difficult to adapt to this application. First, hydraulic motors are generally used
in high torque applications. This MRI compatible robot has relatively low torque require-
ments. Secondly, hydraulic motors have high friction. The friction is due to the seals that
are used to isolate the motor chamber from the environment. Most hydraulic motor designs
also require seals to isolate internal chambers. Because a hydraulic motor is used for high
torque applications, the friction is comparatively small. However, the friction is far larger than
the requirements set for this robot. For example, hydraulic actuators from Micromatic are
designed to backdrive at a maximum pressure of 50 psi. That corresponds to approximately
22 Nm of torque which is extremely high for this application. Finally, hydraulic motors are
generally made out of steel which is not an MRI compatible material. There are companies
that are willing to customize their motors to make them MRI compatible. However, this is
costly and does not eliminate the friction problem.

Although, commercially available hydraulic motors may not be feasible there are simple
versions of hydraulic motors that could be custom designed to meet the needs of this application.
For example, a single vane hydraulic motor, as shown in Figure 3-9, is composed of a single
vane within a housing. As fluid is pumped into the housing the vane rotates. The design
contains a barrier that separates the inlet and outlet sides of the motor. This barrier reduces
the maximum allowable rotation to less than 360 degrees. However, this is not an issue because
the motion of the wrist is also limited.

The single vane hydraulic motor functions much like a rotary hydraulic piston, where the
motor housing is the cylinder and the vane is the piston. Because Airpot was successful in
using no seal between the cylinder and piston, it was speculated that a similar approach could
be used in the hydraulic vane motor such that no seal was used between the vane and motor
housing. Thus, the hydraulic motor could be used in the same fashion as the hydraulic piston.
A transmission system consisting of two hydraulic motors or a hydraulic motor and hydraulic
piston can be driven by an electric motor placed outside the MR room as illustrated in Figure
3-10. Therefore, the hydraulic motor can take advantage of all the benefits of the hydraulic
cylinders described in the previous section with the added benefit of naturally providing rotary

motion. Theoretically, a custom designed single vane hydraulic motor could be designed for

44



Barrier

Shaft

Vane

Figure 3-9: Single vane hydraulic motor

low friction, MRI compatibly, and small sizc.

The concept of a low friction hydraulic vane motor is novel and thus requires testing. The
following section describes the design of an initial prototype and proof of concept testing for
an MRI compatible, low friction hydraulic vane motor. Assuming the concept for this new
hydraulic motor is successful it would be the most appropriate actuator for this application. It
would meet all of the functional requirements and be the most convenient for adaptation into

the design of an MRI compatible wrist robot.

3.2 Hydraulic Vane Motor

This section outlines the proof of concept design, analysis, and testing performed for the
hydraulic vane motor. First, a fluid analysis of the vane motor was performed to explore
the importance of various dimensions and attributes in the design. Next, a prototype of the
hydraulic motor was designed and built. Analysis was performed on this design to ensure its
structural strength. Finally, experimental testing was performed to determine the feasibility

of the concept and to examine the effects of various design trade-offs.
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Figure 3-10: Concept for hydraulic vane motor actuation system

3.2.1 Analysis of Vane Motor

To better understand the physics behind the vane motor and actuator system a fluid
analysis was performed. This analysis outlines the important parameters in the design of this
system with particular attention to factors that can influence the functional requirements set
for the MRI compatible robot. Additionally, a structural analysis was performed to ensure the

safety and durability of the hydraulic motor design.

Fluid Analysis

The design of a hydraulic motor is based on two major parameters: the efficiency and the
torque output. The torque output is based on the amount of friction in the system. Clearly
more friction will result in less torque output. The actual torque, T, produced by the motor

is the difference between the theoretical torque, T}, and the torque lost to friction, Ty.

T, =T,— Ty (3.2)

The theoretical torque is given by the following equation




where Vp is the volumetric displacement in m3 /rev, and P is the fluid pressure.

The total efficiency of the motor is based on two quantities, the volumetric efficiency, 7,
which accounts for fluid loss due to leakage, and the torque efficiency, 7,, which accounts for
torque lost to friction. The volumetric and torque efficiencies are determined by the following

equations

0,

n, =
Q, (3.4)
n =l
T (3.5)

where Q. is the actual volumetric flow rate and Q; is the theoretical volumetric flow rate. The

total efficiency, 7o, 1S therefore the product of the volumetric and torque efficiencies.

ntotal:nvnt (36)

Thus, to design an efficient motor it is important to keep the friction and fluid loss due to
leakage as low as possible. Most of the friction in a hydraulic motor is a result of seals which
are employed to eliminate sources of fluid loss. The seals are generally made from rubber which
has a high coefficient of friction. Additionally, they are used on dynamic surfaces such as a
rotating shaft. Therefore, seals can be an enormous source of friction. A difficult trade-oft
exists between friction and leakage. To eliminate fluid loss one must be willing to increase the
friction in the motor and vice versa. This trade-off will be the focus of the experimental testing

discussed in a later section.

Friction Seals are not the only source of friction in a hydraulic system. The fluid itself
introduces friction into the system. The system of hydraulic cylinder, hydraulic motor, and
fluid lines was modeled to predict the friction. The friction model was then used to evaluate how
changing the geometry of the various components would affect the friction in the system. The

model consists of one cylinder, two lines, and a hydraulic motor. For simplicity the hydraulic
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motor was modeled as a straight cylinder. However, losses due to the curvature of the motor
were accounted for. There are two ways in which pressure is lost due to friction. The first
is due to laminar head loss, assuming the flow inside the system is laminar. The following

equation describes the head loss

L 32uLy
1T T
pgd (3.7)

where h; is the head loss, L is the length of the line or cylinder, V is the velocity of the fluid,
g is acceleration due to gravity, d is the diameter of the line or cylinder, p is the density of the
fluid, and p is the viscosity of the fluid[29].

The second source of pressure loss is minor losses due to features in the system such as valves,
bends, or junctions. This model includes three sources of minor losses sudden contractions,
sudden expansion, and the curvature of the hydraulic motor. There are certainly many other
features that could generate friction in the system. Minor losses are evaluated as proportional

to a factor K. The K values for a sudden expansion and a sudden contraction are

a’ .,
K,=(1-—)
D (3.8)

d2
K, . =41-—)

D (3.9)
where D is the diameter of either the hydraulic cylinder or hydraulic motor. The K values for
other minor losses are determined experimentally and must be looked up in a fluids text book.

For a bend such as the one in a hydraulic motor K is equal to 0.3. The total head loss for a

system is equal to the sum of the laminar head loss and the minor head loss.

VZ
h=h+—YK
28 (3.10)

Because this system consists of three elements with different diameters, it was modeled as a
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multi-pipe system. There are two general rules for dealing with multi-pipe systems. First, the

flow rate is the same through each pipe.

€=0,=0; (3.11)

therefore

3 (3.12)

The second rule for multi-pipe systems is that the head loss through the entire system is equal

to the sum of the head loss through each individual pipe.

By =l +h, + 1,

total — (3_13)
Plugging Equation 3.10 into the Equation 3.13 gives the equation
u( iy, Ly, LV, V¥ v,
v b el Ll St
Pg ! 2 3 & & (3.14)

The conservation of flow rate concept can be used to eliminate Vs and V3 and have the entire

expression in terms of V1. The resulting expression is

htotal =

32u (LVI Ld?Vy  13d*V; V2 VEdi
— L (Kse + Kother) + =21 K 3.15
Py ( E T a T ) gy Feed Koner) 5 K (3.15)

The expression for hypra gives a pressure loss due to friction. However, we are concerned with
the force that is lost due to friction. Therefore, hioto; must be divided by the area of the

hydraulic motor.

hiota
Ff'r'iction = f;}t : (316)

For this application a low friction value is desired. Therefore, the ideal system in terms of
friction would have a low viscosity, slow velocity, short length, and large diameter components.

Additionally, nonlinear sources of friction should be especially avoided. These frictional sources
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grow with the square of the fluid velocity rather than the linear sources of friction which grow

proportional to the velocity of the fluid.

Inertia The inertia in the fluid system is also of importance. The inertia has a contri-
bution from several sources the linear motor, hydraulic motor, hydraulic cylinder, and hoses.

The inertia of the total system can be express with the following equation

Ao\ 2 Ayt \ 2
wiar = Inm + 1. vy I vTy _
Liotat = Ihm + yl( Ap> + 1( 4, > (3.17)

where I is the inertia, A is the area, and r is the radius. The subscript hm refers to the
hydraulic motor, cyl refers to the hydraulic cylinder, and [ refers to the fluid lines. The inertia

of a rotary element such as the hydraulic motor is given by the following equation

1
I‘rota,ry = 57’7”‘2 (318)

The inertia of a linear element, such as the fluid lines, is given by

Ilinea'r = PlA (319)

or the mass of the fluid in the component.

The inertia of this system ideally should be kept as low as possible. Therefore, it is desirable
to use a hydraulic motor with a small radius, for the inertia of a rotary element is proportional
to the square of the radius. The inertia of the entire system is proportional to the radius to
the fourth power. Additionally, the length of the linear elements should be kept short. The
inertia is proportional to the length a linear element. Although the inertia of a linear element
increases with a large diameter, the overall inertia of the system actually benefits from large
diameter linear elements. Therefore, the fluid lines and piston should have large diameters.
Finally, the overall apparent inertia can be reduced if the area of the element at the endpoint is
made smaller than the arca of the elements preceding it. In this case, the area of the hydraulic

vane motor should be made large relative to the area of the hydraulic cylinder and fluid lines.



Compliance The final aspect of the fluid system that will be examined is the compliance.
There are two sources of compliance in this system. The first is given by the hydraulic fluid.
Although water is an incompressible fluid it still has a slight compliance, Cy, given by the

following equation

%
c, ==
! B

(3.20)

where V is the volume of fluid and B is a constant equal to 2.1 GPa for water. The second
source of compliance in the system is from the fluid lines that are capable of expanding due to

the pressure of the fluid. The equation that determines the compliance in the fluid lines is

nd? \ (1+v)d +(1-v)d®
4F d, +d,)

C, =
(3.21)

where d; is the internal diameter of the hose, d, is the outside diameter of the hose, t is the
thickness of the hose wall, v is the Poisson’s ratio of the material, and E is the elastic modulus
of the material[27]. According to this equation the ideal fluid line will have a small diameter,
large wall thickness, and large elastic modulus.

It should be noted that the compliance is related differently to the line diameter compared
to friction and inertia. Friction and inertia are improved with large line diameters. However,
compliance is improved with a small line diameter. This is a trade off that should be explored
further. For now, large line diameters will be used when possible because friction and inertia

are important functional requirements of the system.

Structural Analysis

To understand and evaluate the structural validity of the design an analysis was performed.
Three aspects of the motor were analyzed: shaft strength, vane strength, and motor housing
strength. The dimensions in the design of this first prototype were made some what arbitrarily.
They were based on the size of readily available materials and made large enough to facilitate
machining, assembly, and testing. Critical components of the motor were evaluated to verify

that they were properly sized to avoid structural failure.



Shaft The necessary shaft size for the motor was estimated based on the applied loads.
The testing anticipated for this motor will only apply a torsional moment to the shaft. To

avoid failure, the diameter of the shaft must satisfy the following relationship

d> (16M )1/3 (3.22)

riges

where M is the maximum torsional moment acting on the shaft and o is the yield strength of the
material[30]. In this prototype the shaft material will be aluminum which has a yield strength
of 275 MPa. The torsional moment acting on the shaft must be at least 1.2 Nm, which is the
required torque of the MRI compatible wrist robot. However, during testing a much higher
torque could be encountered. Therefore, a safety factor should be added to the result of this
equation. Solving Equation 3.22 results in a minimum shaft diameter of 0.11 inches. In fact,

the shaft was designed with 0.75 inch diameter.

Vane The vane of the hydraulic motor was then evaluated to determine that it could
withstand the fluid pressure present inside the hydraulic motor. The pressure of the fluid

inside the motor was calculated based on the following equation

d (3.23)

where T is the torque acting on the vane and V is the volumetric displacement. The expression

for volumetric displacement is

Vy = nL(R? —1?) (3.24)

where L is the height of the vane, R is the inner radius of the motor housing, and r is the
radius of the motor shaft. In this case, L is 4.0 inches, R is 2.0 inches, and r is 0.375 inches.

Substituting Equation 3.24 into Equation 3.23 yields

L(R" —r7) (3.25)



Solving Equation 3.25, the pressure inside the motor is found to be 9.5 kPa. This pressure is

acting over the area of the vane

Ay=L(R—-7) (3.26)

Therefore, the force acting on the vane is 40 N. From the force the vane thickness, y, can be

determined from the following equation

6F(R—r)

yz2
Lo (3.27)

where F is the force, and o is the yield strength of aluminum. The result of Equation 3.27
yields a vane thickness of at least 0.05 inches. The vane thickness was made 0.25 inches which

can safely accommodate any uncertainties in testing.

Motor Housing The motor housing was next analyzed to ensure that it could withstand
the fluid pressure within the motor. There are two types of stresses that can develop in a
cylindrical pressure vessel such as a hydraulic motor. The thickness of the vessel must be able

to withstand these stresses as indicated by the following equation

_Pr
=

t (3.28)

where P is pressure, r is the inner radius of the motor housing, and o}, is the hoop stress, which
acts circumferentially on a cylindrical motor housing. Solving Equation 3.28 the thickness of
the vessel constructed out of aluminum must be at least 6.90x 107 inches.

The second stress equation is based on the longitudinal stress acting on a cylindrical pressure

vessel. The thickness of the motor housing subject to a longitudinal stress, oy, is

_ B

t =
20‘1

(3.29)

Solving Equation 3.29, the thickness of the vessel must be at least 3.45x107° inches for
an aluminum construction. Both equations yield required thicknesses that are well below the

standard dimensions in which aluminum stock is available. In fact, the thickness of the material



used in the design of the prototype was 0.25 inches.
The structural analysis has shown that the prototype design for the hydraulic vane actuator
is robust. There is no concern that the motor will fail due to the strength of the materials or

the size of the components.

3.2.2 Design of the Hydraulic Vane Motor

A prototype hydraulic vane motor was designed and built to test the feasibility of eliminat-
ing seals from a hydraulic motor in an effort to reduce friction. A single vane hydraulic motor
has a relatively simple design with a limited number of parts. Therefore, it could be built in
house, which gives the designer the freedom to make changes and improvements quickly. In
addition, the prototype hydraulic vane motor was designed to provide an opportunity to test the
importance of certain factors in the design. One important factor is the trade off between fluid
loss and friction. Minimizing fAuid loss due to leakage requires good seals which are generally
high in friction. Likewise, minimizing friction would lead to increased leakage. The prototype
was designed so that both options could be tested to compare the effectiveness of each and thus
determine the best design. Other factors of the design that could be altered were the variety of
shaft seal and fluid type. The details of these test variables will be discussed in greater detail
in a later section.

The completed prototype can be seen in Figure 3-12 and Figure 3-14. A solid model of
the prototype is shown in Figure 3-11 and Figure 3-13. The prototype was constructed out of
aluminum stock for the majority of the parts. Aluminum is not the ideal material in terms of
MRI compatibility, however it is readily available and easy to machine. For proof of concept
testing, aluminum was the most convenient material. Thus, the motor housing was machined
out of an aluminum pipe with and inner diameter of 4 inches. The top and bottom of the
motor were also machined out of aluminum. Both pieces contained a groove for an o-ring
made of Buna-N. These o-rings provided a static seal that contained the fluid within the motor
housing. Four bronze screws were used to tighten the top and bottom of the motor together.
The stop was machined out of aluminum and bolted inside the motor housing. Because of the
stop’s unusual size and shape, it was machined with wire EDM. Due to the presence of the stop

the hydraulic motor can only achieve approximately 270 degrees of rotation. The aluminum
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Figure 3-11: Section view of the initial prototype for the hydraulic vane motor

Figure 3-12: Inside view of the hydraulic vane motor prototype
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Figure 3-13: Solid model of the initial prototype for the hydraulic vane motor

Figure 3-14: Assembled prototype of the hydraulic vane motor



shaft of the motor was machined with a groove to accommodate the vane. The vane could be
bolted into the groove so that it would not be touching the motor wall or it could be placed in
the shaft groove with a spring behind it so that it would be spring loaded against the motor
wall. The vane was manufactured out of aluminum; however, a plastic tip was attached to the
vane so that it would slide smoothly along the aluminum motor housing. Plain bearings made
of Rulon J were used to provide low friction support between the shaft and the end caps of the
motor.

Finding a proper spring to preload the motor vane against the motor wall required some
trial and error. Conventional compression springs are made of steel which is not a magnetically
compatible material.  Additionally, compression springs tend to be long, which would be
difficult to accommodate in this design. Other spring options include a leaf spring, or a springy
material such as rubber. Leaf springs are not generally sold as off the shelf items. They are
custom designed for the specific application. This is not a feasible option in terms of time,
flexibility, and cost for a first prototype. Therefore, it was decided that rubber would be the
simplest and most likely successful option to pursue. However, using rubber as a spring had
its difficulties as well. There are two important considerations when using rubber. Rubber
comes in a variety of thicknesses and durometers. To determine the most appropriate rubber
to use in this application, an assortment of rubber sheets were purchased each sheet having a
different durometer or thickness. Through testing, it was determined that rubber with a 1/32
inch thickness and 60 durometer hardness provided the most appropriate amount of preload.

Building this prototype in house helped iron out some design issues that will be useful in
the final design. One important discovery was that aluminum pipe does not have a smooth
or precise inside surface. Therefore, if pipe is used it must be bored out to make the inner
diameter the exact desired dimension and to make the surface smooth so that the o-ring will
seal properly. A second issue that could be improved upon is the visibility into the motor.
When the motor is assembled it is not possible to see how well the parts fit together. For
instance it would be nice to be able to see the gap between the vane and the motor wall and see
of any gaps that may be larger than intended. This may be an issue for this initial prototype

however it may not be important for the final design.
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Figure 3-15: Experimental setup used to test the hydraulic vane motor

3.3 Testing of the Hydraulic Vane Motor

Proof of concept testing was performed on the hydraulic motor. The tests were primarily
designed to determine the feasibility of eliminating seals from the typical hydraulic motor design.

