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Abstract

Growth in robotic technology for the past two decades has focused primarily on
manufacturing applications. Recently, the focus has shifted to service industries,
including medical rehabilitation. The objective of this research is to apply robotic
technology to physical rehabilitation of the human upper limb by: 1) providing a tool to
increase the effectiveness of physical therapists; 2) providing a test-bed to study the
potential of robotics in physical therapy; and 3) providing a tool to study the interaction
between man and machine.

A prototype robotic aid for upper limb physical therapy has been designed and
fabricated. The mechanical design of this prototype minimizes friction and end-point
inertia such that end-point impedance can be easily modulated over a wide range
through control action. This enables the robot to vary its firmness and "feel”, thus
varying its contribution in interacting with patients.

Thesis Supervisor: Andre Sharon, Ph.D.
Title: Associate Director, Laboratory of Manufacturing and Productivity
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1. Introduction

The ability to manipulate and control objects in our environment is an important
human characteristic. A severely disabled individual, however, is usually limited in the
direct control of the environment or, in other words, unable to use a vast array of tools
and gadgets that most humans take for granted. Robots are able to help disabled
people[33] in the daily living activities, as well as serving as educational tools and
therapeutic devices. Robots were first introduced to rehabilitation applications as
mechanical personal attendants[13] (PCAs) for daily living activities; however,
therapeutic applications for robots are novel. A current literature search has shown that
the recent introduction of robotics to the disabled, published in an occupational therapy
journal, fails to mention the concept of therapeutic applications[5]. Only a few groups

are currently working in this area.

Khali and Zomlefer[19] constructed a continuous passive motion robot. .

Harwin, Ginige, and Jackson of the Cambridge group[16] developed a manipulator to
assist in the developmental education of young children with severe physical
impairments.

Dijkers and his colleagues[13] developed a robotic aid for upper-extremity
reeducation movement after a stroke; This group also looked into safety, system utility,
and patient and therapist acceptance. It appears, however, that none of these robotic
therapeutic applications have gone far enough to allow robots to "fully interact” with
patients. In other words, they do not dynamically "sense” and "control” impedance in
man-machine interaction.

Dijkers only quantified patient performance by keeping records of time and
number of movements of the patient's hand between his/her lap and a switch on the

end-effector of the robot arm which stops at predetermined points in space. Ideally,

14



patient performance should be quantified in terms of position, speed, acceleration,
force, time, and number of movements along the patient's hand trajectory.

Dynamic interaction between a robot and its environment has proved to be a
difficult task. It involves integration of sensors in the robotic system and development
of special control schemes to enhance the robot response. Most commercially available
industrial robots employ purely position control schemes, while only a few use force
control strategies. Mortensen[24] looked into switching between force and position
control on a single axis. Craig and Raibert[7] proposed an appropriate control strategy
with a combination of motion control along the tangent of a kinematic constraint and
force control along the normal. Whitney[37] summarized various issues concerning
force control strategies such as dynamic stability. Some research efforts have addressed
dynamic interaction between robot and its environment. Hogan[17],[18] developed
impedance control to precisely manage interaction between the robot arm and its

environment.

1.1 Motivation

Performance advances and cost reductions have brought computer technology
to the field of education. The existing packages for computer aided education (CAE)
are limited only to audiovisual display (text, graphics, and audio).

Physical contact and manual manipulation are essential in education and
cognitive develbpmcm. In the world of therapy, direct "hand-over-hand" instruction is
an effective technique for teaching, especially patients at an early stage of cognitive

development who may not understand graphic, verbal, and gestural instructions.

1.2 Specific Aims

The main goal of this research is to apply recent technological advances and to

add the critical tactile, proprioceptive and kinaesthetic sensori-motor dimensions to
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educational applications. The proposed device is a "workstation” that will record motor
actions that the therapist wants to shape and play them back repeatedly to the patient

who may practice the motor skill without continuous physical involvement of the

therapist. The machine will allow the therapist to take care of several patients at the -

same time and will quantify the progress of the patients over time.

The key element of the proposed workstation is a computer-controlled
manipulator which safely holds and guides a person's hand. Instructions may be
prepared in two ways: (1) the therapist "wears" the device and performs required
motion while the computer records the information. (2) The therapist lets the patienf
"wear" the device and provides traditional "hand-over-hand" instruction to the patient
and the machine at the same time.

One positive feature of the proposed machine is that the recorded actions may be
replayed repeatedly with different degrees of "firmness" (The "firmness" refers to the
degree of motion assistance and guidance). A "firm" robot would permit little motion
deviation from nominal action. It would firmly but gently "drag" the patient's hand and
arm along the proper path. At the other extreme of "firmness," the device would offer
little or no resistance and guidance, but would record the patient's motion performance.
These degrees of "firmness" may be specified by the therapist or may be varied by the

computer based on the patient's actions.

1.3 Prototype Design
The machine can be categorized into three parts:

(1) Robot arm A parallel mechanism was selected to provide two degrees of
freedom in a horizontal plane. End-point inertia of 4/3 kilograms with less than 5

ounces friction was achieved. In addition, the mechanism is compact when fully

folded.
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(2) Transmission design After a long study of various transmissions, direct-
drive has been employed because of its low friction, high stiffness, and light weight.
The design allows two actuators to be installed face-to-face in order to drive the arm
mechanism. Each of the actuator units comprise a brushless DC motor along with
position, torque, and velocity sensors.

(3) A_hand-holding unit with three actively controlled rotational degrees of
freedom has been employed at the end-point of the arm. Unlike most robot wrists and
end-effectors, the required rotational travel is limited at 45 degrees of flexion/extension,
90 degrees of pronation/supination, and 30 degrees of abduction/adduction.

Two electromagnetic actuators work together to provide abduction/adduction
and flexion/extension of wrist movements through a differential gear. In case of

emergency, the patient may pull free from the hand holder unit without assistance.

1.4 Impact on the Disabled Population

The device will bring computer and robotic technology to cognitive
development and education. While it cannot replace a skilled therapist, it can greatly
increase the therapist's effectiveness. In addition, the device will quantitatively monitor
forces, position, speed of motion, etc. This recorded information will be used to
quantify progress of learning in subjective areas such as "feel" or rigidity. It may also
enhance the patient's motivation and ability to learn and practice motion, especially in

the case of young disabled patients.
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Chapter 2

Anthropometry
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2. Anthropometry

2.1 Physically Disabled People

The U.S. Department of Health, Education, and Welfare estimated in 1970 that
69 million people in the United States alone had physical limitations or disabilities.