The hope was that eliminating the seals would reduce the friction.

3.3.1 Experimental Setup

The experimental setup consists of a linear motor, hydraulic cylinder, and the custom
designed hydraulic vane motor. The components were arranged as shown in Figure 3-15. A
picture of the system is shown in Figure 3-16.

It should be noted that all testing was done outside the MRI room. In the final design the
hydraulic motor will need to be composed of MRI compatible materials because it will be located
inside the MR room. For the testing of the prototype hydraulic vane motor MRI compatible
materials were used as much as possible when convenient. However, MRI compatibility was not
a testing requirement; therefore, it was not strictly enforced. For example, all sensors added
to the basic setup did not comply with the MRI compatibility requirements.

Although the setup uses a linear motor and hydraulic cylinder, these components could be
replaced with a rotary electric motor and hydraulic motor. The linear motor was used because
it was readily available in the lab. Software to run the linear motor had been previously
developed and only required modifications based on the specific experiments to be run. A real

time control system, RT Linux, was used to run the linear motor and gather data from the
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Figure 3-16: Picture of the test setup

sensors. The linear motor was already equipped with a force transducer and an encoder. A
test jig was built for the hydraulic motor so that either an encoder or a force transducer could
be attached. This test jig, shown in Figure 3-17, would lock the motor shaft to the motor
housing when the force transducer was mounted. If the encoder was in place the shaft was
free to rotate relative to the motor housing. The encoder used on the hydraulic motor was
manufactured by Gurley Precision Instruments model R119, which has a maximum of 65,536
counts per revolution after quadrature decoding(31]. The force transducer purchased from
ATI Industrial Automation was the Gamma model, which has a range of £100 lbf when used
to measure torque and forces perpendicular to the sensor(32]. The hydraulic cylinder was
connected to the hydraulic motor via two hoses. The hoses were reinforced Parker hoses with
an inner diameter of 0.25 inches. Each hose was five feet in length. The system was connected
by threaded fittings composed of brass.

The system was filled using the setup illustrated in Figure 3-18. A tank of fluid was placed
above the system and gravity was used to draw the fluid into the various components. The
fluid was pumped in by cycling the cylinder. The air was less dense than the fluid; therefore,

the air would rise out of the system to be replaced by fluid. This method of filling the system



Figure 3-17: Picture illustrating the test jig holding the encoder

was slow; however, it proved to be suitable for testing purposes.

3.3.2 Experimental Procedures

The experiments were designed such that three values could be measured while three
variables were changed. The three experiments performed on the experimental setup measured
the relationship between the input force and output torque, the relationship between the input
displacement and the output rotation, and the static friction in the system.

Several variables were designed into the system. First, the vane was designed such that it
could touch the motor housing or not touch the motor housing. The first vane was designed to
leave only a small clearance between the wall of the motor and the vane. This vane aimed to
minimize the friction against the motor wall while allowing fluid leakage to occur. The second
vane was designed so that the vane would rub against the motor wall. This design would
minimize leakage but introduce friction.

Another variable was the type of seal for the shaft of the motor. Three different options
for the seal were purchased. First, a plain bearing with a close tolerance would provide a low

friction interface but possibly result in severe leakage. The second option was a rubber seal
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Figure 3-18: Setup used to fill the hydraulic system

which would eliminate all leakage but create high friction. The final option was a spring loaded
Teflon seal, which has lower friction than the rubber seal but still maintains little to no leakage.
The spring seal is not MRI compatible because the spring is composed of steel. However, it
provides a good comparison until an MRI compatible version can be found.

The type of fluid used in the system was an additional variable that could be altered. Oil
and water were the two fluid options. Water is less viscous that oil, therefore it introduces
less friction. However, oil’s high viscosity makes it more difficult to force through small gaps
making leakage less likely. Finally, several different cylinders were purchased. These cylinders
ranged in piston area and friction levels.

It should be noted that the experimental plans changed significantly over the course of
testing. This was due to a variety of difficulties that were encountered and will be discussed

in the next section.
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Figure 3-19: Setup for running the experiment to test the force/torque relationship

Force to Torque Relationship

This experiment was designed to determine the relationship between the input force pro-
vided by the linear motor and the output torque from the hydraulic vane motor. The setup for
this test is shown in Figure 3-19. This test requires the use of two force transducers: one on
the linear motor and a second on the hydraulic motor. The hydraulic motor is locked to the
force transducer so that it is unable to rotate. The linear motor was then forced by hand. The
force from the linear motor and the torque at the hydraulic motor were measured. Based on
the size of the components in the system the theoretical relationship between force and torque
can be calculated. The ratio of force to torque is based on the fact that the pressure in the
system is constant. The equation governing this ratio is

T _ AvReyy

7= (3.30)

where A. is the area of the cylinder, A, is the area of the vane, Reys is the effective radius of

the hydraulic motor. The effective radius is determined by the following equation

R+r
2

Rejf = (3.31)

where R is the maximum internal radius of the motor and r is the minimum internal radius of

the motor.
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Figure 3-20: Experimental setup for testing the relationship between linear displacement and
rotary displacement

Linear Displacement to Rotary Displacement Relationship

This test was designed to determine the relationship between the linear displacement of
the linear motor and the rotary motion of the hydraulic motor. The setup for this experiment
is illustrated in Figure 3-20. An encoder is placed at the linear motor and a second at the
hydraulic motor. The linear motor is moved and its motion is recorded. The corresponding
motion in the hydraulic motor is similarly recorded. The relationship between the linear motor
displacement and the hydraulic motor displacement is based on the size of the components
in the system. The theoretical ratio between linear displacement and rotary displacement is
governed by

Tiinear _ L(R? —17%)

= 3.32
Trotary 2Ac ( )

where Zjineqr is the displacement of the linear motor and z,otery is the displacement of the

hydraulic motor in radians.

Static Friction

The static friction in the system was tested in the following fashion. A force transducer is

placed at the linear motor and an encoder is placed at the hydraulic motor, as shown in Figure
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Figure 3-21: Experimental setup for testing static friction

3-21. The computer was programmed to linearly increase the force output by the linear motor
until the hydraulic motor began to rotate. The force required to set the hydraulic motor into
motion is equal to the static friction in the system.

The individual components of the system can be tested for static friction in a similar manner.
For example, the static friction in the linear motor alone and the linear motor and hydraulic
cylinder were tested. In this case, a force transducer and an encoder were placed at the linear
motor. The force commanded to the linear motor was linearly increased until the encoder
register that motion had occurred. These additional static friction tests allowed the source of

the friction to be determined.

3.3.3 Experimental Results

This section discusses the experimental results that were obtained during the testing of the
hydraulic vane motor. The main goal of the testing is to determine the trade-off between using
a low-friction but high-leakage approach compared to a high-friction and low-leakage approach.
Extensive troubleshooting was required to get the hydraulic motor functioning properly. This
process is outlined first, as it provides valuable knowledge as to how future designs must be

structured.
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Troubleshooting

The hydraulic vane motor was initially set up to test the lowest friction design. Therefore,
the lowest friction option for each of the design variables was selected as a starting point. No
shaft seal was used; instead a plain bearing was the only component contacting the rotating
shaft. Water was chosen as a hydraulic fluid. The vane was installed such that it was not
touching the motor wall. Finally, the lowest friction hydraulic cylinder purchased from Airpot
was used in the system. The Airpot cylinders are low friction because there is no seal between
the piston and the cylinder. Instead a tightly held tolerance is used to minimize leakage.
Inevitably some fluid loss exists, however the exact amount of leakage is unknown.

The low friction system was unsuccessful. Making any changes to the lowest friction design
requires a friction element to be introduced. Therefore, the approach to finding a working
system was to gradually and systematically add friction into the system. It was immediately
obvious that leakage through the plain bearing was significant. Therefore, the first step in the
attempt to get the system working was to remove all external leaks. To solve the problem, of
fluid loss through the shaft seal the rubber and spring loaded Teflon seals were tested. Both
seals solved the leakage problem; however the Teflon seal added less friction than the rubber
seal. It was therefore concluded that the shaft does require a seal and that a spring loaded
Teflon seal works best. Additionally, Teflon tape was added to the fittings to minimize the
external leakage occurring through the connections.

Eliminating external fluid loss still did not solve the problem. The next step was to eliminate
internal fluid loss in the hydraulic cylinder. A small amount of leakage was occurring where the
shaft of the cylinder exits the housing. Based on this observation, it was presumed that leakage
was also occurring inside the cylinder around the piston. To eliminate this internal fluid loss,
the Airpot cylinder was replaced with a cylinder that contained contact seals. The higher
friction cylinder ensured that no fluid leakage was occurring internal to the cylinder. Still, the
system was unsuccessful.

At this point the only leaks remaining were internal to the hydraulic vane motor. There
were several places inside the hydraulic motor where fluid loss could occur. The most obvious
were between the shaft and the stop and between the vane and the motor wall. Little could be

done to minimize the gap between the stop and the motor shaft. However, sealant was used to



ensure that all gaps around the stop due to manufacturing errors were filled. For example, a
small gap between the stop and the motor wall was filled with sealant. Additionally, the vane
was altered so that it was touching the motor wall. Unfortunately, eliminating these internal
leaks in the hydraulic vane motor did not eliminate the problem.

The next step in the troubleshooting process was based on an observation made during
testing with the Airpot cylinder. It was noticed, that when the Airpot cylinder was used, the
system would work when the hydraulic motor was turned, however it would not work when the
hydraulic cylinder was pushed. Two possible explanations for this observation were developed.
First, the volume of liquid in the hydraulic motor was much larger than that in the hydraulic
cylinder. It was possible that the momentum of the fluid moving from the hydraulic motor to
the cylinder was larger and therefore inducing more motion. Comparatively, the momentum
of the fluid moving from the hydraulic cylinder to the hydraulic motor was so small that it was
having no effect. The second explanation was that the Airpot cylinder had very low friction
so a smaller force was needed to put it into motion. However, the hydraulic motor had a
larger amount of friction and therefore required more force to put it into motion. Based on
this observation, possible solutions were to use a hydraulic cylinder with a larger diameter to
increase the flow or to decrease the volume of the hydraulic motor. The quickest solution was
to add a spacer to the hydraulic motor to see if the concept was worth pursuing. At this point
a small amount of motion was being witnessed however the performance was far from suitable.

Another idea for reducing the amount of internal leakage was to use a more viscous fluid.
A fluid with a larger viscosity will be more resistant to moving through small gaps. The flow

through a gap is resisted by the wall shear stress.

where T, is the wall shear stress, p is the fluid viscosity, and (;_Z describes the velocity profile
through the gap. The shear stress is proportional to the fluid viscosity, so increasing the
viscosity by a factor of two will increase the shear stress by a factor of two thus making it twice
as difficult for fluid to flow through the gap[29]. An alternative way of approaching the problem
would be to look at the velocity of the flow through the channel. Reducing the velocity of the

flow will likewise reduce the rate at which the fluid is leaking through the gap. The velocity
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of fluid through two parallel plates is

2
v - Pih
3p

(3.34)

where h is the thickness of the gap, 1 is the length of the gap, and P is the pressure drop
along the length of the gap. The fluid viscosity is inversely proportional to the flow velocity.
Thus, an increase in the viscosiéy will result in a proportional decrease in the fluid velocity.
Both equations indicate that increasing the viscosity of the fluid should reduce the problem of
internal leakage. Water has a viscosity of 0.89x1073 Pa-s and oil has a viscosity of 32x1073
Pa-s, which is nearly a 36 fold increase in viscosity. This should similarly reduce the fluid loss
36 times. Therefore, the water in the system was replaced with oil.

At this point the system was working well enough to take some initial data. Figure 3-22
shows data from a test to measure the ratio of linear displacement to rotary displacement.
There are three obvious problems occurring in the system. First, the slope of the line is not
that which was theoretically predicted by Equation 3.32. Second, there are some mysterious
end effects in which the hydraulic cylinder is being forced but no motion is induced in the
hydraulic motor. Finally, the motion is not repeatable. The curve starts and stops at a
different place for each cycle. This means that if the displacement of the cylinder is known the
angle of the hydraulic motor can not be inferred. Clearly something within the hydraulic vane
motor is still not functioning properly.

Due to the systematic approach that was taken to troubleshooting the hydraulic vane motor,
it was clear that the problem was occurring inside the hydraulic motor. However, the housing
of the motor was composed entirely of aluminum. It was therefore impossible to see inside
the motor and assess the problem further. Thus, a new motor housing composed of a clear
plastic was machined. This component would allow the internal workings of the motor to be
witnessed and hopefully the problem could be spotted. As soon as this clear motor housing
was employed the source of the problem was obvious. There were gaps between the vane and
the shaft due to manufacturing inaccuracies. These gaps were filled with sealant. Finally, the

hydraulic motor was functioning properly and quality data could be collected.
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Figure 3-22: Data for the displacement ratio when internal leakage is occuring. The dashed
line represents the theoretical displacement ratio.

Static Friction

The first test performed was to characterize the static friction in the system. Three static
friction measurements were taken. First, the linear motor alone was tested for static friction.
Figure 3-23 shows the results from this testing. The static friction in the linear motor is
dependent on location. This is due to the construction of the motor, which consists of a series
of magnets. The static friction can vary depending on where the forcer is located relative to
the magnets. The average static friction in the linear motor is approximately 1.2 N and the
maximum is 1.9 N.

The second static friction test that was performed was to test the friction in the hydraulic
cylinder. The hydraulic cylinder was not filled with fluid during this test. Additionally, the
linear motor was used to perform this test; therefore, the static friction of the linear motor is
also measured. Two different cylinders were tested: a small cylinder with a diameter of 1.0625
inches and a medium sized cylinder with a diameter of 2.5 inches. A large cylinder, with a
4.5 inch diameter, was also purchased; however, its static friction level was so high that it was

impossible to actuate with the available linear motor and thus was not tested. The data from

68



1.8 R

1.6} 9

141 NSV

Farce (N)
0
<\
\,
X

08+

Veanl

0l 4 \/

045 001 0.02 0.03 0.04 0.05
Distance (m)

Figure 3-23: Static friction in the linear motor

this test is shown in Figure 3-24. The small cylinder contained approximately 12 N of static
friction and the medium sized cylinder contained 25 N of friction. This is clearly a large source
of static friction compared to that of the linear motor alone.

Finally, the static friction test was performed on the whole system filled with oil. It was
discovered that the medium sized cylinder was too difficult to actuate when filled with fluid.
Thus, further test data for the medium cylinder could not be obtained. All of the remaining
test data refers to the system utilizing the small cylinder. The static friction test for the whole
system was tested with the vane touching the motor wall and then with the vane not touching
the motor wall. The result of these tests can be seen in Figure 3-25 and Figure 3-26. The
pushing and pulling motions of the cylinder are separated on the graphs. This is because
the area of the piston is different depending on which way it is being actuated, due to the
presence or absence of the piston rod. A larger area piston will require more force to produce
an equivalent amount of pressure in the system. This is reflected in the experimental data.
Pushing on the piston rod means the larger piston area is forcing the fluid and a larger force

is expected. In both vane configurations pushing the cylinder required more force to overcome

the static friction.
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Figure 3-24: Static friction in the cylinders, where x indicates a measurement from the force
sensor and o is the force calculated from the motor voltage

One unusual result is that less static friction was present in the system when the vane was
touching the motor wall. This result is opposite of what was expected. The static friction
was expected to decrease when the vane was not touching the motor wall due to the removal
of sliding friction. There is no elegant explanation for this result. The system had to be
taken apart, the fluid changed, and the system reassembled to change the motor vane. Some
additional friction could have been introduced during this process. For example, dirt could
have entered the system or the alignment of the components could have been altered slightly.

The more useful piece of data is the relative increase in friction compared to the previous
test in which only the cylinder and linear motor were included. Recall that the cylinder and
linear motor system contained 12 N of static friction. The static friction results of the whole
system are summarized in Table 3.1. According to the test data the hydraulic vane motor, fluid
lines, fittings. and fluid add an additional 1-8 N of static friction. This is a promising result
because it indicates that the prototype hydraulic vane motor contributes only a small portion of
the overall static friction. This, in fact, was the goal in specially designing a hydraulic motor.

The biggest contribution to the static friction in the system comes from the hydraulic
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Figure 3-25: Static friction in the system when the vane is touching the motor wall

25 T T

20L 9 a

151

Force (N)
OO X X X

L i

pulling pushing

Figure 3-26: Static friction in the system when the vane is not touching the motor wall

i



Pulling Force (N) | Pushing Force (N)
Vane touching 13 14
Vane not touching 15 20

Table 3.1: Static friction in test setup

cylinder. 1In the final design, the friction in the hydraulic cylinder can be dealt with in several
ways. First, the cylinder was a purchased component for which many different alternatives
exist. The solution could be as simple as purchasing a lower friction cylinder from a different
manufacturer.  Additionally, there is no reason a hydraulic cylinder must be used at all.
Instead, the system could be composed of two hydraulic vane motors driven by a rotary electric
motor. This could be a very effective option considering the low friction measured from the
hydraulic motor during this testing. Hopefully in the final design this friction can be reduced

even further.

Displacement Relationship

The next set of data presented here will report on the relationship between the input
displacement from the linear motor to the output rotation of the hydraulic motor. Based on
the size of the components in the system and Equation 3.32, the ratio of linear displacement
to rotary displacement should be 0.24 m/rad. The test was run with the vane touching the
motor wall and the vane not touching the motor wall. The data obtained for these tests is
shown in Figure 3-27 and Figure 3-28. In both situations the displacement ratio matched the

theoretical value.

Force to Torque Relationship

The final set of test results are regarding the relationship between in input force from
the linear motor and the output torque from the hydraulic vane motor. Figure 3-29 shows
the experimental data for the torque to force ratio when the vane is touching the motor wall.
There is a section of the plot in which the linear motor is being forced but the hydraulic motor
is not producing any torque. This result was due to the method the hydraulic motor was
manufactured and assembled. When the vane was touching the motor wall, it was placed in a

slot machined into the motor shaft and preloaded against the motor wall with a piece of rubber.
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Figure 3-27: The displacement ratio when the vane is touching the motor wall, where the dashed
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Figure 3-29: Torque to force relationship when the vane is touching the motor wall

However, the vane was not rigidly attached to the shaft. Therefore, it was observed that the
vane would move within its slot rather than produce a torque on the shaft. Only after the
vane was cocked securely in the slot would it begin to transfer torque to the shaft. This can
be seen on the graph as the region above 75 N and below -50 N. The torque producing region
of the data has a slope of 0.07 Nm/N. The theoretical ratio of torque to force is indicated by
Equation 3.30 and should be 0.24 Nm/N for this particular setup. Therefore, 29 percent of
the force input to the system is being converted to output torque.

The data for the experimental setup in which the vane was not touching the motor wall
can be seen in Figure 3-30. In this case, the vane is rigidly connected to the shaft so there
is no region where the torque is not being transmitted. The slope of this data is 35105
Nm/N. Therefore, 0.01 percent of the input force is being converted to output torque. The
poor torque output when the vane is not touching is discouraging. However, one must consider
the dependence of the torque output on the gap size. The pressure acting on the motor vane

is inversely proportional to the square of the gap size according to the following equation
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(3.35)

where L is the length of the gap, v is the velocity, and h is the gap thickness. However, the
gap width is not precisely known. When the vane is touching the motor wall the gap width at
the wall is assumed to be zero. For the vane not touching the motor wall the gap was made
as small as possible considering the manufacturing skill and technique available. The gap was
measured to be approximately 0.03 inches. In both cases the top and bottom of the vane is not
touching the motor housing. In reality the vane is never completely sealed. Additionally, the
gap size when the vane is not touching is much larger than a typical machine shop can produce
if the parts had been outsourced.

To get a better estimate of the actual gap width, Equation 3.35 was solved using the velocity
data obtained from testing. The gap width, h, was adjusted until the solution to Equation
3.35 matched the best fit line obtained from the experimental plots for the torque to force
relationship. This method makes use of the experimental data to estimate the gap width.
The fit for the vane not touching the motor wall is shown in Figure 3-31 and corresponds to
a gap width of 0.12 in. The fit for the vane touching the motor wall is shown in Figure 3-32
and corresponds to a gap width of 0.004 in. According to these results, the vane touching
the motor wall actually has a gap width that is close to what is expected to be achieved when
the motor is manufactured with stricter tolerances. In fact, if the machining of the motor is
outsourced and manufactured using wire EDM the tolerances can be held to 0.0005 in. This

is significantly smaller than the gap width that was achieved using in house manufacturing.

3.4 Actuator Conclusions

Hydraulic actuation was deemed the most promising of the actuator options. A novel idea was
developed for a low friction hydraulic motor. Therefore, a proof of concept prototype of the
motor was designed and constructed. After evaluating the prototype hydraulic motor, it was
determined that a low friction hydraulic motor is a feasible option. However, the gap size must
be carefully controlled. The motor concept is capable of maintaining the proper relationship

between the input and output displacements under low loads. This capability seems to be true
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Figure 3-32: Data fit to determine the gap width for the vane touching the motor wall, where
the dashed line is the theoretical line for a gap width of 0.004 inches

regardless of the gap between the motor housing and the vane. On the contrary, the input
and output force relationship is highly dependent on the gap between the motor housing and
the vane. Suitable torque values can be obtained with little to no gap; however, a large gap
produces a negligible amount of torque. Therefore, this actuator option will be pursued by
altering the motor design and improving the manufacturing technique to minimize the gaps

internal to the motor.
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Chapter 4

Transmission Selection

The existing wrist robot uses a differential as a transmission to produce the two degrees
of freedom required for abduction/adduction and flexion/extension. This transmission was
reevaluated for two reasons. First, it was necessary to find out if a differential is a feasible
option with MRI compatible components. Second, there might be an alternative transmission
that is better suited for this application. Based on the functional requirements the transmission
must allow for two degrees of freedom. Additionally, one advantageous aspect of the original
wrist robot is that both actuators are attached to ground. Therefore, the transmission for this
application aims to preserve this characteristic. Five different transmission alternatives were
considered: differential, cables and belts, geared rings, friction drive, and spatial kinematics.
The differential was evaluated first to show that it is still a feasible option for this application.
Because the differential was used successfully in the wrist robot, it was used as a benchmark

to which the other alternatives were compared.

4.1 Differential

A differential is a transmission in which a set of three or four miter gears are arranged to
produce two degrees of rotary motion as seen in Figure 4-1.

The motion is related to the relative motion of the two actuators. If the two drive gears
are rotated in the same direction than the spider gears will rotate about axis "B". However,

if the drive gears are rotated in opposite directions the spider gear will rotate about axis "A".

78



Spider gear

Drive gear

Figure 4-1: Differential gear transmission[33]

Thus, the spider gear can move with any combination of the two rotary motions by varying the
relative rotation between the two drive gears. The rotation achieved by a differential gear is

given by the following equations

o+

8, = = (4.1)
a—f

By = . (4.2)

where 6, and 8 are the angles of rotation about axis A and B respectively, and o and 3 are
the angles of rotation of the drive gears.

For the differential gear transmission to work in this application the gears must be made
out of an MRI compatible material rather than the standard steel material. Plastic gears are
common however they are significantly weaker. To determine if the differential gear transmis-
sion will work in the MRI compatible wrist robot it is necessary to examine if plastic gears
will be capable of withstanding the required torque. Recall from the functional requirements
that the required torque for each degree of freedom is 1.2 N-m. The differential was assumed

to provide a 1:1 transmission ratio. This assumption is made because the hydraulic motor
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Figure 4-2: Plot to determine gear size and number of gear teeth required to withstand applied
forces

can be designed to produce any desired torque or transmission ratio eliminating the need for a
transmission ratio in the gears. The analysis also assumes the worst case scenario for unknown

parameters. The following equation determines the maximum stress in a gear tooth

_ TNs
rdlF'Y (4.3)

where T is the applied torque, N is the number of teeth, r is the radius, d is the diameter, F is
the face width, Y is a geometrical factor, and s is a safety factor which was conservatively set
equal to 2 for this estimation{30]. The yield stress used in this calculation was 45 MPa, which
is that of nylon, a common material used in gears however comparably one of the weaker plastic
materials. A weak material was used in this scenario for safety. F was set at 0.009m which
was the lowest value found in the gear catalog. Y was set at 0.2, which was again the lowest
value found on the chart used to determine Y. The equation was then solved for r in terms of

N. The result is shown in Figure 4-2.All points above the curve represent gears that could be
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safely used in this application. An "x" on the plot represents gears found in a catalog. There

are certainly gears that are strong enough to be used in the MRI compatible wrist robot.
Another issue for a design that utilizes gears is backlash. Backlash is the error in the mate
of the gear teeth. This error means that the endpoint of the mechanism will move prior to the
engagement of the gears. Backlash has been shown to negatively affect the performance of a
machine. According to the catalog, the backlash in plastic gears is between 0.1 and 0.2 mm.
The existing wrist robot, for comparison, has between 0.055 and 0.14 mm. That is an increase
in backlash of 30-45%. The problem with backlash was solved by allowing the gears to be
adjustable in the existing wrist robot. This is certainly an option for the MRI compatible robot.
Another option is to purchase precision designed plastic gears. For example, injection molded
gears give the designer increased flexibility in material choice and tolerances. However, because
the mold must be specially designed the price can range from $5000-$50,000. Comparatively,

a high quality gear purchased from a catalog only costs approximately $50.

4.2 Cables and Belts

Cables and belts were considered as an option for the transmission of this device. The
Phantom®, shown in Figure 4-3, is one example of a device that has successfully utilized cables
in its transmission design. Cables are generally made out of steel; however, bronze cables are
commercially available. The susceptibility of bronze is not directly available. Bronze is a
copper alloy that can contain concentrations of lead, zinc, tin, and iron. Although, copper has
a favorable susceptibility this is not the case with all of the other components of bronze. For
example, iron is a ferromagnetic material that is not MRI compatible. Therefore, bronze should
be used in the MRI machine only if the exact chemical composition is known. Belts, on the
other hand, come in a variety of materials. Plastic belts are common and have the advantage
of being MRI compatible. One disadvantage to cables and belts is their compliant nature.
Cables and belts can act as springs in the system introducing compliance and complicated
dynamics. These dynamics can have negative effects on the performance of the robot. Finally,
no configuration utilizing cables or belts could be conceived that would be advantageous over

the differential.
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Figure 4-3: Phantom® utilizes cables as its transmission system

4.3 Geared Rings

Geared rings are another transmission alternative. A geared ring was used as the trans-
mission of the pronation/supination degree of freedom in the original wrist robot. The geared
rings would have to be made out of an MRI compatible material. However, no MRI compatible
geared rings were found in catalogs; therefore, it is likely that this component would have to be
specially designed leading to high costs. Additionally, a plastic gear ring would have the same
problems with backlash as the plastic differential. Finally, the ring configuration is bulky and
limits the amount of space around the patient’s hand and wrist. There is no clear advantage

to using geared rings over a differential gear transmission.

4.4 Friction Drive

A friction drive is a possible transmission design. A friction drive uses preloaded rollers to
produce friction through which torque can be transferred. A Parker positioning system shown
in Figure 4-4 is an example of a commercially successful friction drive application. The rollers
of a friction drive can be oriented in any way. The idea for this application is to design friction

drive rollers to replace the differential gears. The rollers can be shaped and sized the same
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Figure 4-4: Parker positioning system utilizing a friction drive[35]

as the differential gears. However, the torque would be transmitted through friction rather
than gear teeth. The advantage of a friction drive is that it contains zero backlash. The
disadvantage is that the required preload force adds additional stress to the robot. Because
MRI compatible materials are generally weaker, added stress means that the structural supports

will have to be larger which will contribute additional size to the robot.

4.5 Spatial Kinematics

The final transmission alternative is the use of spatial kinematics. These devices use a
variety of joints and linkages to obtain the necessary degrees of freedom. Figure 4-5 shows an
example of spatial kinematics used to give a fan more rotational freedom. The fan is capable
of tracing a figure eight pattern in a spherical space. In this application, each joint would
need an MRI compatible bearing. Spatial kinematics are more complicated than the other
transmission options. Additionally, it is not clear that spatial kinematics can be achieved
in a compact space. It was determined that the added complexity of spatial kinematics is

undesirable compared to some of the more elegant transmissions designs. Therefore, spatial
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Figure 4-5: Spatial kinematics applied to a fan[36]

kinematics were not pursued further.

4.6 Transmission Conclusions

It has been shown that using plastic gears to create a differential is a viable option for
the MRI compatible wrist robot. In terms of strength the plastic gears are suitable. How-
ever, it is uncertain if the amount of backlash in plastic gears can be tolerated. Among the
alternative transmissions that were considered only the differential gears and the friction drive
seem valuable options to pursue. Because these two transmissions can be designed in the
same orientation and size, it would be easy to replace one with the other. Therefore, it was
decided that both transmission designs would be pursued. The design would be made such
that the transmission can be easily exchanged. This will allow the best transmission option to

be determined through testing.
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Chapter 5

Other Design Considerations

There are several other components in the design that required investigation. These
design considerations include the materials, bearings, electric motor, hoses and fittings, and

seals. This chapter discusses the various options explored for these components.

5.1 Materials

An important aspect of designing an MRI compatible robot is material selection. The
materials determine the safety of the robot within the MRI machine as well as the quality of
the images that the MRI machine will produce. In addition, the materials must be able to
provide support that can withstand the forces applied to the robot. In general, three factors
determine a material’s effectiveness in the MRI machine: susceptibility, yield strength, and
elastic modulus.

Several metals, such as copper and carbon, have good MRI compatibility. However, when
using metal in the MRI machine one must be careful to avoid eddy currents. Additionally,
carbon, for instance, has a different susceptibility based on its orientation within the MRI
machine. The benefit of metals is they generally have a high yield strength and elastic modulus.

Plastics have been shown to have excellent MRI compatibility. Most of the components
in previous MRI compatible robots have been constructed of plastic with great success. The
drawback to using plastics is their low yield strength and elastic modulus.

A third option for materials is a filled plastic, which are available in virtually all polymers
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Material Yield Strength (MPa) | Elastic Modulus (GPa)
Copper 275 115

Carbon fiber 3800 228

Nylon 70 2

Lexan 72 2.2

G10 (glass filled epoxy) | 241 18

Glass filled nylon 190 12

Table 5.1: Material properties of several MRI compatible materials

and a variety of fillers. The most common fillers are carbon and glass, both of which are MRI
compatible. However, carbon again has a different susceptibility based on its orientation within
the MRI machine. One drawback when using filled plastics is their poor machinability. They
can be abrasive, hard to clean up, hard on the machines, and result in a poor surface finish.
Tlowever, the filled plastic materials have increased yield strength and elastic moduli compared
to standard plastics. Table 5.1 summarizes a few of the MRI compatible materials that were
researched and their material properties.

It was decided that metals should be avoided whenever possible so that eddy currents and
orientation would not be an issue. There are, however, several parts that will be machined
via wire EDM. These parts must be made out of a conductive material for the EDM process.
Therefore, these parts will be constructed out of copper, which has an excellent susceptibility
compared to carbon. All parts taking a significant structural load will be machined out of G10,
which is a glass filled epoxy resin. This is a non-conductive material that has good material
properties. It is also one of the easiest to machine of the glass filled composites. It is difficult,
however, to machine small radius rods in G10 because of the fibrous nature of the material.
Therefore, all parts which do not take significant loads or have small radius rods will be made

out of Lexan, a more machine friendly material.

5.2 Bearings

The bearings of a machine support the applied forces and torques. There are a variety of
different types of bearings depending on the types of loads it must support. In general, there
are two forces that a bearing could experience: radial forces and axial forces. An axial force

acts down the rotational axis of the bearing. A radial load acts perpendicular to the rotational
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Figure 5-1: Ball bearing[37]

axis of the bearing.

Different bearing varieties are better at supporting different loads. Ball bearings, as shown
in Figure 5-1, can be purchased in varieties such as deep groove, angular contact, or four point
contact [42]. Deep groove ball bearings can support moderate radial and axial loads. Angular
contact bearings are capable of supporting higher axial loads than deep groove ball bearings.
Finally, four point contact bearings are the best ball bearing at supporting axial loads.

Roller bearings are an alternative to ball bearings. The cylindrical roller bearing, shown
in Figure 5-2, can support very high radial loads but only light axial loads. The tapered roller
bearing, shown is Figure 5-3, can support very high loads in both the radial and axial directions.

An additional variety of bearing is the plain bearing. A plain bearing has no rolling
elements. Instead a plain bearing is a sleeve composed of a low friction material on which
a shaft rotates. Plain bearings generally have higher friction than rolling element bearings
because sliding friction is higher than rolling friction. Figure 5-4 illustrates some examples
of plain bearings. Plain bearings come in varieties that are only suitable for radial loads and
varieties that are suitable for radial and axial loads.

Using bearings in an MRI machine limits the variety of bearings that can be chosen. Stan-
dard bearings are composed of steel, which is not MRI compatible. Ball bearings do exist in

MRI compatible materials, however not all of the varieties listed above are available and the
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Figure 5-2: Cylindrical roller bearing[37]

Figure 5-3: Tapered roller bearing[37]
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Figure 5-4: Plain bearings

sizes are limited. MRI compatible ball bearings are composed of plastic raceways and glass
balls. Two varieties were identified: deep groove and four point contact. An abundance of
plain bearings are available in MRI compatible materials. Plastics, for instance, are a common
material for plain bearings due to their low coefficient of friction.

Friction is a major concern in this application. Therefore, ball bearings should be used in
this design whenever possible to reduce the friction in the robot. In the case that a suitable
ball bearing can not be found due to size constraints or load capacity, plain bearings should be

employed.

5.3 Hoses and Fittings

There are a great variety of hoses and fittings that can be used to connect the components in
the hydraulic system. This section will examine these different options. The most appropriate
option for this application will be selected.

The discussion of hoses is limited to plastic hoses. Plastic is MRI compatible and a common
material for fluid hoses. Plastic hoses come in two basic options: reinforced or non-reinforced.
Reinforcement can be added to a plastic hose with the addition of a variety of materials such as
steel wire or plastic braid. Only plastic reinforced hoses will be considered because of their MRI

compatibility. A reinforced hose can be stiffer and thus less compliant than a non-reinforced
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Figure 5-5: Threaded brass fitting

hose, which is good for the dynamics of the system. However, the hoses must be flexible enough
to bend and fit in the MRI machine. A hose’s flexibility is qualified by its minimum radius of
curvature. The ideal hose for this application will have a small radius of curvature and high
stiffness.

This design requires a fitting that is easy to assemble and disassemble. It is also advanta-
geous to use fittings that do not minimize the area inside the hoses. Fittings that constrict the
flow will create pressure losses. There are some fittings that go outside the hose and others
go inside the hose. The flow will be constricted more by fittings that must go inside the hose.
Finally, one must be aware of the type of hose with which a particular fitting can be used.

The initial prototype of the hydraulic vane motor used threaded brass fittings, as shown in
Figure 5-5. The threaded fittings were extremely difficult to work with because they were not
conducive to assembling and disassembling the system. Additionally, the threaded fittings had
a tendency to leak. The diameter inside the threaded fitting was also much smaller than the
hose diameter.

The best option for fittings seems to be quick connect fittings, as shown in Figure 5-6.
These go on the outside of the hose so the diameter is not decreased. They also are designed

for easy assembly and disassembly. Unfortunately, they make use of steel teeth to grasp the
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Figure 5-6: Quick connect hose fitting[38]

outside of the hose. Therefore, these fittings are not MRI compatible.

The next option for fittings is a compression fitting, as shown in Figure 5-7. These fittings
are designed so that the hose is clamped by tightening a threaded nut around the hose. They
also do not minimize the hose diameter. However, they are recommended for use only with
unreinforced hoses. Additionally, they are somewhat difficult to disconnect.