Table 2.1! shows a distribution of disabilities by, diagnosis.

Disability Number of Individuals
Visual:
25% Vision loss 4,105,000
50% Vision loss 184,000
75% Vision loss 618,000
100% Vision loss 483,000
Orthopedic aids:
Wheelchairs 409,000
Crutches 443,000
Canes 2,156,000
Walkers 404,000
Braces 1,102,000
Artificial Limbs 172,000
Special Shoes 2,337,000
Auditory:
Deaf 1,800,000
Hard of Hearing 18,300,000
cardiovascular: 7,600,000
Respiratory: 14,500,000
Mental Retardation: 5,120,000
Arthritis: 18,300,000
Aging: Over age 65 7,000,000
Childhood: Age 5-12 32,550,000
Pregnancy: 3,730,000

Total = 121,313,000
Total U.S. population = 215,000,000

Table 2.1 Distribution of U.S. Disabilities by Diagnosis

1 Michigan Center for a Barrier-Free Environment by Salem, Barrier Free Design, 1977.



Data obtained statistically in 19722 showed that 15.0 percent and 13.6 percent of
women and men of the total U.S. population considered themselves disabled. Age is

clearly an important parameter in disability and the degree of severity. About 8 percent

of those under forty-five years old claimed that they were disabled, compared to 19

percent and 29 percent of those aged forty-five to fifty-four and fifty-five to sixty-four,
respectively. Similarly, in terms of severity of disability the group aged thirty-five to
forty-four, the groups aged forty-five to fifty-four and the group aged fifty-five to
sixty-four had two, four, and eight times the group aged twenty to thirty four,
respectively. The same source of information also reflected that among those who were
disabled, or 15 million people in 1972, 36 percent or more than 5 million people, had
musculoskeletal disorders. As far as activity limitations involved with the upper limb,
28.6 percent had limitation in reaching, 21.0 percent had problems with handling and
fingering, 33 percent had difficulties in lifting or carrying weights up to 10 pounds, and
58.8 percent had difficulties in lifting or carrying weights over 10 pounds.
Unfortunately, over 75 percent of upper-limb disabled people are left to cope with their
limitation.

From our observation at the Spaulding Rehabilitation Hospital3, most of the
upper-limb disabilities are accompanied by some degree of paralysis and muscle
dysfunction. Statistics of 1972 showed that among the disabled people, 21.7 percent
had no activity limitations while 12.6, 11.7, 10.6, 7.9, and 35.4 percent had one, two,
three, four, and five or more limitations, respectively. Most of the upper-limb disabled
people at Spaulding Rehabilitation Hospital are chairbound. Causes of disability range
from accidents to aging. Patients may be as young as five to over sixty-five years old
with different body sizes, reach, and wheelchairs. Regardless of the different body size

or wheelchairs, the manual teaching aid must be designed to accommodate and

2 Dept. of Health and Human Service, Disability Survey 72, Research report no. 56, April 1981
3 Spaulding Rehabilitation Hospital, 125 Nashua St., Boston
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guarantee accessibility to these people. With regard to the anthrometrics involved, Fig

2.1 illustrates body segments and reaches of the average man and woman in standard

wheelchairs.
I o
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Fig. 2.1 Anthropometrics of Average Chairbounded Man and Woman
(Use with Table 2.2)
Sources: Humanscale 7/8/9

MALE FEMALE
in cm in cm
A 6225 158.1 56.75 144.1
B 16.25 413 b7 44.5
¢ 8.75 225, 7.0 17.8
DR 47.0 16.5 419
E 2575 65.4 23.0 58.4
Ea 2875 73.0 26.0 66.0
G 19.0 48.3 19.0 48.3
HE 51 130.8 47.0 1194
I 58.25 148.0 53.24 1852

Table 2.2 Accompanying Anthropometrics Data for Fig. 2.1



Since reach is an essential parameter in the design of this robotic aid design, all
dimensions in Table 2.2 are based on 2.5th percentile of statistical human dimensions
to allow those users with small body sizes, such as small woman and youth patients, to
use the machine. It is recommended that the design be based on the body of small
women as a model to determine reach and size of workspace since this guarantees
accessibility for all user, regardless of sex, age, or body size.

Clearances and reach of a wheelchaired person at seated position* are
represented in Fig. 2.2; however, exact dimensions of wheelchairs differ with models
and manufacturers. Actual dimensions should be measured for each specific chair
individually. Length of chair always determines the turning radius, which is normally
31.5 inches when both wheels move in opposite directions and 36 inches when one
wheel is locked. It is recommended that when calculating the turning clearance, the
protrusion of the feet beyond the edge of the footrests be allowed.

Since the Manual Teaching Aid is envisioned as a computer-controlled robot
working above the workstation table's surface; the clearance between the table and
wheelchair is another important factor. According to Diffrent's Humanscale 7/8/9 3,
standard table height for wheelbounded persons is normally set at 31 inches (78.7 cm)
with a minimum height of 21 inches (53.3 cm) to allow underneath clearance. Forward-
reach ability still depends, nevertheless, on the user body size. Again, the farthest point
in the designed workspace from the user's body must still be within the reaching limit
of a small female or a youth user. Figure 2.2 illustrates easy and maximum forward
reach for youth age six to nine to average adult®. Note that easy and maximum forward

reach for a small female is 18.5 inches (47 ¢cm) and 31.3 inches (79.5 cm),

respectively.