The final fitting option is barbed fittings, as shown in Figure 5-8. These are fittings that fit
inside the hose and are secured with a hose clamp. Because the fittings go inside the hose, the
diameter gets restricted. Additionally, standard hose clamps are composed of steel and non-
MRI compatible material. There are nylon hose clamps available however their effectiveness is
unknown. The advantage of barbed hose fittings is they can be used with either reinforced or
non-reinforced hoses.

It was decided that two options for hoses and fittings would be purchased. First, unrein-
forced hoses with compression fittings can provide a piping system that does not constrict the
flow; however, the compliance of the hoses could affect the system dynamics. The second option
uses reinforced hoses with barbed fittings. This option is less compliant however the barbed
fittings restrict the flow creating increased pressure loss. The two systems can be compared

experimentally to determine the best option.
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Figure 5-7: Compression hose fitting[38]

Figure 5-8: Barbed hose fitting[38]
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5.4 Seals

Several seals are required within the hydraulic vane motor. There are static seals, for parts
that are not meant to move after assembly. For example, a static seal is required between the
motor top and motor housing. Dynamic seals are required at the rotating shaft of the motor.
Selecting seals for this design is a difficult task. There are a variety of seals for dynamic and
static applications. However, few seals are considered low friction. The goal of the seals in
this design is to have all dynamic seals retain as much fluid as possible while adding as little
friction as possible. The friction in a static seals is not important; therefore, these seals should
not leak.

The most common static seals used in hydraulic applications are o-rings. O-rings were
used as static seals in the first prototype of the hydraulic vane motor with great success. As a
result, o-rings will again be used in the same fashion for the final prototype. The groove for an
o-ring is well specified based on the type of seal required. The important aspects of the o-ring
groove are the amount of squeeze and the amount of space. The o-ring needs to be squeezed
a certain percentage to create a good seal. However, the groove needs to allow space for the
deformed o-ring.

Dynamic seals are a more challenging problem. Testing of the initial prototype of the
hydraulic vane motor showed that Teflon spring seals were very effective and added a low
amount of friction. Unfortunately, these seals are not MRI compatible because the spring is
made of steel. Therefore, the ideal seal seems to be composed of Teflon, or a similar material,
but does not have a spring.

Several varieties of dynamic seals were identified. First, there are a variety of rubber seals.
However, testing with the prototype hydraulic vane motor revealed that these seals have high
friction. Another option is lip seals, which come in a variety of plastics. However, most lip seals
come with a steel backing which is not MRI compatible. Only one variety of lip seal was found
made of PTFE and had no steel backing. This is the Flexilip™™ seal from Parker, as illustrated
in Figure 5-9. Unfortunately, these seals are not a standard part and must be custom designed
for the particular application. This option is too costly for an initial prototype, but could be
pursued in a later design if needed.

The final option is the use of o-rings. PTFE o-rings exist and can be used for rotary
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Figure 5-9: Parker Flexilip™ seal[39]

applications if a few design details are addressed. A PTFE o-ring is not a able to stretch like
a typical rubber o-ring; therefore, a groove can not be used as it is in typical o-ring design.
Instead, the groove is more like a channel that is open on top. The channel is closed with a
backup o-ring, which keeps the o-ring from sliding out. An additional design consideration is
the amount of squeeze a PTFE o-ring requires. Because the PTFE material is not flexible, the
design of the groove must account for little to no squeeze.

It was decided that the PTFE o-ring was the best dynamic seal option for this application.
However, it should be noted that a more suitable lip seal is available. If the o-ring seal proves

to be ineffective the lip seal could be pursued for a greater cost.

5.5 Electric motor

An electric motor is required in this design to drive the hydraulic system. Several factors
were important for the selection of the electric motor. As always in this design friction should
be kept as low as possible. Additionally, a low inertia motor is desirable. Finally, the electric
motor must be able to produce the required torque.

First, a decision was made to create a 1:1 transmission ratio between the hydraulic motors

in the system. Recall that if each hydraulic motor has a different area a transmission ratio can

94



be produced. For example, if the hydraulic motor at the endpoint of the robot has a smaller
area than the hydraulic motor attached to the electric motor the patient will nced a smaller
torque to backdrive the system. However, the electric motor will have to produce more torque
to provide the same endpoint torque. This technique can be useful in reducing the apparent
friction or inertia in the system. For this concept to be useful the benefit gained from the
hydraulic motor transmission ratio must be greater than the loss acquired by increasing the
size of the electric motor.

It was determined that the negative effects of using a larger electric motor out weigh the
benefits of the hydraulic motor transmission ratio. For example, assume a 2:1 transmission
ratio is built into the hydraulic system. This means that the motor must be twice as large. The
friction in the hydraulic system will not be affected significantly by change in area. Likewise
the added friction due to increased electric motor size will be small according to values found in
the catalogs. This means there will be a slight benefit in termns of apparent friction. However,
the inertia of the system will be affected negatively. First, it was assumed that the hydraulic
motor can be designed such that the area of the motor will change but the inertia will not.
Therefore, a 2:1 ratio between the areas of the hydraulic motors means the electric motor inertia
must be less than twice as large to benefit from the transmission ratio. However, according
to the catalogs the inertia will increase 3 to 6 times for a motor that produces twice as much
torque. Therefore, it was decided to use a 1:1 transmission ratio for this initial prototype. It
should be noted, however, that if friction proves to be a significant problem for the robot and
inertia is not an issue, employing a transmission ratio between the hydraulic motors may be an
appropriate solution.

The torque required from the electric motor was determined based on test results from
the prototype of the hydraulic vane actuator. The test results showed that while the vane
was touching the motor wall and leakage was assumed to be zero, there was in fact fluid loss
occurring as if a gap of 0.004 inches existed. This was not unlikely because the top and bottom
edges of the vane were not touching the motor wall. As a result of this gap width the torque
output from the hydraulic vane motor was only 29 percent of the input force. Therefore, the
input torque must be higher than the desired output torque. For this design it was assumed that

a gap of 0.004 inches could be obtained or improved by using better manufacturing techniques.
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Motor Cont. Stall Torque (Nm) [ Friction (Nm) | Inertia (kg-m?)
Bayside BM115-1 4.65 not available 2.32x1074
Parker BE344J] 4.8 0.035 8.1x1075
Kollmorgen AKM43E | 4.7 0.038 2.09x107%

Table 5.2: Comparison for brushless motors

Specifically using wire EDM, which is capable of tolerances as low as 0.0005 inches. Therefore,
the electric motor must provide a torque of 4.1 Nm so that the output hydraulic motor will be
capable of providing 1.2 Nm.

Two varieties of electric motors were investigated for this application: brushed and brushless.
Brushed motors are mechanically commutated by the use of brushes. While brushless motors
have no mechanical contact and are commutated through the use of position sensors. There
are scveral advantages and disadvantages to each motor.

Brush motors have limits based on the mechanical contact of the brushes. They are
generally run at lower speeds to avoid wear and sparking of the brushes. They have a shorter
life because the brushes can wear out. However, they are generally much cheaper than brushless
motors. Additionally, brushed motors require a simple electronic interface for operation.

Brushless motors do not have any mechanical contact which eliminates many of the prob-
lems that exist with brush motors. Brushless motors have a longer life and can be run at
higher speeds. Additionally, brushless motors typically have lower inertia because of their
construction. A position sensor is required to commutate the motor, which increases the cost
of brushless motors and makes the electrical interface more complex.

Both motors were explored for this application. However, no brushed motors could be
located that had a sufficient torque. As a result only brushless motors were compared. Several
companies were considered to provide the brushless electric motor. The motors considered and
their important characteristics are summarized in Table 5.2. The best options for brushless
motors were either the Parker or Kollmorgen models. A quote was received for both motors
and the Kollmorgen motor was approximately four-hundred dollars cheaper. Therefore, the
Kollmorgen motor was selected.

The next step was to decide on the sensor that will be used with the motor. The sensor

comes with the motor because it is required for commutation; however, there are several sensor



options to choose from. Kollmorgen offers four options for position sensors: resolver, Smart
Feedback Device (SFD), absolute sine encoder, or incremental encoder.

A resolver is a position feedback device consisting of a set of windings. The voltage in the
windings varies in amplitude depending on the position of the motor. This change in voltage
provides information about the rotation angle of the motor. A SFD is a position sensor that
communicates with the drive not only position information but also motor parameters. This
allows the system to be tuned for the particular motor and position sensor[40]. An absolute
sine encoder uses a disk in which each position has a unique pattern of light and dark. Light
is shown through the disk and detected on the other side by light sensors. The exact position
of the disk is known based on the pattern of light that is detected. Because each position
has a unique pattern, the shaft location is known even when the sensor is first turned on. An
incremental encoder uses the same light sensing technology. However, the disk contains a
pattern of evenly spaced light and dark regions. As an incremental encoder passes through
the light and dark regions the light sensor will produce a square wave. Each pulsc in the
square wave corresponds to a set angle of rotation. A technique call quadrature encoding can
increase the resolution of the incremental encoder. Instead of counting pulses of the square
wave, quadrature encoding counts the edges of the wave between each pulse. This technique
increases the resolution by a factor of four. The drawback of incremental encoders is that
the position is not unique. Therefore, when the sensor is turned on the exact position is not
known.

The incremental encoder was chosen for this application for its simplicity. Many of the
advantages of the more complex position sensors are not necessary in this application. For
example, knowing the exact location of the motor is possible if an absolute encoder was chosen.
However, knowing the exact position of the electric motor does not necessarily give accurate
information about the endpoint of the device. Most likely fluid leakage will occur over time
and alter the relationship between the electric motor location and the hydraulic vane motor
position. This makes the exact position of the electric motor irrelevant.

Kollmorgen offers several incremental encoders with varying degrees of resolution. A higher
resolution will give more accurate position information and a higher apparent stiffness of the

robot. The highest resolution the electrical system can handle is 10,000 counts per revolution
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according to the manufacturer. The highest available incremental encoder has 5000 counts
per revolution. After quadrature decoding that is a resolution of 20,000 counts per revolution.

This corresponds to angular position accuracy of 0.018 degrees.
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Chapter 6

Detailed Design

The overall design of the MRI compatible wrist robot is introduced here, followed by the
detailed calculations that went into the design. A solid model of the overall design that will be
placed in the MRI machine can be seen in Figure 6-1. The overall design is composed of several
subassemblies, which include two hydraulic vane motors, handle mechanism, transmission, and
stand. There is an additional subassembly that is placed outside the MR room. The non-MRI
compatible portion of the design can be seen in Figure 6-2. This subassembly consists of a
hydraulic motor, electric motor, and mounting structure. Two of the non-MRI compatible

subassemblies are required in the design.

6.1 Differential Gear Transmission

The differential gear transmission is pictured in Figure 6-3 and Figure 6-4. The differential
transmission consists of several components. These components include gears, bearings, shafts,
side supports, a center cube, and a connecting rod. Each component included in the differential
gear transmission will be discussed in this section along with the analysis that was performed

upon it.

6.1.1 Forces

The forces applied to each component in the differential gear transmission are the basis

for much of the design analysis in this section. Therefore, the first step is to evaluate and
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Figure 6-1: Solid model of the MRI compatible wrist robot

Mounting Structure

Figure 6-2: Solid model of the non-MRI compatible portion of the robot
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Side Supports

Gears

Center Cube

Figure 6-3: Solid model of the differential gear transmission

o -Cc’mnécﬁ ng Rod

Bearings

Figure 6-4: Section view of the differential gear design



Figure 6-5: Free body diagram of differential gear transmission

quantify the forces in the differential gear transmission. There are two axes of rotation that
the transmission can experience. The free body diagrams for these motions are shown in Figure
6-5 and Figure 6-6. The ® symbol indicates a force pointing into the page and the () symbol
indicates a force pointing out of the page. In fact, this notation will be used consistently
throughout this thesis. It is assumed that the gears are not preloaded against each other.
Based on the diagrams, both rotations place torsional moments on the gears. This in turn
puts a torsional moment on the shafts supporting the gears. The torsional moment is equal in
magnitude to the applied torque of 1.2 Nm.

An additional force due to the weight of the handle mechanism is also applied to the dif-
ferential gear transmission. The weight of the handle mechanism was determined to be 2.6 N
based on the volume of the solid model. This weight is distributed among two shafts each of
which support 1.3 N. This weight is acting over a moment arm equal to 0.91 inches, which

corresponds to a bending moment of 0.03 Nm.
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Figure 6-6: Free body diagram of transmission subject to a different motion

6.1.2 Gears

The gears used to create the differential gear transmission were purchased from Quality
Transmission Components. The gears are plastic miter gears model PM2-25. They are made
of Nylon MC901 and the tooth profiles are machined. The allowable torque of these gears was
listed in the catalog as 2.359 Nm[41]. This value was checked with the following equation used
for bevel gear strength

dp, Ro—b

T=Ctm
2 "R,

ybop Ky (6.1)

where m is the module equal to the pitch diameter divided by the number of teeth, b is the
tooth width, y is the form factor based on the number of gear teeth, o, is the bending strength
of the material, K, is a speed factor, R, is the outer cone distance, and d,, is the central pitch

circle diameter given by

dm = d — bsin (6) (6.2)

where d is the pitch diameter and ¢ is the cone angle. Plugging in the proper values this
equation yield an allowable torque of 2.097 Nm. This is slightly lower than the catalog value.

The equation used to calculate the allowable torque in the catalog was a simplified equation
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accurate for spur gears. This could account for the different result.

The differential gear transmission requires four of these gears. Note that three gears
could also be used; however, this would produce an asymmetrical forcing on the system. The
asymmetry is not a significant problem for the differential gear design; however, it would be
difficult to implement with the friction drive transmission. The goal here was to keep the
transmission design interchangeable between the differential gears and friction drive as much

as possible.

6.1.3 Bearing

The next set of design calculations that was performed for the differential gear transmission
was for the bearings. There are six bearings in the differential transmission. There are two
large bearings that support the applied loads and the shafts on which two of the gears are
located. There are four additional bearings one inside each of the four gears. These bearings
facilitate relative rotation of the four gears. They are not anticipated to support any load but
rather reduce friction in the system. All of the bearings help to locate the gears relative to
each other. It is important to keep the gears properly spaced to avoid unwanted forces and to
avoid adding friction.

The bearings were purchased from KMS Bearings. They are ball bearings with plastic
raceways and glass balls. They come in two varieties: deep groove or four point contact.
Because none of the bearings must support an axial load deep groove ball bearings were selected.
The large bearings are model AR16-G and the small bearings are model AR3-G.

Ball bearings are rated based on their life. A bearing catalog will publish a rating C,.
This rating can be used to determine the life of the bearing based on the particular speed and
loading conditions of the application. The following equation is used to determine a bearings

life in hours, Ly,

105 /¢ \®
= o (E) (6.3)

where n is the speed in revolutions per minute and P, is the load on the bearing.
In the case of the large bearings, only radial loads are placed on the bearing therefore

P, is simply equal to the radial force. If an axial load exists the expression for P, is more
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complicated, as will be seen later. In this case, the radial load is due to the weight of the
handle mechanism, which was estimated to be 2.6 N. This force is shared by two bearings;
therefore, each bearing only supports half of the weight or 1.3 N. The speed is based on the
motion of the patient and is 192 rev/min{3]. The catalog rating is based on the largest bearing
available, which is 271 N. Although the load on the bearing is not great, the bearing must be
able to accommodate an appropriately sized shaft as well. As will be seen in the next section,
a large bearing is required based on the required shaft size. Using these values in Equation 6.3
yields a life of 7.9x10® hours. This is an immense amount of time and one can be confident
that the large bearings in the differential gear transmission will not fail.

Because the small bearings are not expected to support any load, they were selected for
their size rather than life. The bearings had to be small enough to be placed in the gears. In
fact, the bearings chosen are the smallest offered by KMS Bearings.

All of the bearings are retained in their housing by incorporating shoulders into the design.
Standard retaining techniques, such as snap rings, were not possible due to the MRI compatibil-
ity requirements. Shoulders can be machined into any part; however, they can make assembly
more difficult.

Finally, the fit of the bearing into the housing is important. The bearing manufacturer
recommends that one surface of the bearing receive a press fit while the other surface receives
a slip fit. In this design, the outer diameter of all bearings was press fit into its housing. The

inner diameter of all bearings was slip fit to its shaft.

6.1.4 Shaft

The shafts in the differential gear transmission are designed to connect the gears to the
hydraulic vane motors. They are also required to support the gear transmission. The shafts
are an important structural component of the robot therefore they need to be properly sized.
This section describes the analysis that was done to determine the size of the shafts in the
differential gear transmission.

There are two important aspects of shaft design.  First, the shaft must be capable of
supporting the applied loads. Second, the shaft must be stiff to aid proper alignment of the

gears. Specifically, a shaft that is supporting a gear should not have an endpoint slope greater
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than 0.0005 radians[30]. This will ensure that the gears will be properly aligned. Generally,
the stiffness of the shaft is a much stricter requirement than the shaft strength.
The shaft strength is determined by the following equation
32M

where o is the yield strength of the material, M is the bending moment applied to the shaft,
and d is the diameter of the shaft. The bending moment on the shaft is due to the weight
of the handle mechanism, which was determined to be 0.03 Nm. The shaft material is G10,
which has a yield strength of 241 MPa. Plugging this information into the equation yields a
minimum shaft diameter of 0.042 inches.
The shaft must also support a torsional load, which has the following strength equation
16T

where T is the torsional moment. Again, plugging the relevant values into this equation yields
a minimum shaft diameter of 0.116 inches. Clearly the requirements of shaft diameter based
on material strength are not particularly strict for this design. However, the design must also
be checked for shaft stiffness.

The angle of shaft deflection must be kept under 0.0005 rad at the endpoint. However, this
value is cumulative among all the structural elements in the design. Therefore, half of this
angle, 0.00025 rad, was allotted to the shaft. The equation for shaft deflection is

Ml

f=_—" .
2E1 (6.6)

where 0 is the angle of deflection, 1 is the shaft length, E is the elastic modulus of the material,

and T is the moment of inertia. For a circular shaft the moment of inertia is

rd*

I =—
64

(6.7)

Solving these equations for shaft diameter yields a minimum diameter of 0.26 inches based

on shaft deflection criteria. Finally, the shaft must be capable of meeting the deflection
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Type of Analysis | Shaft size (in)
bending strength 0.042

torsional strength 0.116

bending deflection | 0.26

torsional deflection | 0.65

Table 6.1: Summary of shaft sizing analysis

requirements while under a torsional load. The equation for shaft deflection due to torsion is
the same as Equation 6.6. Solving this equation for torsion means that the minimum shaft
diameter is 0.65 inches. The summary of this shaft analysis is shown in Table 6.1.

According to this analysis the shaft must have a minimum diameter of 0.65 inches. This,
however, includes no safety factor. Therefore, the shaft was made with a diameter of 1.00 inch,
which is the largest diameter possible based on the limited bearing sizes. The selected shaft

diameter allows for a safety factor of 1.5.

6.1.5 Side Support

The side supports serve several purposes. They are required for housing the bearings,
attaching the gear transmission to the robot assembly, and supporting the loads applied to
the differential gears. The loads transferred to the side supports through the differential gear
transmission are due only to the weight of the handle mechanism. However, it should be noted
that the side supports will also be used in the friction drive transmission, which has higher
applied loads. The side supports were thus sized to support loads from either the differential
gear or the friction drive transmissions. This section will examine the required sizing of the side
supports based on the loads experienced when the differential gear transmission is employed.

The analysis of the side support involves determining the size of the support based on the
same two factors analyzed for the design of the shaft. These factors are the deflection of
the supports and the strength of the material. First, the deflection of the supports will be
determined. The same equation used in shaft deflection, Equation 6.6, is used here. However,

the moment of inertia, I, is different for a rectangular cross section

3
JLL
12
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Type of Analysis | Support Thickness (in)
deflection 0.11
strength 0.003

Table 6.2: Summary of result for side support thickness

where b is the length of the side support and h is the thickness. In this analysis the length b
was set to 4 inches and 1 was set to 2 inches. This is the amount of space that is required for the
differential gear transmission to rotate inside its housing with out interference. The allowable
deflection for the supports was set to half of the total deflection requirement, or 0.00025 rad.
The deflection equation was then solved for h, the thickness of the support. The results found
that the thickness of the supports should be at least 0.11 inches.

The side supports were then analyzed to determine the minimum thickness based on the

strength of the material. This calculation was performed with the following equation

o= —= (6.9)

This equation was solved for h to determine the thickness of the side supports. The result
was that the thickness should be a minimum of 0.003 inches. The results of this analysis are
summarized in Table 6.2.

In reality the support side was made a thickness of one inch. This is based on the analysis
done for the friction drive transmission, which can be found in Section 6.2. The important
point here is that the side support is sized to appropriately handle the forces generated in the
differential gear transmission. There is little risk of failure due to the deflection or strength of

the side supports.

6.1.6 Connecting Rod

The connecting rod is designed to locate the gears in the differential transmission and assist
in holding them in place. The connecting rod is not designed to undergo any loading; therefore,
it was constructed out of Lexan. The rod has a shoulder on each end that properly spaces two
of the gears in the transmission. The ends of the rod are threaded so that the rod and gear

assembly can be held together by a set of nuts. The rod must be able to rotate relative to the
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gears. This is because the two gears that it connects rotate in opposite directions from one
another. Therefore, the rod passes through the center cube and gears without making contact.

The connecting rod only makes contact to the system at the bearings.

6.1.7 Center Cube

The center cube is again designed to aid locating the gears in the differential transmission.
The center cube is not anticipated to take any loads; therefore, it is composed of Lexan. The
cube must be free to rotate relative to the gears. As a result it only contacts the system via
a set of bearings. In reality the center cube could be eliminated; however it is included for
safety. Its main function is to assist alignment and prevent any shifting in the components.
For example, the center cube could be useful in the case of the friction drive if there is slippage
between the friction cones.

The drawback of including the center cube is the alignment of the bearings. The cube forces
the alignment of four bearings plus any bearings that are included in attaching components,
such as the hydraulic vane motor. Standard practice is to include only two bearings in a line.
The more bearings that are included the more difficult they become to align. Any misalignment
of the bearings can lead to additional stress or friction in the system:.

If the alignment of the system proves to be a problem several options can be pursued.
A flexible coupling could be used to connect various components, which will compensate for
alignment errors. Additionally, the center cube could be eliminated if it is deemed unnecessary.

This is an issue that must be addressed through testing.

6.2 Friction Drive Transmission

The friction drive transmission, shown in Figure 6-7 and Figure 6-8, was designed as an
alternative to the differential gear transmission. The two transmissions were made easily
interchangeable. Many of the parts are identical to those used in the design of the differential
gear transmission. The center cube, for instance, was not altered for the friction drive design.
Therefore, this component will not be discussed in this section. All other components, which

include the friction cones, bearings, side supports, and connecting rod, will be described here
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Side Support

Figure 6-7: Solid model of the friction drive transmission

along with any analysis that was performed.

6.2.1 Forces

Again the first step for the analysis of the friction drive transmission is to identify and
quantify the applied forces. First, it must be noted that the same forces that are present in
the differential gear transmission are also present in the friction drive transmission. However,
in the case of the friction drive transmission it is necessary to use an additional preload force
illustrated in Figure 6-9. Applying a clamping force, indicated by the big arrows, creates a
preload force, indicated by the small arrows. The preload force is normal to the contact surface

and based on the following equation

Ff == ,LLPf (6.10)

where Fy is the frictional force required to keep the friction drive from slipping, w is the
coefficient of friction, and Py is the preload force. In this case, the friction force must be

greater than the torque applied to the transmission acting at a moment arm equal to the radius
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Ball Bearing

Thrust Bearing

Figure 6-8: Section view of the friction drive transmission

of the drive cone. The torque is 1.2 Nm and the maximum cone radius is 0.033 m. This
corresponds to a frictional force of 36 N. The friction drive cones are to be coated in rubber.
Therefore, the coefficient of friction for rubber on rubber is 1.16. Using these values to solve
Equation 6.10 results in a preload force of 31 N. To achieve this amount of preload the clamping
force placed on the friction drive must be 22 N.

The preload force can be decomposed as shown in Figure 6-10. This free body diagram
indicates that adding a preload force contributes an additional thrust force to the system. The

magnitude of the thrust force is governed by
. m
Fy=12Pf Sll’l(z) (6.11)
where F, is total thrust force. In this case F; is equal to 44 N.

6.2.2 Friction cones

The friction cones are designed to act much like the differential gears. However, instead

of using teeth the friction cones transmit torque through friction. A preload force is applied
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Figure 6-9: Free body diagram of transmission subject to a preload

e

-

Figure 6-10: Free body diagram of the decomposed preload forces
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to the cones to supply this friction. The preload force is relatively high therefore the strength
and the life of the cones must be evaluated.

First the geometry of the contact area was selected. There are two basic options for the
contact geometry: an elliptical contact or a line contact[43]. An elliptical contact is essentially
a point contact that when placed under stress flattens into an elliptical shaped contact area.
This type of contact is created by two cones that have rounded profiles. A line contact is
created by two cones with a straight profile. The line contact has a uniform stress along the
length of the contact area. In general, the pure line contact friction drive is not recommended.
This is because the stress tends to concentrate at the edges of the cones, which causes the device
to wear more quickly. However, line contact was chosen for this prototype due to the simplicity
of design and analysis. A radius of curvature can be added to the cones if wear proves to be a
significant problem.

The friction cones were designed dimensionally so that they could easily be exchanged for
the gears in the transmission design. However, these dimensions were checked to ensure they
were strong enough to withstand the anticipated loads. The preload creates a contact stress

that is governed by the following equation when the friction elements experience line contact

_

To=TIb

(6.12)

where 0, is the maximum contact stress, Q is the preload force, 1 is the length of the contact

line, and b is given by the following expression
) ) 1/2
4Q (1-&4  1-¢&5 1
b= | =% )
wl(EA+EB (1+1> (6.13)
TAzx TB,x

where £ is the Poisson’s ratio, E is the Young's modulus, and r is the principal radius. Solving

the stress equations with the relevant parameters for this design one finds that the maximum
contact stress is 16 MPa. This is well below the yield strength of the material, which is 240
MPa.

Another consideration in the design of a friction drive transmission is the life of its elements.

The life of a friction drive element with line contact is given by

113



R —5.19
L = KsQ 4RY3031 (1 + R—‘) (6.14)
B

where L is the life in millions of stress cycles, Kg is a constant equal to 2.15x103¢, and R is the
rolling radius. The life of the friction drive can be converted to units of time with the following

equation

_10°L
~ 60vn

(6.15)

where H is the life of the component in hours, v is the number of stress cycles per revolution,
and n is the speed in revolutions per minute. Plugging in the relevant parameters the life of
the friction drive in this design is expected to be 6.6x10'® hours. This is an enormous life that

ensures the robot has little risk of failure due to the friction drive.

6.2.3 Bearings

The bearings in the friction drive transmission are described and analyzed in this section.
There are six bearings in the design of the friction drive. Two large ball bearings with plastic
raceways and glass balls were purchased from KMS Bearings. These bearings are used to
support two of the friction cones. As a result the large bearings are undergoing two forces in
this design: an axial force and a radial force. Two small ball bearings from KMS Bearings are
located inside two of the friction cones. These bearings are not anticipated to carry any loads;
rather they provide a low friction rotational surface. The small bearings are therefore the
same as those used in the design of the differential gear transmission, which was model AR3-G.
Finally, two plain thrust bearings are located in the remaining friction cones. These bearings
must be capable of carrying a substantial axial load. The plain bearings were purchased from
McMaster-Carr and are composed of Rulon J.

First, the analysis required for the large ball bearings will be presented. These bearings
must be capable of supporting a radial load of 1.3 N and an axial load of 44 N. The same
bearings used in the differential gear design, KMS Bearing model AR16-G, would be ideal;
however, these bearings are deep groove ball bearings, which are not the best option to support

high axial loads. If deep groove ball bearings prove not to be sufficient there is an option to
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use four-point contact ball bearings.
The life of the bearings was determined with Equation 6.3. Because there is an axial and
radial load on these bearings, the following equation must be used to determine the equivalent

value for P,

PT == XFradial + YFazial (616)

where X and Y are determined from a chart found in any design textbook[30]. These values
are based on relationships between the axial load, radial load, and catalog static load rating
of the bearing. In this situation X is 0.56 and Y is 1.31. Solving Equation 6.3 with these
values yields a bearing life of approximately 30000 hours. This bearing life should be more
than sufficient for this application. If the bearing is problematic it can be easily exchanged
with a four-point contact bearing of equal size.

A decision was made to exchange two of the small ball bearings to plain thrust bearings
when the friction drive transmission is utilized. This decision requires some explanation. If
possible it is desired to use ball bearings because of their low friction. Therefore, ball bearings
were first analyzed for use as thrust bearings in this design. Due to size constraints in the
design a small bearing must be used as the thrust bearing. Unfortunately, small bearings have
a smaller load rating.  The deep groove ball bearings are not intended for use with purely
axial loads. However, as an estimate Equation 6.3 was solved with the thrust load, 44 N, as
P,. One finds that using a ball bearing in this situation is not suitable as it will only last 450
hours. This is much smaller than the life of the other components analyzed for this design. It
is therefore not wise to pursue a ball bearing for this design component. If a rolling element
bearing is to be used, it should have a larger load rating or be of a variety more suited for axial
loads such as a tapered roller bearing. Unfortunately, neither of these options is feasible in
this design due to size constraints and material limitations.

The alternative to ball bearings that was pursued was a plain thrust bearing. This type of
bearing has no rolling elements. Instead a plain bearing is simply composed of a low friction
material. In this case the material is Rulon J, a type of low friction plastic. The analysis
required for this bearing was to simply check that the material could withstand the axial force.

The yield strength of the material is 14 MPa and the applied force is 44 N. Therefore, the
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Type of Analysis | Support Thickness (in)
deflection 0.48
strength 0.029

Table 6.3: Summary of result for side support thickness in the friction drive transmission

diameter of the thrust bearing must be a minimum of 0.078 inches in diameter. In fact, the
diameter of the thrust bearing is 0.875 inches. The plain bearing is a much safer design than

the ball bearing although it may introduce more friction.

6.2.4 Side Support

The analysis of the side supports for the {riction drive transmission was performed in a
similar fashion to the analysis for the differential gear transmission. However, the friction
drive transmission has an additional force that must be accounted for. This force is due to the
preload on the friction cones. This section will describe analysis done to determine the size of
the side supports required for the friction drive transmission.

There are two important considerations that will determine the size of the side supports.
First, the deflection of the supports due to the applied loads must be kept less than 0.00025 rad.
Second, the material strength of the side supports must be capable of withstanding the applied
loads. There are two loads applied to the side supports in the friction drive transmission. The
weight of the handle mechanism creates a small moment load and the preload force creates a
greater load. The effects of the handle weight were analyzed in the previous section; therefore,
the effects of the preload force will be determined here.

First, the thickness of the side supports to meet the deflection requirements will be deter-
mined. This is done using the same equations used in the analysis of the side supports for the
differential gear transmission, Equation 6.6 and Equation 6.8. The difference here is that the
applied force is 44 N which acts over a 2 inch moment arm. Solving the equations, one finds
that the thickness of the side supports must be a minimum of 0.48 inches.

Next the thickness of the side supports was determined based on the material strength.
Again, Equation 6.9 and Equation 6.8, from the previous section were used in this analysis. In
this situation the side support thickness must be a minimum of 0.029 inches to meet the design

requirements. The thickness results for this component are summarized in Table 6.3.
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The forces generated by the friction drive transmission are greater than those present in the
differential gear transmission. This explains why the thickness requirements in Table 6.3 exceed
those in Table 6.2. As a result, the side supports were sized to meet the design requirements
for all cases. Namely, the thickness of the side supports must be greater than 0.48 inches the
largest value in the analysis. In reality the side supports were designed with a thickness of one

inch, providing a safety factor of two.

6.2.5 Connecting Rod

The connecting rod for the friction drive transmission is similar in design to that used in
the differential gear transmission. The function of the connecting rod is the same. It provides
a means of attaching the friction cones and locating them relative to each other. However,
there are a few differences in the component, which will be discussed in this section.

First, the connecting rod for the friction drive transmission must allow for the friction cones
to be preloaded together. Therefore, the friction cones do not have a precise spacing as the
gears in the differential design. Instead the friction cones will be pulled together until the
proper preload is applied. This means that the connecting rod must be able to accommodate
this unpredictable spacing. Therefore, the connecting rod does not have a shoulder on which
the bearings or friction cones must sit. Instead the bulk of the connecting rod was made shorter
than the length of the friction cone assembly. The ends of the rod were then threaded so that
a set of nuts can tighten the assembly together. The shorter connecting rod ensures that it
will not interfere as the friction cones tighten together.

Another consideration for the connecting rod is the applied forces. In the differential gear
transmission the connecting rod was not anticipated to support any loads. However, this is not
the case for the friction drive transmission. The connecting rod is used to apply the preload
force; therefore, it is important that it is sized accordingly. The clamping force used to apply

the preload is 22 N. The stress in the rod is governed by the following equation

— (6.17)

where I is the clamping force and A is the cross-sectional area of the rod. It is desired to

make the connecting rod out of Lexan although it is a weaker material than G10. Solving this
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equation, leads to a minimum connecting rod diameter of 0.025 inches. This is much smaller
than the minimum diameter of 0.25 inches that was used in the design. Therefore, Lexan is an
appropriate material for this component and the connecting rod is sized appropriately for the

anticipated loads.

6.3 Handle mechanism

The handle mechanism is the subassembly of the robot that connects the patient’s hand to
the robot transmission. The idea behind the handle mechanism is to create a four-bar linkage
between the differential and the wrist joint, as shown in Figure 6-11. This will accommodate for
the fact that the two joints are not coincident. The original handle design was much different
from this mechanism, as it contained a linear bearing rather than a four-bar linkage. The linear
bearing was discovered to create a bias for a particular path of motion. As a result the patient
found it much easier to move the handle in one direction compared to another. Due to this bias,
a redesign of the robot handle was performed by Interactive Motion Technologies (IMT). IMT
is the company that has commercialized the wrist robot. The design of the handle mechanism
presented here utilizes the same concept. However, the design details, including bearings,
materials, and structure, have been altered to meet the requirements of this application.

There are two design components in the handle mechanism that this section will discuss in
detail. First the bearings used in the handle mechanism will be analyzed to determine if they
are capable of withstanding the applied loads. Second, the linkages in the handle mechanism

will be analyzed to ensure that they are sized appropriately.

6.3.1 Forces

To begin this analysis the forces applied to the handle mechanism were determined. The
handle was analyzed to determine the magnitude and direction of the forces applied to each
link. Figure 6-12 illustrates a free body diagram of the handle mechanism. This model
assumes that the patient is forcing the robot against a locked motor. Therefore, the point at
which the handle attaches to the transmission is assumed to be fixed. The forces indicated

on the free body diagram represent forces due to adduction/abduction and flexion/extension.
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Figure 6-11: Solid model of the handle mechanism

The magnitude of these forces is equal to the torque a patient applies to the system, 1.2 Nm,
divided by the distance from the wrist to the handle, which is 3 inches. Thus, the magnitude

of all forces in the free body diagram is 16 N.

6.3.2 Bearings

The bearings used in the handle mechanism will be discussed in this section. The bearings
must be capable of withstanding the loads applied to the system. Two bearings were used at
the interface between each linkage. These are all deep groove ball bearings purchased from
KMS Bearings. The model selected was AR3-G, which have plastic raceways and glass balls.