4 The American National Standards Institute ANSI Pub. A117-1961, Revalidated 1971
3 Diffrient, Tilley, Harman, Humanscale 7/8/9, MIT press, Cambridge, 1981
6 Diffrient, Tilley, Harman, Humanscale 1/2/3 , MIT press, Cambridge, 1981
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Body size A B C D E F

Youth Age 6-9  11.9(25.2) 4.5(11.4) 11.5(29.2) 23.3(59.2) 26.3(66.8) 15.3(38.9)
Youth Age9-12  84(21.3) 5(12.7) 13.3(33.8) 22.3(5606) 30.6(77.7) 18.1(46)
Small female 8.8(224) 4.5(11.4) 12.5(31.80 23.5(59.7) 31.3(79.5) 18.5(47)

Avg female/small male 6.5(16.5) 5.8(14.7) 14.5(36.8) 24.5(62.2) 34.2(86.9) 20.2(51.3)

Avgmale/Large female 5.8(14.7) 7.3(18.5) 16.5(41.9) 25.5(64.8) 36.3(92.2) 21.3(54.1)
Avg. Adult 6.2(15.7) 6.6(16.8) 15.5(39.4) 25(63.5) 35.3(89.7) 20.8(52.8)

Fig. 2.2 Clearances and Reach of Wheelchaired Person at Seated Position
Source: Humanscale 7/8/9,



2.1.1 Workspace

Size of workspace is another important parameter. It influences the kinematic
configuration, inertia and friction properties at the end-point, as well as safety and
comfort. Excessively large workspace, for example, may result in a larger mechanism,
and consequently tend to increase the inertia reflected to the user and the inertia's
anisotropy. In addition, safety is reduced as the size of the mechanism's work envelope
increases. On the other hand, small workspace limits the user's freedom and therapy
performance as his/her motions are constrained in small areas.

According to Humanscale 7 on "seated at work," the most efficient workspace
is a 10 X 10 inch square in front of the body. Every point in this area can be reached by
both hands(see Fig 2.3). The farthest part from the body is tangent to the extended grip
radius. Ideally, this most efficient workspace is suitable for tasks that require
concentration, such as miniature scale operation. Figure 2.3 illustrates the optimum
work area on a table top bounded by two semicircles of extended grip radius of both
arms. The workspace of the proposed manual teaching aid should lie inside the
optimum work area, and at the same time, be large enough to cover the most efficient
work area in front of the user's body.

Based on the criteria that reach is a critical design factor, 15 inches was selected
as the length of therapy workspace. This 15 inch dimension represents the difference
between the extended grip radius and the average sitting distance between the body's
shoulder line and the table's edge. In addition, the width of the workspace was selected
to be 18 inches which is equal to the standard width of a wheelchair for a small female.
This 15X 18 area is directly in front of the user's body, covering the most efficient

work area.

24



25

Max. Displays (D)
-2
-~
- ~
Avg. sitting diSt(F) ——feg——3pm <
N
\
\
\
\
\
\
\
Extended work dist.(A)
\

(&
\

Normal Work Dist.
N I
7 Most
/ Efficient
/ work area
; /
Seat width (G)
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s
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Select A B & D E F G
Youth age 10

13.8(35.1) 7.4(18.8) 13.8(35.1) 30.9(78.5) 20.2(51.3) 6.4(16.3) 16(40.6)

Small female 15.5(39.4) 7.9(20.1) 14.9(37.8) 31(78.7) 22.5(57.2) 7(17.80 16(40.6)
Sm.male/avg female 16.3(41.4) 8.2(20.8) 16(40.6) 31.1(79) 24.1(61.2) 7.8(19.8) 18(45.7)
Avg. adult

16.7(42.4) 8.6(21.8) 16.6(42.2) 31.2(79.2) 24.9(74.4) 8(20.3) 18(45.7\
Avg.male/Lg.female 17.2(43.7) 9(22.9) 17.4(44.2) 31.3(79.5) 25.6(65) 8.4(21.3) 18(45.7)

Fig.2.3 and Table 2.3 Work Area on Table Top for Wheelchair Seated Small Female
Source: Humanscale 1/2/3
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The closest edge of the selected workspace is about 1 or 2 inches from the table's edge,

allowing the farthest edge to be aligned with the most efficient work area (see Fig 2.4).

The 15X18 workspace is slightly bigger than two US letter-size papers. Since the

selected workspace is not so large, it is possible to design a small and light-weight

robot arm with low and uniform end-point inertia and friction.
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Fig 2.4 Selected Workspace’

7 Derive from Diffrient, Tilley, Harman, Humanscale 7, MIT Press, 1981



2.1.2 Hand Dimensions

Hand dimensions are extremely important parameters to the manual teaching
aid. The machine is going to hold the human hand and palm and control their posture
and movement. In other words, interaction between the machine and the user will take
place at the hand. The machine should be able to accommodate various hand sizes from
youth to mature adulthood. Current available references on hand dimensions are mainly
related to military research done between 1940 and 1950, where man-machine
relations were sought in order to develop better equipment and vehicles. Table 2.4
illustrates the hand thickness of male and female USAF and NAVY personnel in the 5th
and 95th percentile. Hand thickness is defined as the maximum distance between the
dorsal and palmar surfaces of the knuckle of the middle finger where it joins the palm

of the right hand, when the fingers are extended.

Population Percentiles (inches)
Sth 95th
Male flight personnel 161 13
Male basic trainees 11 1.4
Female basic trainees 0.8 18]
Naval aviators 1.1 1.4

Table 2.4 Hand Thickness of Male and Female USAF and NAVY Personnel8

Table 2.5 shows the hand length of male and female military and civilian
personnel. Hand length is the distance from the base of the thumb to the middle

fingertip of the right hand extended straight on the arm.

8 Van Cou, Kinkade, Human Engineering Guide to Equipment Design, McGraw-Hill, 1963
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Population Percentiles (inches)

5th 95th
MALE:
Air Force personnel 6.9 8.0
Cadets 7] 8.2
Gunners 3.9 8.1
Basic trainees 6.9 8.2
Army personnel:
Aviators 6.9 8.1
Separatees, white 7.0 8.2
Separatees, black 7.3 8.7
Truck and bus drivers 7ol | 8.1
Naval aviators 7.0 8.1
FEMALE:
Air Force personnel
Pilots 6.4 7.4
Flight nurses 6.5 7.4
Basic trainees 6.2 7]
~ Army personnel 6.4 7.4
College students 6.2 7.2

Table 2.5 Hand Length of Male and Female in Military and Civilian Samples?

Population Percentiles (inches)
5th 95th
MALE:
Air Force personnel 32 3.7
Cadets 8] 357
Gunners a5l 3.6
Basic trainees 39 357

Army personnel:
Separatees, white
Separatees, Negro
Truck and bus drivers
Army aviators

Naval aviators

W W W WwWw
W NN~
L L) W W W
G0 00 G0 OC 00

FEMALE:
Air Force personnel:
Pilots 2.8 253
Flight nurses 2.8 312
Basic trainees 2.7 34
Army personnel 2 34

Table 2.6 Hand Breadth Measured at Metacarpall0

9 Van Cott, Kinkade, Human Engineering Guide to Equipment Design, McGraw-Hill, 1963
10 Van Cou, Kinkade, Human Engineering Guide 10 Equipment Design, McGraw-Hill, 1963



Table 2.6 presents the hand breadth at the metacarpal of U.S. male military and
civilians. The breadth is defined as the maximum distance across the ends of the
metacarpal bones, where the fingers join the palm of the index and little fingers of the
right hand extended straight and stiff with the fingers together. (Metacarpal is the name

of an anatomical point located at the distal end of the middle metacarpal bone.)

Table 2.7 shows the hand breadth at the thumb (D in Figure 2.5) for various

segments of the population.

Population Percentiles (inches)
Sth 95th
Male flight personnel 3.7 4.4
Male basic trainees 35 4.5
Female basic trainees 30 4.0
Naval aviators 3.9 4.5

Table 2.7 Hand Breadth Measured at Thumb!1

Concluding from hand dimensions of Tables 2.4 to 2.7, the design should be
able to accommodate the sizes of human hands shown in Fig 2.5. Maximum values
shown in Fig. 2.5 are selected from the 95th percentile of male subjects, and the
minimum is from 5th percentile of female subjects. We assume that hand dimensions of

youth who are capable of using the robotic aid are close to that of the 5th percentile.

1 Van Cout, Kinkade, Human Engineering Guide to Equipment Design, McGraw-Hill, 1963
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A 8.3 6.6
B 4.6 3.8
& 3.8 2.8
D 4.5 3.0
E 2.8 1.8
F 29 2.1
G 2.0 155

Fig. 2.5 Selected Hand Dimensions for the Manual Teaching Aid
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2.2 Joint Motions

The study, measurement, and evaluation of range of joint motion are complex
and relatively sophisticated science. Measuring techniques are currently imperfect and,
thus, needed to be further revised and investigated. Furthermore, dynamic-related
research, particularly with interaction of two or more joints or muscles, is still in its
initial stages. The existence of joint motion data is scarce, specifically to large-volume
sampling of the civilian population. All the information presented here is purely based
on military sampling and is primarily concerned with simple movement of a single joint
without dynamic effect of one upon the other. In fact, clothing and shoes substantially
affect the data; thus, proper allowances should be added as correction factors.
Information in this section is selected from AFSC Design handbookI-3 12 and Human
Factor Engineering.!3

The information in this section should only be used as a guideline for the
robotic aid design. Most of the users should be able to perform the motion within the
ranges given in this section.

Definitions:

Flexion: Bending or decreasing the angle between the parts of the body.
Radial flexion: movement of the thumb side of the hand toward the radial side
of the forearm segments; ulnar flexion: the opposite side of the hand's
movement toward the ulnar side of the forearm segment.

Extension: Straightening or increasing the angle between the parts of the

body. It is generally defined as the return from flexion. When a joint is

12 Human Factors Engineering, 3rd ed.

13 AFSC Design Handbook 1-3, Jan 1977, Department of the Air Force, Headquarters Air Force
Systems Command, Andrews AFB, DC 20334, pp. 16-17
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extended beyond the normal range of its movement, the movement becomes
known as "hyperextension."

Abduction: Movement of a body segment away from the midline of the body
or body part to which it is attached.

Adduction: Movement of a body segment or segment combination toward
the midline of the body or body part to which it is attached.

Medial rotation: Turning toward the midline of the body.

Lateral rotation: Turning away from the midline of the body.

Pronation: Rotating the forearm so that the palm faces downward.

Supination: Rotating the forearm so that the palm faces upward.

In this section, joint motions of the wrist and shoulder are presented in
schematic forms. Again, note that each motion is independent from interaction of other

joints or muscles.

2.2.1 Wrist Movement

There are two rotational degrees of freedom in the human wrist,
flexion/extension and abduction/adduction. Figure 2.6 illustrates wrist flexion and
extension. Flexion is normally limited to 70 degrees while extension is slightly less
than 65 degrees. Figure 2.7 shows abduction and adduction movements. Adduction
travel is 30 degrees while abduction is only 15 degrees. When both rotational
movements interact, abduction is unachievable as the wrist is fully flexed. On the other

hand, if the wrist is fully adducted, small degrees of flexion/extension are allowed.

3.2



65° E xtension

70°  Fexion

Fig. 2.6 Wrist Flexion and Extension

Abduction
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Fig. 2.7 Wrist Abduction and Adduction

"
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2.2.2 Finger Movement

The finger mechanism may be one of the most interesting mechanisms in the
human body. In terms of force-to-weight ratio, fingers are much better than most
machines and mechanisms in the world. Furthermore, in terms of an actively controlled
system, each finger, excluding the thumb, consists of four actively controlled degrees
of freedom compactly located together. The study of fingers and their interaction with
the environment are not , at this stage, feasible with our design goal because of
limitations in size and weight of robotic actuator technology. If a miniature high
torque/force actuator becomes available, finger-controlled end-effector might be

developed for the manual teaching aid.

Fig. 2.8 Radial and Ulnar Finger Movement

—

4
o° . 110° »
g

Fig. 2.9 Flexion and Extension Finger Movement
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Finger-movement data is included in this section for future reference. Figures
2.8 and 2.9 illustrate finger movement of the thumb and index finger which are the

most dominant ones for most hand-operation tasks.

2.2.3 Shoulder Movement

Shoulder joints have the most powerful muscles on the upper limb. There are 3
degrees of freedom in the joint. Data presented below only illustrate shoulder
movement in one single degree of freedom, one vertical and two horizontal. The motion
about the vertical axis is called internal and external shoulder rotation which is

illustrated in Fig. 2.10.