In the worst case scenario, each bearing will experience an axial load of 16 N and a radial
load of 8 N. Because there is a combination of radial and axial loads, Equation 6.16 must be
used to determine the equivalent bearing load. Based on the textbook design chart X was
found to be 0.56 and Y was found to be 1.1[30]. Therefore, the equivalent load is equal to 22
N. Plugging this result into the bearing life equation, Equation 6.3, it was discovered that the

life of these bearings is approximately 3500 hours.
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Although the life of the bearings in the handle mechanism is not as high as that of other
bearings in this design, the life should be appropriate for the application. Small bearings
are desirable due to the size constraints of the robot. If, however, the life of the bearings
proves to be a problem two possible solutions exist. First, the bearings can be replaced after
a particular time has elapsed. This is a reasonable solution considering that the bearings are
rather inexpensive. An alternative solution would be to use larger bearings. This would
require minor alterations in the design of some of the components. Primarily, the size of the
linkages in the handle mechanism would have to change, which would lead to a larger, heavier

mechanism.

6.3.3 Linkages

The linkages were analyzed to determine that their dimensions are appropriate to withstand
the applied loads. The linkages are undergoing forces in two directions. Therefore, the forces

in one direction impact the thickness in the other direction and vice versa. As a result, it is not
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Component | Direction | b (in) |1 (in) | 2 (in)
Arm 1 X 1.75 4.25 0.04
Arm 1 Z 0.50 4.25 0.07
Arm 2 X 0.75 4.78 0.06
Arm 2 z 0.375 | 4.78 | 0.09
Arm 3 X 1.75 1.5 0.02
Arm 3 z 075 |15 | 0.04

Table 6.4: Summary of linkage size analysis

easy to set one dimension and solve for a second dimension. The design approach used here
was to first design the linkages around the size of the bearings and gear that will be attached
to the handle mechanism. The next step was to check the linkage dimensions to ensure that
they are strong enough to withstand the required loads.

The beam bending equations, Equation 6.9 and Equation 6.8, that were used in previous
sections will be employed again here. The results of the analysis are summarized in Table 6.4.
The direction refers to Figure 6-12, where forces on the page are in the x direction and forces
into the page are in the z direction. The objective of this analysis is to ensure that any arm
thickness, h, for the analysis of a particular linkage in the x direction does not exceed the width
of the linkage, b, used in the z direction analysis. For example, when Arm 1 is analyzed in
the x direction the thickness of the arm must not exceed 0.04 inches. This thickness was set
at 0.50 inches, and used as the width of Arm 1 analyzed in the z direction. If the results are
compared in a similar fashion for each arm in both directions, it is discovered that the linkage

dimensions easily meet the strength requirements.

6.4 Hydraulic Vane Motor

The hydraulic vane motor was designed in a similar fashion to the initial prototype. How-
ever, small alterations were made based on the information gained in testing the initial proto-
type. A solid model of the hydraulic motor design can be seen in Figure 6-13, Figure 6-14,
and Figure 6-15. Each component in the motor and any accompanying design analysis will
be discussed in this section. The components in the hydraulic vane motor include the shaft,

motor housing, motor lids, vane, cap, bearings, and seals.
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Figure 6-13: Solid model of the hydraulic vane motor

6.4.1 Shaft

The shaft in the hydraulic vane motor will be analyzed in this section. The shaft must be
capable of withstanding the loads applied to the motor. In addition, the shaft must be used to
transfer torque between the motor and various other components in the system. For example,
the hydraulic motor shaft must be used to attach the hydraulic motor to the electric motor
and to attach the hydraulic motor to the transmission shaft. These two connections require
slightly different designs. The ends of the shaft, therefore, have two alternatives depending on
the type of connection that is required. These two alternative shafts are illustrated in Figure
6-16.

The shaft analysis performed here is similar to that done for the shafts in the transmission
designs. The shaft in the hydraulic motor is only anticipated to undergo a torsional force.
Therefore, Equation 6.5 was used to find the minimum shaft diameter. The torsion on the
motor shaft will either be 4.7 Nm, for the hydraulic motor that will attach to the electrical
motor, or 1.2 Nm, for the hydraulic motor that will attach to the robot transmission. It is

desired that the same shaft dimensions be used in both situations, to facilitate the design. The
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Figure 6-14: Section view of the hydraulic vane motor

Figure 6-15: Top view of the hydraulic vane motor
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Figure 6-16: Two variations on the hydraulic motor shaft

Torque (Nm) | Diameter (in)
1.2 0.12
4.7 0.18

Table 6.5: Summary of hydraulic motor shaft diameter anaylsis

diameter of the shaft was determined for both torque loadings. The results of this analysis
are summarized in Table 6.5. The results indicate that the motor shaft must be at least 0.18
inches. In fact, the shaft diameter was made a diameter of 0.86 inches, which was required
to accommodate connections to other components in the system. The shaft of the motor is

certainly strong enough to withstand the applied forces.

6.4.2 Motor Housing

The design details regarding the motor housing are discussed in this section. The motor
housing is to be constructed on the wire EDM machine out of copper. This will ensure careful
control of the space between the motor housing and the vane. The importance of the gap sizes
inside the hydraulic vane motor was discussed in Section 3.3. There are two aspects of the
motor housing that will be discussed here. First, geometrical changes were made to the initial
prototype of the hydraulic vane motor. Second, a structural analysis was performed on the

motor housing to ensure the component’s strength.
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Thickness (in)
Hoop stress 8.9%x10°°
Longitudinal stress | 4.4x10~°

Table 6.6;: Motor housing thickness based on internal pressure

The geometric changes that were made to the motor are primarily for design simplicity
and convenience. The outside profile of the motor housing was made to be square. This
facilitates mounting the motor to the robot and mounting the motor lids to the motor housing.
In addition, the square design allows the fittings to be placed on the side of the motor rather
than the top. The fittings will not interfere with the shaft and will allow a more direct flow
path toward the vane inside the motor.

The second geometric change in the motor housing is the size of the stop. The stop was
increased such that it eliminates 90 degrees of rotation of the hydraulic motor. This was done
because of the limited rotation required from the motor. The idea here was to reduce the
amount of unnecessary fluid. During testing of the initial prototype, it was noticed that a
large mass of fluid was difficult to accelerate. Therefore, increased stop size is an effort to
decrease the volume of moving fluid.

The next step in the motor housing design was to ensure that the material was capable of
withstanding the fluid pressure that will be contained inside. The same analysis was performed
for the initial prototype of the vane motor. Equation 3.28 was used to determine the hoop
stress in the motor housing and Equation 3.29 was used to calculate the longitudinal stress in
the motor housing. The internal pressure in the hydraulic vane motor is expected to be 1.4
kPa. This is a low pressure that is not anticipated to cause significant stress in the system.
Nonetheless, the results from these equations give the required thickness of the motor housing,
which are summarized in Table 6.6. As expected, the required thickness is significantly smaller

than the 0.25 inch minimum thickness used in the motor housing design.

6.4.3 Vane

The vane in the hydraulic motor is the component responsible for converting the fluid flow
into torque. Most of the vane design is based on experience gained while testing the initial

prototype of the hydraulic motor. Therefore, this section will discuss the basis for the design
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decisions made regarding the vane.

Although the motor vane is a simple construction, great care must be taken in the manu-
facturing of the part. This is to ensure that the gaps around the vane are tightly controlled.
As was shown in Section 3.3, the function of the motor is highly dependent on the accuracy
of the vane. Therefore, the vane was constructed out of copper and machined via wire EDM,
which is an extremely accurate manufacturing technique.

The cross sectional area of the vane has an affect on the function of the motor. A small area
means a higher pressure is required to produce the necessary torque. High internal pressure will
increase the rate of fluid leakage through the gaps. A larger area increases the volume of fluid
in the motor, leading to higher inertia. Additionally, the aspect ratio of the vane will affect the
motor properties. A tall, thin vane profile will have low inertia but requires a higher pressure
to achieve the required torque. A short, wide vane profile has the opposite characteristics of
higher inertia and lower pressure. The vane shape thus requires a complicated trade off.

The area and shape of the vane in this design is primarily based on qualitative observations
made during testing of the initial hydraulic motor prototype. The vane in the initial prototype
was tall and thin, with a length to width ratio of approximately 2:1. During troubleshooting
and testing, it was observed that the motor was more successful when a spacer was used to
reduce the aspect ratio to 1:1. Therefore, the vane in the redesigned hydraulic motor was set
to have a length approximately equal to its width.

The final alteration that was made during the redesign of the vane was the arc length of the
component. The arc length of the vane affects the fluid loss from one chamber of the hydraulic
motor to another. Equation 3.35 was used to explore the change in pressure acting on the vane
as a result of gap width. This same equation can be used to explore effects of the arc length of
the vane on pressure. Equation 3.35 shows that the pressure acting on the vane is proportional
to the length of the gap. Therefore, a vane with a longer arc length will preserve more pressure
and thus provide more torque. In the first prototype of the vane motor the arc length of the
vane was only 0.25 inches. This is a very small value that can certainly be improved upon in
the motor redesign. Therefore, the vane in this design has a 60 degree arc, which corresponds
to a 1.83 inch arc length. This simple change should reduce the pressure loss in the motor by

a factor of seven.
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6.4.4 Motor Lids

This section will discuss the design of the hydraulic motor lids. The hydraulic vane motor
contains two lids, a top lid and a bottom lid. The top and bottom lids are identical except for
one feature. The bottom lid has attachment points for the cap. The primary function of the
motor lids is to contain the fluid within the motor housing. However, to accomplish this task
the motor lid must be capable of housing the required seals.

The motor lids are designed to accommodate two seals. The first seal is a static o-ring
seal placed on the hub of the motor lid. This seal was placed in the same location used in the
first hydraulic motor prototype due to its success. The location of the o-ring does not interfere
with the motor lid being tightened against the rigid surface of the motor housing. The second
seal housed in the motor lid is the PTFE dynamic shaft seal. This seal must be contained in
a groove that does not require the seal to be stretched for assembly. Therefore, the motor lid
has a slot rather than a groove for the shaft seal to occupy.

The motor lid does undergo a small amount of stress due to the internal pressure of the
hydraulic motor. However, the internal pressure is only 1.4 kPa, which is tiny compared to
the 275 MPa yield strength of the copper, the material from which the motor lids will be
constructed. The thickness of the motor lids is not required for strength, it is merely necessary

to accommodate the seals and bearings into the design.

6.4.5 Cap

The cap in the hydraulic motor is a new component from the initial hydraulic motor
prototype. The necessity of the cap is due to a change in the motor shaft. In this design of
the hydraulic vane motor, the shaft is extruding from the motor housing at both ends. This
change was made to accommodate the addition of a sensor in the future. At this time the
robot is not designed to have any sensors attached to the hydraulic motors. However, at a
later date MRI compatible sensors may be added to the design or sensors might be required in
testing. Therefore, the shaft was designed in anticipation of the use of sensors.

The drawback to having a through shaft is there are now two locations in which the shaft
exits the motor housing. This means two dynamic rotary seals must be used. The addition

of seals. however, increases the friction in the system. This added friction is undesirable and
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should be avoided if possible. Therefore, the idea in this design is to employ the cap when
no sensors are needed and thus a through shaft is unnecessary. The extra seal can then be
removed and the cap will still contain the fluid inside the motor housing. When a through
shaft is required, the cap can be removed and the second seal can be replaced. The cap allows
the added friction from the seal to only be added when absolutely necessary.

The cap was designed to retain the fluid inside the motor housing without leaks. This was
done by the use of a static o-ring placed on the face of the cap. The cap is then bolted to the
bottom motor lid. The design of this component is a simple addition that will be helpful for

future work on this MRI compatible robot.

6.4.6 Bearings

The bearings used in the hydraulic motor are discussed in this section. The bearings in the
hydraulic motor are not anticipated to support any loads, rather they are designed to reduce the
friction in the design. The bearings help locate the motor shaft and give it a smooth surface on
which to rotate. The bearings in the hydraulic motor will come into contact with the hydraulic
fluid, thus they must be capable of withstanding this type of contamination. Therefore, plain
bearings were used in the design of the hydraulic vane motor. These bearings are composed of
Rulon J, a low friction plastic material. The same bearings were used in the initial prototype

with great success.

6.5 Stand

The stand for this design performs a number of functions. First, it is needed to mount
the robot mechanisms and actuators. Additionally, the stand is used to provide a sort of table
on which the robot can be placed and that will fit within the MRI machine. Finally, the
stand provides an interface between the robot and the patient. The final design for the stand
assembly is pictured in Figure 6-17 and Figure 6-18. The design decisions regarding the stand
assembly will be presented in this section.

The stand is designed such that the patient will lie inside the opening of the table. The

weight of the patient’s body will secure the table to the MRI machine. The robot is thus
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simple to insert and remove from the MRI machine. The table opening is 18 inches wide and
8 inches tall. This amount of space will accommodate the hip width of the 50 percentile male
patient. However, the abdomen thickness of the 50 percentile male patient is 10.1 inches. The
table size was reduced slightly so that the robot could fit inside the MRI machine. This may
limit the number of patients that can use the MRI compatible wrist robot.

Once the patient and the robot inside the MRI machine, the patient will then place his or
her lower arm on the arm rest. The patient will need to be secured to the arm rest and it is
anticipated that the upper arm will have to be supported as well. The details regarding patient
attachment and support have been left for future work after the robot is built and assembled.
At that time the design can be tested with a human to assess where support is required and
where attachment will be most comfortable.

The transmission and hydraulic motors are mounted to the mouunting plate. Notice that
all of the mounting locations have a recess that will accept the components. This will help
locate the components and aid in their alignment. The mounting plate is then attached to the
table, also with the use of a recess. In fact, there are two ways to mount the robot to the table.
These different mounting locations depend on which arm is being exercised by the robot.

Notice that the robot is mounted with two different angles, one relative to vertical and the
other relative to horizontal. There are several reasons for the different mounting angles. First,
it was desired to keep the robot as square to the horizontal axis as possible. This is due to
the computer interface that prompts the patient during therapy. The relative motion between
the robot and the computer prompt must make logical sense to the patient. This is best
achieved by keeping the robot square to horizontal. In fact, the horizontal angle of rotation is
10 degrees.

The second reason for adjusting the mounting angles of the robot was for comfort. Through
qualitative testing it was determined that some mounting positions would be extremely uncom-
fortable for a patient while he or she is lying down. For example, the square mounting used
for the original wrist robot would require a patient to place the lower arm parallel and approx-
imately 5 inches above their torso if it was used for the MRI compatible wrist robot. This is
nearly impossible to do based on the construction of the human body. It was determined that

an angle 45 degrees from vertical was a comfortable and achievable position.
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Figure 6-17: Solid model of the stand assembly

The final justification for the mounting angles is the space constraint set by the MRI ma-
chine. Remember that this robot must be able to fit inside the MRI machine with a patient.
This is not an easy task and limits a number of otherwise desirable mounting positions. For
example, it would be more comfortable for a patient to manipulate a robot placed on the outside
of the body where the arm naturally lies. However, the patient width does not leave room to
insert a robot. This could be a constraint that is eliminated if a closed bore MRI machine
is not used. In which case, the mounting position of the robot may be adjusted to be more

comfortable for the patient.

6.6 Non-MRI Compatible Subassembly

The non-MRI compatible subassembly consists of the components of the robot that are
placed outside the MRI machine. These components are used to remotely drive the MRI
compatible robot. The non-MRI compatible subassembly is composed of three parts: hydraulic
motor, electric motor, and mounting structure. The hydraulic motor and electric motor have
been discussed in previous sections. Therefore, this section will focus of the mounting structure

design, which is shown in Figure 6-19.
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Figure 6-18: Alternative view of the stand assembly

Figure 6-19: Non-MRI compatible mounting structure
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The mounting structure serves a simple purpose in this design. It is used to align and
fix the electric motor to the hydraulic motor. The mounting structure is machined out of
aluminum because it is not inside the MR room and therefore does not need to comply with
MRI compatibility requirements. The mounting structure uses recesses for the hydraulic motor
and mounting plates to help in accurately locating and aligning the components. The base of
the mounting structure may be attached to a cart or permanent assembly when it is used in the
MRI facility. For initial testing of the MRI compatible robot this is not necessary. However,
the base of the mounting structure provides room for such attachments to be added at a later

date.

6.7 Polygon

The polygon method was used to connect elements to a shaft or link two shafts together.
A polygon is a profile machined onto the shaft that allows the torque to be transmitted. There
are several options for polygon profiles as shown in Figure 6-20. It is recommended to use
the P3 profile with a taper if the design needs to be backlash free and separated regularly[44].
Both of these characteristics are important in this design. However, it was decided not to use
the taper because it would require flexibility in the spacing of the components. It is important
for most of the components in this design to be accurately spaced from each other. Therefore,
the P3 profile was chosen but a taper was not included.

Several calculations must be done to determine that the proper sized profile is used. There
is a minimum wall thickness for all female parts. This thickness is determined by the following
equation

M,

S =144 U—' (6.18)
b

where S is the minimum thickness, M, is the torsional moment, and o is the maximum allowable
tensile stress of the material. Most of the polygon profiles will experience a torsional moment
of 1.2 Nm. In this case the minimum thickness is 0.035 in. However, there is a polygon
profile used to connect the electric motor to the hydraulic motor. In this case, the torsional

moment is higher because the electric motor must apply a higher torque to accommodate for
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Figure 6-20: P4 and P3 polygon profiles[44]

frictional losses in the system. The torsional moment applied by the electric motor is 4.7 Nm.
Therefore, the minimum thickness of the female polygon connecting the electric motor to the
hydraulic motor is 0.070 in.

Another important consideration for the polygon is the maximum torsion, M;_, , and max-

imum bending, M, that the profile can withstand. The following equations are used to

max ?

determine the torsion a particularly sized polygon profile can withstand

thax = Tw;D (619)
TD2,
wp = 6D, (6.20)

where 7 is the allowable shear stress, D,, is the average diameter of the polygon, and D,
is the maximum diameter of the polygon, as illustrated in Figure 6-20. This design uses
three different sized polygons. The dimensions of each polygon were plugged into the above
equations to determine the maximum torsion that can be applied to the shaft. The results of
these calculations are summarized in Table 6.7. Clearly the maximum torsion is much higher
than the torsional forces expected in the robot, which are 1.2 N at the end point, and 4.7 Nm
at the electrical motor.