90°
\ Intenal

45°
Exermal

Fig. 2.10 Internal and External Shoulder Movement

Motion about the shoulder to shoulder axis is illustrated in Fig. 2.11 as forward

elevation, flexion, and hyperextension. In Fig. 2.12, shoulder abduction is shown.
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Fig. 2.11 Hyperextension and Flexion Shoulder Movement
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Fig. 2.12 Abduction Shoulder Movement




Again, note that motion about each axis is measured independently from any
interaction from other joints and muscles. It is important that this information not be

used in the design of the manual teaching aid, but only as a guidclinc.

2.2.4 Elbow and Forearm Movement

The elbow and forearm have two rotational degrees of freedom. One is about
the center line of the forearm called pronation and supination (see Fig 2.14),
(supination is the reverse motion of pronation). The other degree of freedom is about
elbow joint called elbow flexion and extension. Again extension is the reverse of

flexion (see Fig. 2.13).

145°

Flexion

r

Fig. 2.13 Flexion Elbow Movement
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Pronation Supination

Fig. 2.14 Pronation and Supination of Forearm

2.3 Human Strength and Designed Interaction Force

As presently envisioned, the manual teaching aid is a robot that operates in both
passive and active modes. "Passive" means the machine absorbs the energy produced
by the user, dissipates it out as heat. While "active" refers to the operating mode in
which the machine introduces energy into this man-machine system. In the active mode
the manipulator clearly requires higher output power and energy than the passive mode.

In active operation, the user can either 1) comply with the robot's assistance and
guidance or 2) try to overpower the robot. Transition between these two states is
unmodelled. In other words, there is no way to predict the switching time, the
sequence, or the degree of resistance or compliance. One basic rule of design is to give
the robot slightly more power than operationally necessary. Excessive power,

however, would threaten the user's safety and would increase the size and weight of
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the actuator. On the other hand, insufficient power would limit the therapeutic

performance.

weak man

weak woman

weak woman

—
weak man
™
12 8.1
T —)
9.7 6.3

Adduction
(1bf)

Abduction

(Ibf)

Fig. 2.15 Arm Strength in Seated Position of Weak Man and Woman
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If the robot Has slightly more power than necessary, it is much simpler to limit
output power for each particular manipulating task than to boost power from an under—
powered design. In other words, a slight over-power approach is potentially superior.
In conclusion, the driving force should be selected by looking into the information of
resistance capability of the user, or user's strength.

Diffrient, Tilley, and Harman have done excellent research in humanscale7'4.
Arm strength of seated bodies, both in push/pull and sideways in different reaches have
been quantified among weak females, strong females, weak males, and strong males.
Focusing only on weak males and females is a good design approach for selecting the
interaction force since the strength of this population is not far from that of the manual
teaching aid's target users.

Figure 2.15 illustrates arm strength for weak females and weak males in seated
position. Note the fact that the users with upper-limb disabilities tend to be weaker than
an "average" weak person. A weak female's strength is therefore quite likely to be a
good criterion for the manipulator design since: 1) strength of a youth patient is not far
from that of weak female; 2) it still provides sufficient envelope of power to teach,

while limiting the maximum power to a point that is safe.

In conclusion, the maximum interaction force for the manipulator is selected to
be around 10 pounds maximum at the end—point in either push/pull or side to side. The
force should never be so large as to threaten the user's safety but should still provide

sufficient power to perform the therapeutic lessons.

14 Diffrient, Tilley, Harman, Humanscale7, MIT Press, 1981
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3 Design Specifications
3.1 End-Point Properties

The proposed manipulator will behave either as a passive or active platform
from which the user will work. The interaction between human and machine is a very
interesting phenomenon. During the passive mode, the robotic aid absorbs energy
produced by the user and dissipate it as heat. In the meantime, the effectiveness of the
man-machine interaction can be evaluated by how the user perceives the kinematic and
kinetic properties of the robot's mechanism, such as friction and inertia reflected to the
end-point. In other words, end-point properties would determine the degree of the
user's comfort, as well as the suitability and effectiveness of the machine. If the
machine has excessive end-point friction, for example, it would certainly be difficult for
an upper-limb impaired person to move its end-point. On the other hand, if the robot
has excessive end-point inertia, the user would perceive resistance to acceleration and
deceleration of the end-point. Some of these properties affect the performance of the
robot itself, especially in the active mode. Unless a more powerful actuator is used,
excessive inertia will certainly degrade the performance bandwidth. Some of the
important specifications of the manual teaching aid are described in the following

sections.

3.1.1 Interaction Force at the End-Point

End-point interaction force is specified at 10 pounds maximum. The number
was selected considering the strength of weak females (Section 2.3). However, the
machine is designed to produce more than 10 pounds at the end—point, but is limited to

10 pounds through the control algorithm.
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3.1.2 End-point Friction

End-point static friction of about 3 +/-1 ounces or less (without control of
impedance) at every point inside the workspace is desired. The correction term (+/-1
ounce) is the anisotropic factor. The difference between stiction and dynamic friction

should not be greater than a ratio of 2:1.

3.1.3 End-point Inertia
Inside the workspace, effective inertia of the mechanism and actuators reflected
to the end-point is desired to be in the range of 2/3 to 4/3 kilograms (without control of

impedance and end-effector) in any direction.

3.1.4 End-point Stiffness

End-point stiffness of 0 to 2 Newton/millimeter is desired.

3.1.5 End-point Impedance Properties
Between 0 to 7 Hertz, end—point impedance should behave like viscous friction.
Frequencies above 7 Hertz are not a concern in this application. Directional variation of

any impedance parameters should be less than 2:1.

3.1.6 Backdrivability

In the case of passive operation, the machine must comply to the user in
different degrees. The lowest degree implies that the user needs minimal effort to back
drive the robot; in the other words, the machine will definitely comply to the user with

minimal end-point friction and inertia resistance.
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3.2 Workspace

3.2.1 Size of Workspace

The workspace size for the machine is 15X18 inches as described in Section

2.1.1. The workspace is placed in front of the user body as shown in Fig.2.4.

Protrusion of the linkage and mechanism behind the device should be minimized.

3.2.2 Visibility and Accessibility

The workspace should be kept uncluttered to allow standard therapeutic
procedures. Maximum visibility must be guaranteed to permit the therapist and the
patients to see and locate every point inside the selected workspace. The hand holding

unit should allow "hand-over-hand" operation between the therapist and his/her patient.