There are no significant bending moments expected in this robot. Only the weight of the
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P3-3/4 | P3-7/8 | P3-1
Maximum torsion (N-m) | 167 266 390
Maximum bending (N-m) | 154 245 359

Table 6.7: Maximum allowable torsion for polygon profiles

robot handle creates a small bending moment of 0.03 Nm. Misalignment of parts can create
an unexpected bending moment as well. Neither of these situations is expected to create the
polygon to fail. However, for safety the maximum bending moment the polygon profile can
withstand was verified. The equations for calculating the maximum bending in a polygon are

as follows.

‘A/‘[bmax = TpWyg (621)
ﬂ'fon
- .2
W 32D, (6.22)

The results for the three polygon sizes used in this design are summarized in Figure 6.7.
Again these values are much higher than the expected forces. As a result, there is little risk of

polygon failure in this design.

6.8 Design Conclusions

This section has been thorough in describing each subassembly in the MRI compatible wrist
robot. The design decisions for each component in the robot were discussed. Any analysis
required to determine the strength, life, or reliability of the design was performed. The robot
was deemed capable of withstanding the applied loads with a significant safety factor and long
life.

The design was successful in fitting inside the MRI machine, as pictured in Figure 6-21.
However, the space allotted for the thickness of the patient’s abdomen was reduced. This may
limit the number of patients that can use the MRI compatible wrist robot. It should be noted
that if the robot is not used in a closed bore MRI machine the stand can be redesigned to

accommodate a greater number of patients.
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Figure 6-21: Model of the MRI compatible robot inside the MRI machine
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Chapter 7

Assembly and Debugging

This section discusses the assembly and debugging process for the MRI compatible wrist
robot. The problems that were encountered during assembly and initial operation are outlined.
Alterations that were made to correct various problems are explained. Suggestions are offered
for problems that remain to be fixed and improvements that could be made to the existing

design. The completed design can be seen in Figure 7-1 and Figure 7-2.

7.1 Hydraulic Vane Motor

A great deal of work was required to assemble and debug the hydraulic vane motor. The
hydraulic vane motor was designed with a very close tolerance between the vane and the motor
housing. The gap between the vane and motor housing was held to 0.004 inches or less.
However, the vane was not permitted to touch the motor housing. The hydraulic vane motor
was initially assembled at the machine shop so that any problem that was encountered could
be fixed immediately.

After assembly it was clear that the vane was touching the wall of the motor housing. To
correct this mistake, small amounts of material were removed from the vane, primarily through
sanding. The size of the vane was adjusted until it fit properly inside the motor housing
while one motor cap was removed. However, whenever the motor cap was added so that the
hydraulic motor was completely assembled the vane would not rotate properly. Usually the

vane would get stuck in an isolated section of the vane’s travel. Any sticking that occurred
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Figure 7-1: Assembled prototype of the MRI compatible wrist robot

Figure 7-2: MRI compatible portion of the completed robot
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Figure 7-3: The ridge inside the motor housing that was due to a manufacturing inaccuracy

was particularly problematic because it produced chips of copper that would act as an abrasive
and further compound the problem. Before assembly all marred surfaces were smoothed and
all parts were cleaned thoroughly to remove dirt and metal chips. Although these steps were
helpful in the debugging process they did not eliminate the problem.

The hydraulic vane motor was finally assembled properly after an error in the manufacturing
of the motor housing was noticed. The profile inside the motor housing was manufactured via
wire EDM. However, there was a section of material inside the motor housing that was removed
above and below the barrier separating the inlet and outlet ports of the motor. The wire EDM
was not capable of removing this material; therefore, it was machined on a mill. Unfortunately,
the milling process did not make the diameter of the motor housing equal to the diameter that
was cut using wire EDM. As a result, a tiny ridge remained on the wall of the motor housing
as shown in Figure 7-3. The ridge was enough to move the center of the motor caps away
from the center of the motor housing. This caused the assembled motor to be misaligned, thus
making the vane touch the motor housing. To eliminate the problem the ridge inside the motor
housing was removed on the mill.

Several alterations could be made to the design of the hydraulic vane motor to make the
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assembly process easier. Alignment of the parts inside the hydraulic vane motor was critical
to achieving a tight tolerance between the vane and motor housing. One way to improve the
alignment of the motor is to drill the hole for the shaft after the motor has been assembled.
This would ensure that both end caps are aligned and the shaft will be straight. Additionally,
the problem encountered with the chips of copper could be eliminated by making the vane out
of a plastic material. Plastic will be softer than the copper motor housing so that if the two

parts touch metal particles will not be created.

7.2 Seals and Leakage

The seals that were purchased for this design were PTFE o-rings. However, these seals
proved to be undesirable. They were extremely rigid which made it difficult to insert them
into the o-ring groove for which they were designed. Because of the tight fit the seals added an
undesirable amount of friction. Possible alternatives include a custom designed lip seal. This
may be costly however the performance should be greatly improved. An additional option
would be the use of a spring seal if an MRI compatible spring could be substituted for typical
steel spring. A spring seal was used in the initial prototype with great success.

The hydraulic motor was run with no seal, thus relying on close tolerances to contain the
fluid. Unfortunately the fluid leakage was excessive. The leakage was occurring where the shaft
exists the motor housing. Curiously the hydraulic motors connected to the electrical motors
had significantly more fluid loss than the hydraulic motors connected to the robot endpoint.
There was no leakage observed in any of the static seals. The barb fittings used to connect the

hoses were also successful in preventing leakage.

7.3 Weight

The hydraulic vane motors are constructed almost entirely of copper, which makes them
quite heavy. This does not affect the function of the motor; however, it may affect the robot’s
ease of use. For example, the robot has two orientations based on which wrist is being exercised.
To change from the right wrist to the left wrist a set of screws is removed and the mounting

plate is moved to a new location on the table. This requires moving two hydraulic vane motors,
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the transmission, and the handle mechanism. Due to the weight of the hydraulic motors this
is a cumbersome procedure.

There are several options that could improve the weight of the device. First, the materials
in the hydraulic vane motor can be altered. The only part that must be composed of copper
is the motor housing because it is machined by wire EDM. The remaining copper parts could
be made out of plastic, which is a lighter material. Plastic will tend to deform more than
metal during assembly which can make alignment of the hydraulic motor difficult. Certainly
the cap and fitting plates on the hydraulic motor can be made of plastic without effecting the
performance or assembly of the hydraulic motor.

A second option for reducing the weight of the hydraulic motor is to decrease the thickness
of the components. According to the design calculations the thickness of the motor housing
and motor lids are significantly oversized. This was done to accommodate seals, bearings, and
fasteners. Some weight can be removed from the design if non-functional material is removed
or the size of the seals, bearings, and fasteners is reduced. For example, it would be simple to

use a smaller size bolt for attaching the motor lids to the motor housing.

7.4 Patient-Robot Interface

Two aspects of the patient-robot interface were considered for this prototype. First,
the space allotted for the patient should be appropriate. Second, the patient should feel
comfortable in the robot. These two design objectives were qualitatively examined with the
completed prototype.

The space allotted for the patient will only accommodate slender individuals, as shown in
Figure 7-4.

There was sufficient room in the design to allow for a patient with a larger hip width.
However, the space allotted for the depth of the abdomen would not allow for a patient with
much larger stature. One observation was made that could improve the space available for the
abdomen. It was expected that the base of the table would lie below the arch of the back.
However, when the patient was comfortably inside the robot the base of the table was below

the hips. This does not take advantage of the gap between the lower back and the floor that
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Figure 7-4: A patient inside the MRI compatible wrist robot

is present when one lies down. The table could be redesigned to move the base of the table
to beneath the lower back. This could give the patient additional room to accommodate the
depth of the abdomen; thus allowing a broader range of patient to be capable of using the MRI
compatible wrist robot.

The comfort of the robot depends on the position of the arm when the patient is using the
robot. The patient’s arm was inclined at a 45 degree angle and locked at the elbow. This
position allowed the handle of the robot to be reached easily. The position was comfortable
for short periods of time, but became tiresome after extended periods of time. The comfort

could be improved once the patient attachment features are included in the design.

7.5 Gears versus Friction drive

The robot functioned well with the gear transmission employed. A small amount of
backlash could be observed; however, it was unclear whether the source was from the mechanism
or from air in the hydraulic system. The system was easily backdrivable, which was a key
functional requirement for this design. Overall, the differential gear transmission was quite

successful and no obvious improvements were necessary.
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The friction drive did not function well. There was a lot of friction in the system making
the handle difficult to backdrive. Most likely the additional friction came from the large ball
bearings supporting the transmission. When the preload force was applied to the friction drive
a significant thrust force was applied to the bearings. The ball bearings are not the best
variety for handling axial forces. One solution to this problem is to change the variety of ball
bearing that is used. Deep groove ball bearings, for instance, are more suited for axial loading.

Additionally, a plain thrust bearing with no rotating elements may improve the problem.

7.6 Filling Procedure

A different procedure was used to fill the system with fluid than was utilized during testing
of the prototype hydraulic vane motor. Each port entering and exiting the hydraulic vane
motors was equipped with a T-joint. One prong of the joint was connected to the system
and the second was connected to a ball valve. In total there were four isolated sections
in the hydraulic system, assuming there is minimal leakage across the hydraulic motor vane.
Therefore, each section was filled separately.

One particular section was chosen and the ball valves at each end of that section were
opened. All of the remaining valves in the setup remained closed. One end of the section was
connected to a pump. The other end was led to drain into a bucket. The pump was turned
on until the drainage into the bucket contained only fluid and no air. The pump was then
turned off and both valves were closed. This process was then repeated for the three remaining
sections of the system.

This filling procedure was very efficient, because it was fast and simple. Little air was visible
in the hoses after the filling procedure was performed. The only drawback of the procedure
was the addition of ball valves. The valves that were purchased for this prototype were quite
large and could interfere with the robot or patient. A smaller ball valve design might be more

appropriate.
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7.7 Assembly and Debugging Conclusion

Overall, the design of the MRI compatible wrist robot was a great success. Most of
the problems that were encountered during assembly and debugging were easily fixable. The
major remaining difficulty at this time is reducing the fluid leakage from the hydraulic vane
motor. This can hopefully be solved by purchasing new seals for the rotating shafts. All other

suggested improvements do not affect the operation of the robot.
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Chapter 8

Conclusion

This thesis has presented the design of an MRI compatible robot for wrist rehabilitation.
The required background for design in the MR environment was discussed. The design process
was outlined. A proof of concept prototype and testing was done to examine the effectiveness
of a novel MRI compatible hydraulic actuator. The detailed design of the robot was then
introduced and the necessary design analysis was presented. Finally, the assembly process and
debugging of the completed MRI compatible robot was described. The success of this project

and suggestions for future work will be discussed in this conclusion.

8.1 Project Evaluation

The goal of this project was to design a robot for wrist rehabilitation that can be safely and
effectively used inside an MRI machine. To this date the following tasks toward the goal have
been accomplished. First, a clear understanding was established regarding the requirements for
designing an MRI compatible rehabilitation robot. For example, topics such as size limitations,
MRI compatibility, and human anatomy were explored in detail. This background was essential
to understand how to design a robot for use in an MRI machine.

The next contribution made in this project was the design and testing of a hydraulic actuator
that is low friction and MRI compatible. The concept of the hydraulic motor was proven to be
feasible through testing. However, modifications were required to the initial design to improve

the performance of the motor. A second pass at the hydraulic motor design was performed.
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The tolerances between the vane and the motor housing were carefully controlled. The second
prototype functioned extremely well.

An additional contribution of this project was the design and analysis of the transmission,
bearings, handle, and structure of the MRI compatible wrist robot. This task required altering
the materials of the original wrist robot to be MRI compatible. Additionally, a great deal of
analysis was performed to resize the components of the wrist robot and ensure that the use of
MRI compatible materials would not affect the life or strength of the robot.

Finally, the prototype MRI compatible wrist robot was assembled and qualitatively tested.
A variety of problems were fixed based on observations made during assembly and debugging.
Additionally, suggestions were made for improvements that could be made to the robot design.

Overall, the MRI compatible wrist robot was functional and successful.

8.2 Future Work

There are several suggestions that can be made for future work in this project. First,
thorough testing in the laboratory is required to determine if the robot has met the functional
requirements. If necessary, adjustments can be made to the design based on test results to
improve the performance of the robot. After testing in the laboratory is complete a second set
of testing inside the MRI machine is required. This is to ensure that the robot is in fact MRI
compatible and that the machine will function properly in the MR environment. Again, design
changes can be made as a result of testing in the MRI machine to improve the performance or
compatibility of the robot.

The next step in the development of the MRI compatible wrist robot is to develop a control
system. The control system will allow the therapy protocol to be introduced to the robot. Ad-
ditionally, a properly designed control system can improve the performance of the robot. This
process will require the testing of various control algorithms to determine the most appropriate
for this application.

Clinical testing with human subjects can occur once the mechanical and electrical compo-
nents of the robot are complete. First, it would be recommended to make design changes that

facilitate clinical testing. For example, the details of the patient attachment and support need
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to be designed. It is anticipated that an upper arm constraint and lower arm support will
be required. However, other patient attachment components may prove to be necessary after
testing on the robot is performed. Second, a permanent mounting structure might be designed
for the components of the robot that are located outside the MRI machine. This will facilitate
the setup of the robot in the MR facility and provide a neatly organized system. Finally, rigid
pipes might be required to span a portion of the long distance between the MRI machine and
outside the MR room. This would help reduce the compliance in the piping system and im-
prove performance of the robot. Other design changes may become obvious after some amount
of testing has been performed.

The final suggestion for future work is the development of MRI compatible sensors. Sensors
were not pursued in this thesis; however, they may prove to be necessary once some testing
has been performed. Several MRI compatible sensors have been designed, although none are
available commercially. Optical sensing seems to be the most promising method because the
light can be transferred to and from the MRI machine through fiber optics. This allows the
electrical components to be placed outside the MR room. For example, one MRI compatible
force sensor was developed that uses a light source, transmitted via optical fibers, attached to
a frame with a known elasticity[45]. The frame is deflected under an applied load which causes
a change in the position of the light source, which is captured with a photo sensor. The force
is then related to the stiffness of the frame. This force sensor was capable of measuring the
applied force within 0.3 N of the actual value.

Clearly there is still much work that can be performed on this MRI compatible wrist robot
before it is complete. However, once this project is complete a valuable clinical tool will be
available. This robot will provide valuable insight into the workings of the human brain and
stroke recovery. In addition, an MRI compatible wrist robot can help improve the future
design of rehabilitation robotics and therapy protocols. Overall, the design of the robot is a

tremendous step toward the successful completion of this project.
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Appendix A

Purchased Parts

A list of the purchased parts is included here along with the relevant data sheets.

Part Description | Manufacturer/Supplier | Part Number Quantity
Motor Kollmorgen AKM43E-ANMNEH-00 | 2
Large ball bearings | KMS Bearings AR16-G 2
Small ball bearings | KMS Bearings AR3-G 8
Gears QTC PM2-25 4
Plain bearings McMaster-Carr 10 - 6377K43 8
Thrust bearings McMaster-Carr 6377K13 2
Large o-rings McMaster-Carr 9452K165 8
Small o-rings McMaster-Carr 9452K 38 2
Shaft seal McMaster-Carr 9559K33 4
Backup o-ring McMaster-Carr 9560K63 4

Table A.1: List of purchased parts

147




Performance Data - AKMAx Frame - - _ Kollmorgen ..

e TMAL
s FEEDRACK 3
] Mg — b
TooAETC s THRU T HAX CONNECTOR \
|
-t ™ POVIER
i COMMNECTOR
; r—
[ .
WS
e
. T
e |
. f L‘.—Z? s U
EPY
225
[11s <2 i- (L} SHIWH WITH ¢
e CCHMECTOR, OPTION
AKMAD 103040511 o COMNECTONS
AMAZ (13215200 —— :
1 . POWEL AND  AKMAZ 1511
A= 3 FEEc@ack XML (120
38
(s 15381 ) b{\. /éf
i A A

SHOWH WITH "W® DR "F°
CONNECTCA SFTION

R OFT!

0 HE I
5.5 oK 332 nem = =
10 D HE
B CiM 332 - =
™ . it _ Saaez0 | PR § M=
£ RS EERCIRTE T
3 ) 1M D HE Iy
= panagay P | psel 4 oIk 332 157 g - F
z @3 » 11 O ME 460
L aan-mF |  psa M £AN 332 ey 5 = &
B s n “A43 o _ N0z | WM §; | 3% S 1235 = 0.35
| ey 156781 Pz 0d | e g | omcER | TRz
MOUNTING =
? 208 3 54 1823
AC (M3 1] 8 §a0]
2080 .30 1754 3
jag {31 196311 st A Anwaz
- = = = 219 ado 1544 2193
L 1004 147 (663} .26 Ars
490 m 4 2980 .6 1234 2053 1393
o 157 paw By 1831} 19631 Bt i a3 ARM44
o N - 208 .0
b j 1931} 196311 CaTishne 38 0 mm Jaches].
ot TS Product ded oned In matc.
= - = - Lo [+ 3 L
K’ - v e Enghih comure ot prodted 11 Fenne ety
I W g
Fant e S, RN
t \\Eg

L = i

DA
s s ol w2

macnmcy < w0l i gaciakn

mohm inorud ol Crster Coyavcr Dorskm ek ram ssen $mrgiic
apawnin g iin £4 mg T

R G NELCRG bt 1 Irametr g narr mac] rur bkl e

pkkakn Sirbrs @0 wbipo g s bed rees Dereles ki frscm Bl FErueT 4 B e
3 ocut Lt e S REE sl suls il o) Bapaear ks geeEspieater. G4 D olke,

- I EXE [

148



AKM Serles Motors Kollmorgen - | - nce Data - AKM4x Frame

AKMA4x - Up to 640 VDC
See system data beginning on page 8 for typical torquespeed parformance.

AKMM AKM42 AKMA43
-m £ | e | ¢ |
0 20 640 £40 320

Mat Ratad [4 Bus woltage 70 | 80 | &4
ot ks Terrpas (Srably fer Im I',; Mo |.!'S 102 205 235 ja 15 156 4T 430 450
ATWINARG = I JITES Bin 173 17.9 182 pLY 03 31.2 315 L1ES €5 434
ot P Curant (3140 for Mo [ Ape 145 | 255 550 19 | 27 480 | sS40 | 27 | 4% | &0
ATwindeg = I0°C 12223
ot Pmms Terges (St ly for LC) Ts Lo 1% 18 125 268 pE ¥ 285 17 18 e 461 470 43
ATwinedag =80 2 bin 128 143 46 237 25.0 5.2 333 Mo 4.7 408 ans 415
Maie Mochankal Spumed & Wom | pooo pm 6000 | 6000 60 E000 £000 | 000 | GOD | 600 600 | €00 | 6000 | 60
ok Wrqie L3 Hon 3 L] 6.12 618 636 1 s 16 152 181 163 19.9 202 104
Bin £4.1 556 583 63 102 103 141 142 144 176 172 181
Pk Curier Hon b A 55 114 24 561 19.2 33.7 110 125 23 114 200 .2
Tt T s (iponed; 127 6 Tag N = . 13 & = E - = = - o = R
ad Bin - - 116 - - - - - - - - - -
_j Vaind St [ pm B . 1000 3 = = = 2 E = a - 5
Vot Fomet (3o 127 € g e - . 21 - - - . - - - - - -
H - . 028 - - - : - = - . -
TR ABIge Fpea T TTeN Toe | M0 : T | 1.8 T - B 303 - - 100 - - -
* Bin - 172 | 185 - . - 26.8 - - EAl - - -
Dot Spusict Py pm - 1200 pax - - - 002 - . 500 - -
Viad Poaes s poscly 02T B8 [ [ - 024 058 . - - Q95 = = 107 = C, -
L3 - 033 078 - - - 1.28 = - 143 £ = =
Ertad i Gjued 12788 Tig L] 1538 18 18 - 2 190 28 424 40 182 522 420 384
’ Bin 166 A 143 - 76 5.7 PN 75 354 232 46.2 434 Mo
[Ek ae) Mg | M 1200 | 3000 0 = 190 | 3500 | f000 1500 | 2500 [ 1200 | 2000 | 000
Raon] Poratol v ety LT § 8 [ L 24 057 102 5 259 1.06 1.50 057 105 155 266 10 181
Hp 0.2 07 136 = .19 142 100 089 140 P 288 1.3 216
Trted Bige 6pmd D27 58 Tha L3 1.7 ER ] 28 13 C ki) el - 480 176 275
- Bin 157 274 249 2048 & 347 %6 = €5 133 243
e gt Mg P 3000 . 1500 | 3500 | €000 - 2500 | W0 - 2000 | 4000 | 600G
Baboed o isposdy L2383 Prg L 0.5 - o 183 1.48 . 1.0 158 - e 15 113
Bp 8.5 - Q6% 1.38 1.98 - 1.8 201 - 1.35 210 132
P ] Tad [ z m | 22 [ 2 . 7% | 257 - 456 | 318 [ 275
= Bin | 154 - %3 | 241 | 208 - 133 | 171 - 404 | 202 | 243
Batond Spuiie] Mg 3900 2000 | awo | #0030 - 1000 600 - 2500 | S000 | 6000
Vo] Porwiod 1 jumadi L2 T BB Fig L 04 063 114 1.48 - 118 161 - 119 187 173
Hp 055 x 085 153 1.98 - 1.58 216 - 1.60 224 232
Torros Corstant £ P BT VT T 037 | 2% | 126 | ara | cax | 12 | o2 | asz | 2ee [ 109 | 0en
Bndge | 112 33 212 1.2 &5 38 152 38 46 18.1 185 &l
bk EMF gt 3 =10% L kK B3 217 154 809 475 275 111 629 B2 132 766 42
Resdsince (Tredine) 2 =105 Fen 17 151 2152 7.3 .38 .80 B 281 070 64 285 0.8
e e L nH 6.1 50 HA 268 [¥] EA] 26 12.8 2.3 339 15 38
) n rgan’ 1.5 21 27
nchade, Pusoiva feeback) 3 BiniT 13602 156403 29600
Opthnal ke lnartla n kgon? 2068 0058 0.058
‘serceal; Bins &.0E-05 B.LEDT €.0ECH
Wagn o kg 229 435 5.3
b 15 X3 nr
Stk Frktbs L% Ty [ 0% 038 0.05
Bin 0.2 034 04
‘vizoons Dinping L Yy | Wekpn 0009 3] 0017 aml
e ke 08 Q12 0.15 0.12
Ths mal Tiew Cowstan it minuees 13 17 20 4
Thit il Pesktance Pom.a | ooy [ .89 278 7
ok Fas 5 5 5 L
Hods ik e 16%1 63 " Amirum Haw 10T i Hunvnun Fis 10X T iy Mumiru Piaw 10y uminun Hata
’I"b’l’:-m W] Lmpsrard nie, T =100, o A1°C anbikal. . Bk MEOX 1NN T UG DOTTIUOLE YN 9. Eraks pha: CONNLIONG 0 cadan SR mroler opfcn
AR daba rehratead ) INUI KIS SHTMAGTEA ratirgs by 0.1 M FRGAE CITENOCRZ 1OTTR AN GE B
3,201 pang traks 1 picok for 166 eetia. AKMA2 = ET6 R
4. Mot win sLndard et B ConmLRam g anc o 50 opon: mde: T5rm XM = 76 RN
5. Hay e Imied 31 1ome vaksei of Y ontinuoes 1ng: by 1 Fer moters “m,‘v,w N i R Lrqus e
- Mnaaimd a1 2570 WAL =00 K AN =) W U7 Mo ) £, and Inosase Ty by the

ARMAS =02 WM AWM -] W

hrwn mrtl o 1o BT, st s el 1ory S e @ mme wEmhd ¢ e wkak s Phpbiaie St isn sl e ey s oy owr rems 8 birir AT e
gmm o rgie Pridrg bt ra e e g pumE prewm v pean ris ek spiesbr. (4 Daraber beer

—T%

149



_votmorgen | AR Pot Nomber Syt

AKM Series Brushless Servomotors

AKM 4 2 E - EK R - 00
et =+ =/ > L 2 T
!
|
AKM Series “— Customization 7 Seal
00 = Standard mator wo shaft seat
Motor Frame Size 01 = Standard motor o shaft seal
1.2.3.4567 {ather #'s will be asskyned for
e specld motces.
Rotor Stack Length
1.2,345 Feedback Device
1. =10634 PPR digital encoder wi commitation
Winding Type 2 - = 2048 PPR digital encuder wr commutation
& B, C, D, et € - =5mar feadback device iSFD}
5 = Special (AKMY, 2, 3, 4 models only}
R - = Rasolver
D& = Singhe-turm Abenlute Sine Encoder
Mount DR = Multi-turn absolute Sine Encoder
A = tntermational standard mount ED = 500 PPR digital encoder w' commutation
B = HEMS moumt EE = 1000 FPR digital encoder wy commutation
€ = Alternatiee standard mount EF = 2000 PPR digital ancodar wi commutation
D = Altematiye standard mount EG = 2500 PPR digital encodor wi cxmmutation
E = NEMA mount Ses pager 16-29 For detals EM = 4095 PFR digital encoder v commutation
5 = Spectal on mzant ! shatt option EH = 5000 PPR digital encoderw/ commutation
wdes and smoilabilty EM = 8192 PPR digital encoder wi commutation
chaft AKMS, 6,7 models coly)
€ = Clased feyway £} = 10,000 PPR digftal encoder wf commutation
X = Opon kevway {AKMS, 6, 7 models only)
M = smooth shalt
S=spectdd 1 _ Brake
2 =24 VDO brake (AKM2, 3,4, 5, 6, T models)
Connectors M = Nobrake
i =05 meter shlelded cables wr (P85 connectors (3KM1, 2} 5 = spacial

= Motor-mourited mtatade IP65 connectnrs (BKM3, 4,5, 6, 7
D = Single motor-mounted mtatable PGS mnnector
{AKM3, 2 models with SFD and no brake)
M = 0.5 meter shialded cables wi1P20 pugs
{AKMY, 2, 3, 4 madels less than 6 amps)
P = (.5 meter shielded cables wy single IP 20 plug
(AKM1, 2, 3, 4 models with SFD and no brake, less than & amps)
5 = Spectal

AVHER BCTIN 8 SEEIE RCWREE OO R EE . Carn ST P sy Murgiic mar mremoy womine d ¢o porikaiers v Faputioic Sk icio aars mEpotle st stied ron Uamber ks proes S e AT we
R RER AR 0 I, kg ikt Rt e A I S TAK A Ry I K AN TR BB 2 okl ye) 1S FEON S0 10 DT % M) BN GGt Ry AP AT, CRI Dareiny MeAT,

150



ToTw

-l Plastic Miter Gears

i . §§ £ &
 S— 3 ﬁ‘ '
! j |
Fa i
?. P ot 3
¢ 4 t, 83
maTme we TR R EmETe R
8 L v £ F G H i J K i
1L 0 21 4% b 1383 107y 8 12 5 ChE AV 48
22 25 2677 2 1537 1138 L] i3 & £3.03 40 48
2% 30 1212 IO 608 13 39 8 P337 49 48
14 A 42 B3 » 248% 184 14 ” g IL72 4 48
a2 50 3354 Al 3282 FF W % 12 808 49 &8
50 &0 44 24 58 e WYY N 15 15 31 .57 47 48
60 G 749% &5 4413 Jo.& | 23 40 8 39 00 89 4%
0 £3.43 49 48

hd 80 8540 5 0 Y 45 o

73 1500

&
28 7 187
34 1225 9 1954
40 2433 % 12 1606
30 @23 66.04 50 e 25 13 14 57
&0 e 7R.34 &0 37 A 32 20 743

sl ke s ———— s i . . R, i el
CAUTION. Dwvmswsina of W Suliile Sietwitis. M svertl engih and cidees W S00% Waghh e o Fmormton) vbs o mena dBemmacms wb ooy
W ME Crtee Chandiring Of B QU8 Son

DM '

+ ¢ RN S STETR, St | il i
B 1 .7 b 79?2 833 4 4 15 L 93 49 &k
§2 1) 1713 -] 1083 8.5 3 1 £4] s tG 49 &8
i 0 FE E 21 1482 1173 4 13 4% 1 I7 49 45
20 ] 322 30 Wy lede | L 83 A9 4B

: : o 0.1 b mary e Pumiiey = the Comensl gumman of The: hole
CAUTION Fasnporweng tha Does o o8 reCOMEREiE SIn0s © Suy S wouls



e i I Y
lnn weh i Sartare harmeens

[ Psaae gy 20 Sartace Tt

Sotw e e L

% E-R B 1= ]

s b insh
L 7S Q-0 18 |
P G342 Q00019 | 1
G.a139 0.1 ~0.3 t
1437 0.13~-0.21%
$713 0130232 =20 ‘
- £ B4 — -30 |
rrés =70 i
By A% | -30 1

e -\n@. a5

52952 - QOB-~-018 001  PMI .25
0.5639 COP0 18 | G0 PM1.25-23
6904s | - 01 ~02 o0z | eMLA .23
a5 ori~031 003  PM2  -23
& H0% 031032 | 006  PMIS .33
8134 g4 o PMI -25

WOTE Tow alireciiie Vimpius Wown o the taise e saidaied bom e Lews T Paen Ange 43

[——

“0.5~1.5

e e et

Specificahons

Precace g A3 01704 guie & Cwe deemass
. ]

[ Chaien Satare stmeny

Prasums sge ] Tetas Tustmest

g 0I07E

NOTE 'hg misesabis Wrgums Frows @ Pe Tble gee Coltuieted B9m M Laes Picn Anges 45
Bownta

ToTw



Bibliography

(1] R. Thirumala, et al. "Motor recovery after stroke: Lessons form functional brain imaging".

Neurological Research, 2002, Vol. 24, July, pp 453-458.

[2] M.L. Aisen, et al. "The Effect of Robot-Assisted Therapy and Rehabilitative Training of
Motor Recovery Following Stroke". Archives of Neurology, 54:443-446, 1997.

[3] D. Williams, A Robot for Wrist Rehabilitation. MSME Thesis, Massachusetts Institute of
Technology, June 2001.

[4] A.R. Tilley, The Measure of Man and Woman. Henry Dreyfuss Associates, 1993.
[5] S. Pheasant, Bodyspace. 2nd ed., Taylor and Francis Inc, 1996.

[6] J. Celestino, Characterization and Control of a Robot for Wrist Rehabilitation. MSME
Thesis, Massachusetts Institute of Technology, June 2003.

(7] J.P. Hornak PhD, The Basics of MRI Copyright 1996-2004. Available HTTP:
http://www.cis.rit.edu/htbooks/mri/index.html

[8] M.A. Brown, PhD and R.C. Semelka. MD, MRI: Basic Principles and Applications. 2nd
ed., Wiley-Liss Inc, 1999.

[9] J.F. Schenck. "The role of magnetic susceptibility in magnetic resonance imaging: MRI
magnetic compatibility of the first and second kinds". Medical Physics, vol. 23, no. 6,
June, pp. 815-850, 1996.

[10] Howstuffworks, "How strong are the magnets in an MRI machine?", Available HTTP:

http://science.howstuffworks.com/question698. htm

153



[11] W. Patola RTMR and B. Coulter RTMR, "MRI Artifacts", Available HTTP:

[17]

18]
(19}

20]

21

[22]

http://wwwrad.pulmonary.ubc.ca/stpaulsstuff/MRartifacts. html

B.T. Larson, et al. “A Robotic Device for Minimally Invasive Breast Interventions With

Real-Time MRI Guidance”, IEEE Computer Society, 2003.

K. Yoshihiko, et al. “Endoscope Manipulator for Trans-nasal Neurosurgery, Optimized for
and Compatible to Vertical Field Open MRI”, Splinger Verlag, Lecture Notes on Computer
Science, MICCAI 2002.

R. Moser, et al. "An MR Compatible Robot Technology". 2003 IEEE International

Conference of Robotics and Automation.

G. Ganesh, et al. "Dynamics and Control of an MRI Compatible Master-Slave System
with Hydrostatic Transmission". 2004 IEEE International Conference on Robotics and

Automation.

Hogan et al. Systemn and Method for Medical Imaging Utilizing a Robotic Device, and
Robotic Device for use in Medical I'maging. United States Patent 5,794,621. Aug. 18,
1998.

Greeley X-Ray Group. Available HTTP: http://www.greeleyxray.com/open-mri-11-03-1-
3Ta.cfm

Siemens Allegra MRI, Available HT'TP: http://smuc.siemens.se/info/produkter
Siemens C! MRI, Available HTTP: http://www.smmr-siemens.com/english/Production

Nanomotion HRS8 ultrasonic  motor user  manual. Available HTTP:

http://www.nanomotion.com/data/docs/HR8.pdf
Atlas Copco Airmotor, Available HTTP: http://www.atlascopco-airmotors.com/
Dynatork Airmotor, Available HTTP: http://www.dynatork.co.uk

Beco Manufacturing Co. air cylinder, Available HTTP:

http://www.becomfg.com/products/aircylinder.html

154



[24] Airpot Piston/Cylinder set, Available HT'TP: http://www.airpot.com
[25] Rineer hydraulic vane motor, Available HTTP: http://www.rineer.com
[26] Viking Pump gerotor, Available HT'TP: http://www.vikingpump.com

[27] J. Verdirame, Characterization of a Hydraulic Actuator for a Functional Magnetic Reso-

nance I'maging Robot. BSME Thesis, Massachusetts Institute of Technology, June 2000.

(28] S. J. Buerger, Stable, High-Force, Low-Impedance Robotic Actuators for Human-Interactive
Machines. PhD Thesis, Massachusetts Institute of Technology, June 2005.

[29] F.M. White, Fluid Mechanics. 4th ed., McGraw-Hill, 1999.

(30] J.E. Shigley and C.R. Mischke, Mechanical Engineering Design. Sixth ed., McGraw-Hill,
2001.

[31] Gurley Precision Instruments model R119 datasheet, Available HTTP: http://www.gpi-
encoders.com/PDF /R119.pdf

[32] ATI Industrial Automation force transducer catalog available HTTP: http://www.ati-
ia.com/library /documents/ATI _FT _Sensor Catalog 2005.pdf

[33] Stock Drive Products/Sterling Instruments Online Catalog, Available HTTP: https://sdp-

si.com/eStore
[34] Sensable Technologies Phantom, Available HTTP: http://www.sensable.com
[35] Parker Daedal Division, Available HTTP: http://www.daedalpositioning.com

[36] Florida Institute of Technology Robotics and Spatial Systems Laboratory, Available
HTTP: http://my.fit.edu/~ pierrel/research.html

[37] Howstuffworks, "How Bearings Work", Awvailable HTTP:

http:/ /science.howstuffworks.com/bearing3.htm
[38] United States Plastic Corp. online catalog. http://www.usplastic.com/catalog/default.asp
[39] Parker online catalog, Available HTTP: http://www.parker.com

155



[40] R. Armstrong, "Feedback for Servos". Available HT'TP: http://www.machinedesign.com

(41) Quality Transmission Componets. Handbook of Metric Gears: Product Guide and Technical
Data, Catalog @410, 1999.

[42] A.H. Slocum, Precision Machine Design. Society of Manufacturing Engineers, 1992.

[43] S.H. Loewenthal and E.V. Zaretsky, "Design of Traction Drives", NASA Reference Publi-
cation 1154, 1985.

[44] Stoffel Polygon Systems. Polygon Systems Catalog.

[45] M. Tada, S. Sasaki, and T. Ogasawara. “67.4: Development of an Optical 2-axis Force
Sensor Usable in MRI environments”. IEEE Sensors 2002.

156