3.2.3 Mobility of the Teaching Aid System
Two people should be able to easily transport the robotic aid workstation. The
maximum weight of the robot should not exceed 70 pounds (controller not included). A

compact and foldable mechanism is preferable to give a nice, clean package.

3.3 Power Sources

Since the most convenient power source available in any rehabilitation hospital
is electrical, electromagnetic devices should be the primary actuators. Standard single-

phase 110 Volts AC is preferable for the energy source.
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3.4 Control Architecture

A digitally supervised analog loop is selected as the controller platform. The
architecture has long been proven to be effective in similar applications such as Abul-

Haj's cybernetic elbow prostheses!S and Faye's manipulandum!6.

3.5 Transducers

3.5.1 Position Transducer

Absolute position transducers should be the prime selection for position
feedback sensors. Absolute type sensors eliminate calibration procedures during start
up. Resolution of 16 bits per single mechanical revolution or more is required with
accuracy up to the least significant bit. The transducers should be installed with
actuators which provide a nice, clean driving package. Again, position sensors must be

interfaced to the selected controller platform without difficulties.

3.5.2 Force/Torque Transducer
Force/Torque transducers must be installed in the system to give contact force

information to the controller. Maximum end-point force is specified at 10 pounds

(Section 2.3 and 3.1.1).

3.5.3 Velocity Transducer
High-accuracy velocity transducers are to be installed in the actuator package.
They should be able to track rotational velocity between 8 to 0.008 radian/second with

less than 8 percent signal-to-noise ratio. Friction contribution from these velocity

15 Abul-Haj CJ., Hogan N., Functional Assessment of Control Systems for Cybernetic Elbow
Prostheses, IEEE Transactions on Biomedical Engmeermg, 1990

16 Faye . C.
Thesis, 1986

, MIT SM
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transducers must be minimized. If possible, the transducers are to be installed inside the

actuator package.

3.6 End-effector

3.6.1 Modular Package

The end-effector should be designed as an independent package from the robot
to allow several different end-effectors for different operations to be installed on the

robot.

3.6.2 Degrees of Freedom
In the current stage of this research, the end-effector has a three-rotational-
degree-of-freedom-hand-holding unit that allows pronation / supination, flexion /

extension, and abduction / adduction on the users' wrist. The allowable degrees of

freedom are:

Wrist motion Degrees (°) Remark

Pronation 40 from flip-down palm position
Supination 40 from flip-down palm position
Flexion 30

Extension 1S

Abduction 15

Adduction 20

Table 3.1 Design Specification of Wrist Movement

Each rotational degree of freedom should be actively controlled by active actuators

installed within the end-effector unit.



3.7 Safety Consideration

3.7.1 System Failure Detection

The device will incorporate failure detection devices which will shut down the
system on sensing excessive forces, acceleration, etc. The responses of these events
will disable the actuators and brake them by short-circuiting their electrical terminals.
The stored dynamic energy in the mechanism will be converted into back emf and be

dissipated as heat in the electrical winding.

3.7.2 Safety Release Mechanism
In addition to system failure detection, the user may pull his/her hand free of the
machine without assistance through a specially designed locking mechanism which

breaks and separates from the hand-holding unit when subjected to a certain force level.
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Chapter 4

Kinematic Selection
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4 Kinematic Selection

The specifications in Chapter 3, especially end—point inertia and friction
properties, provide good guidelines for selecting and designing the robot
configuration. The selected configuration will contribute strong kinematic and dynamic
coupling to the user, determining quality and effectiveness of this man-machine
"interaction." In terms of kinematics, positions and orientations are fundamental motion
planning parameters. Different configurations may result in different degrees of
complexity of forward and inverse kinematics to determine position and orientation. On
the other hand, in terms of kinetics, the focus should be on dynamic performance of
the configuration due to physical construction, mass distribution, actuator placement,
and speed reduction. Two similar configurations with the same dimensions, for
example, might contain substantially different dynamic properties due to mass-
distribution inequality. A wise configuration selection may alleviate complexity and

computation time in the control algorithm

4.1 Common Kinematic Configurations

Since the selected workspace for upper limb therapy is quite small, most of the
conventional arm configurations such as Cartesian, cylindrical, and spherical are
applicable. As presently envisioned, the manual teaching aid arm will only operate on a
horizontal plane. The major reason for this decision is that the active control of motions
out of horizontal plane require actuators that can overpower the rest-weight of the user
should he/she lean towards the manipulator. This would require large motors and

power supplies. If motion is constrained to a horizontal plane, the payload can be
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supported by a structural frame which substantially reduces size, weight, and power
consumption of the system.

The most widely used configurations are Cartesian (Rectangular), Cylindrical,
Spherical, and SCARA (Selective Compliance Assembly Robot Arm).17 The objective
in this Chapter is to qualitatively characterize each configuration in terms of their end-

point properties and select the best configuration for the manual teaching aid.

4.1.1 Cartesian Frame

Cartesian or rectangular frames are used mostly for simple-and high-precision
applications, such as positioning or loading/unloading parts (see Fig. 4.1). This
configuration is less complex to control since each degree of freedom is kinematically
and dynamically decoupled resulting in less computation. In the other words, joint
coordinates are independent from one another with no dynamic coupling effect among
motions in all axes. A Cartesian frame is applicable to various types of transmissions,
for example, linear screw actuator or hydraulic cylinder. Cartesian configuration,
however, has some negative aspects such as difficulties in protecting linear sliding
surfaces from dirt and contamination and the need for bellows to protect linear guide
ways. These increase weight, resistance, and limit the work envelope. Cartesian
frames are rather bulky and heavy compared to other configurations for the same

operation and the same work Spacelg. As a consequence, the effective inertia reflected

to the end-point is larger.

17 Makino, H. and Furuya, N., Selective compliance assembly robot arm, Proc. 1st Int. Conf. on
Assembly Automation, Brighton, IFS, Kempston, UK, 1980

18 Rivin, E.I. Mechanical Desing of Robots, New York, McGraw-Hill, 1988.
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Fig. 4.1 Cartesian Configuration

4.1.2 Cylindrical Frame

The cylindrical coordinate system is used to describe movement that has one
angular motion with an additional radial degree of freedom (see Fig. 4.2). Cylindrical
frames require a relatively small space and a simplified layout plan, and are especially
good for transferring materials from conveyor belts or handling small parts with limited
horizontal motion.!%. This type of frame is easy to program and capable of reaching
into tight spaces. One disadvantage of the cylindrical frame is that the arm can not reach
far enough from the vertical axis unless its structure is reinforced to support additional

bending stress.

19 Poole, H., Fundamentals of Robotics Engineering, Van Nostrand Reinhold, NY, 1989
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Fig. 4.2 Cylindrical Configuration

4.1.3 Spherical Coordinate Frame

Some manipulator designs use spherical coordinate frames which require a
much more sophisticated control system (see Fig. 4.3). This type of frame works
better for three-dimensional motion in a large service space. One modification to the
spherical coordinate frame is the replacement of the prismatic joint (radial motion) with
an additional revolute joint, so-called jointed or articulated frame. The main advantages
of both spherical and articulated frames are the small size of hardware compared to

service space and the potential to work with high degrees of accessibility. The major
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disadvantages of the design are: low payload near the workspace boundaries; low
stiffness; and low accuracy and repeatability.20

| Hirose and Umetani have redesigned a typical articulate frame by adapting a
pantographic mechanism and allowing one joint to travel only on a horizontal slider.2!
The modification allows the end-point to operate virtually on a horizontal plane. The
biggest drawback to the spherical coordinate and articulate frame is the gravitational
effect. Furthermore, this type of configuration is unlikely to support the rest weight of

the user which is a direct burden to the actuators.

Fig. 4.3. Spherical Coordinate Configuration

20 Asada, H. and Youcef-Toumi, K. Direct-drive robot, MIT Press, Cambridge, 1988

21 Hirose, S. Umetani, Y., A cartesian coordinates manipulator with articulated structure, 11th
International Symposium on Industrial Robots, Tokyo, Japan 1981
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4.1.4 SCARA Frame

If articulated frames are designed to allow every joint axis to align parallel to the
vertical axis, the configuration is called SCARA (Selective Compliance Assembly
Robot Arm). Such designs are being used more extensively in assembly operations.
The SCARA arm has at least two basic degrees of freedom. Additional degrees of
freedom may be added to generate vertical motion: nevertheless, the planar movement
has already covered the majority of movements in the assembly operations22 (about 80
percent).

One important positive feature of the SCARA robot is high angular stiffness in
all vertical planes and controllable compliance in horizontal planes. SCARA
configurations allow the actuator to be located close to or at the robot's base and

implementation of a light weight transmission such as tension drive or direct-drive.

A

Fig. 4.4 SCARA Configuration
Since all presented configurations have the potential to satisfy our workspace

requirement, other criteria is needed to justify configuration selection. According to the

22 Coiffet, P., Modelling and Control, Robot Technology, Vol.1, Prentice Hall, 1983
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specifications in Chapter 3, end-point friction is the most critical parameter, while
effective inertia reflected at the end-point is a less critical parameter. One approach to
determine the type of configuration for the manual teaching aid is to compare their end-
point friction and inertia properties. Size and weight of the system are additional criteria
but are not as critical.

Each configuration consists of a series of prismatic (or translational) and
revolute (or rotational) joints. Cartesian configuration has three prismatic joints
perpendicularly aligned to each other. Similarly, if motion of the base joint is revolute
and that of the other is prismatic, the configuration is then classified as a cylindrical
frame. Articulate, pantomec,23 and SCARA configurations consist of a pure series of
revolute joints. One key approach to justify these configurations is, therefore, to
investigate these fundamental prismatic and revolute joints kinematically and
dynamically. In other words, how much friction and inertia do these configurations

contribute to the end-point.

4.2 Comparison of Prismatic and Revolute Joints

4.2.1 Energy Consumption
Consider two joints, one prismatic and one revolute, with equal-tip speed V and
acceleration a. Assume the two systems have equal link mass M and end—point load m

(see Fig. 4.5). In order to accelerate the load m to the specified speed V from zero

velocity, the prismatic joint requires total energy (T of

Tg=(M+m)V %),

23 Pantograph mechanism
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where as the revolute joint requires total kinetic energy (Tr) of
Tr = (LL1)? M+m)V 2

note that Lp/L1 1s less than 1

.
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Fig. 4.5 Prismatic and Revolute Joints

From the above equations, the revolute joint definitely requires less energy than
the prismatic one since ratio Ly/L1, which multiplies M, is always less than unity.

In order to provide more practical data, suppose L1 is 21 inches. (to cover the
length of 15X18 workspace) made of square aluminium tubing weight 5 pounds. The
end-point load is taken to be 2-pounds. The ratio of TR to T is therefore 0.48; in other
words, the revolute joint requires much less power to accelerate/decelerate than the
prismatic one. Practically, the final weight of the prismatic joint is quite likely to be 2.5

to 3 times greater than its payload m, thus, the energy difference is 50 to 100 percent
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between the two joints.24 Figure 4.6 illustrates the ratio of kinetic energy between
revolute to prismatic joints for different mass ratios (M/m) given that the Lp/Lj is 0.5.
In terms of energy, the revolute joint has a substantial advantage over the

prismatic joint in minimizing energy consumption.
Kinetic energy ratio of revolute to prismatic joints
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Fig. 4.6 Ratio of Kinetic Energy of Revolute to Prismatic Joints

4.2.2 End-point Static Friction

The anatomy of the prismatic joint generally combines a linear actuator (ball
screw, linear motor, friction drive, etc) with a linear or sliding guideway (usually linear
circulating ball bearing). Similarly, the revolute joint always consists of a rotary
actuator and rotary bearings.

Aside from the friction contributed by actuators, end-point static friction is a
direct effect of bearing friction combined with the kinematic or geometry effect of the
mechanism. In order to obtain a clearer example, prismatic and revolute joints are

constructed as shown in Fig. 4.7 a and b.

24 Yrvin, E.I., Mechanical Design of Robots, McGraw-Hill, New York, 1988.
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Fig. 4.7 Model of Prismatic and Revolute Joints for Friction Determination

Figure 4.7 (a) is a model of a double-row-linear-bearing prismatic joint.
Payload, in terms of downward force F,, , is applied at the end-point. Fr is the minimal
tangential force needed to counter joint friction. The vector of Fvp and Frp can be
combined to make resultant force F. The loaded point is L units away from one of

double row linear bearings, which is 1 unit apart. In Figure 4.7 (b), the revolute model



is supported by a single shaft with two rotary bearings. The shaft has diameter d, and
the two rotary bearings are D units apart. Load exerted at the end-point in the vertical
direction (Fvr) is equal to Fvp of prismatic case. The primary objective of these models
is to compare the magnitude of Frp and Frr that are defined as the magnitude of
minimum tangential forces to overcome static friction in each joint.

According to NSK, Precision machine parts | Linear motion products 25and
IKO, Linear motion products 20 the average static friction coefficient of a typical linear
bearing is 0.003 while that of rotary bearings?7 is 0.001. The required end-point

tangential force for prismatic case, Frp, and revolute case, Frr, can be determined by:

Fip= up[va][1+2L/l]
and

Frr = p; [Fvr][d/D].

It is clear that end-point static friction in the prismatic joint has a strong coupling
to geometry which is the ratio of lever arm (L) to rail distance (1). There is no geometry
advantage to reduce the magnitude of bearing friction projected to the user. On the
contrary, bearing friction is multiplied by term 1+2L/l, which is much greater than
unity, and then projected to the user via the end-effector. Unlike the prismatic case,
end—point friction in revolute construction is factored by the ratio d/D which can
certainly be designed to be much less than unity.

To give an implicit example, some practical numbers are assigned to the model.

According to NSK and IKO references, jip and iy are 0.003 and 0.001, respectively. L

remains as 28 inches consistent with the model in Section 4.2.1, while 1 is selected as 5

25 Nippon Seiko K.K, Precision machine parts | Linear motion products , Japan, 1987

26 Nippon Thomson Co.,Ltd.; Linear motion products ; CAT-5736, 5731, 5715, 5714, 5732, 5717,
5737; Japan.

27 Eschmann, P., Ball and roller bearings, 2nd.Ed., John Wiley and Sons, N'Y, 1985
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inches to give an acceptable actuator package. The two rotary bearings are 6 inches
apart (D) with 1-inch shaft diameter (d). Fvp and Fvr are set equally to represent the

same end-point payload. The ratio of Frr to Frp can be seen in Fig. 4.8.

Frr (Ibf) Frp (Ibf)
0.008

0.007 +
0.006 +
0.005 A
0.004 A
0.003 -
0.002 A
e s

0

|

T

5 10 55 200 225 31 35 40
Payload (lbs)

Fig. 4.8 Reflected End-Point Friction for Prismatic and Revolute Joints

According to Fig. 4.8, it is seen that the end-point friction of the revolute joint
is substantially lower than that of the prismatic joint with the ratio on the order of
1:100. The prismatic joint is geometrically inferior because of the lack of the "lever
effect” to factorize the bearing friction projected to the end-point. Another cause of
excessive friction in the prismatic joint is caused by the construction of recirculating
linear ball bearings. Non-existence of separators or cages between adjacent balls allows
direct-rubbing. Friction is also initiated in the circulating path; a row of accumulated
inactive balls in the recirculating path is a burden for those active balls in the track to

recirculate them. Measured static friction of NSK linear bearings used in a linear
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friction-drive prototype2® shows an average friction of 2 ounces. At some random
spots along the rail, however, friction rises to 5 ounces showing nonuniformity of

friction.

4.2.3 End-point inertia

According to Fig. 4.5, if prismatic and revolute joints are required to obtain
equal end-point acceleration &, the prismatic joint requires an end-point force Fp which
is equal to.

= (M+m)a
where the revolute joint requires end-point force Fr of

(——+ )M+m

or, if link L has uniform mass distribution L2 = 0.5 L1

Fr= (%M+m]a

Again m and M are payload and mass of the joint respectively.

Figure 4.9 shows the ratio between end-point inertia of the revolute joint to that
of the prismatic joint for different M/m values. The revolute joint thus shows another
positive feature over the prismatic joint. End-point inertia of the revolute configuration

is 50 to 55 percent of that of the prismatic one for the practical ratio of M/m of 2 to 3.

28 Linear friction-drive prototype is constructed by J. Chamnarong and A. Sharon in The Newman
Laboratory for Biomechanics and Human Rehabilitation, MIT, to study effectiveness and performance
of friction-drive system. The prototype has a single linear bearing with a direct-drive wheel on its track.
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In conclusion, the revolute joint has an advantage over the prismatic joint in

terms of end-point friction, end-point inertia, and energy consumption. Consequently,

the arm design of the manual teaching aid should be implemented using revolute joints.
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Fig. 4.9 Ratio of End-Point inertia of Revolute to Prismatic Joints

4.3 Decision on Arm Configuration

4.3.1 End-point Friction of Arms

In Section 4.2.2, friction models of single-degree-of-freedom joints have been

developed; however, distribution of end-point friction of the whole arm mechanism is

more interesting to quantify. As previously mentioned, prismatic and revolute joints are

the most fundamental elements of any robot arm configuration. Any configuration is

formed by different orders of prismatic and revolute joins, which determine the

characteristics of end-point friction and inertia.
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Fig. 4.10 Revolute Joint with Pivot Friction
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In order to create a clear understanding of end-point friction of a SCARA mechanism,
the upstream and downstream links, at this point, are individually focused on.
Interaction between the upstream and the downstream links will be later added. Figure
4.10 (a) presents a single link with pivot friction.

Suppose that the pivot has friction and the link is needed to move about its
pivot. The minimum force needed to rotate the link is perpendicular to this link. If we
apply other forces in different directions, however, the magnitude of these forces must
be greater to create an equivalent torque about the pivot as does the perpendicular force.
If a force is applied (either F1, F2, F3, or F4) to the end-point, its component
perpendicularly to the link must be equal to Fy, or the minimum force needed to move
the link. If a line is drawn to connect each force vector at its tip, theoretically, this line
should be parallel to the normal line that connects the end-point to the pivot's center,
Figure 4.10 (b). Now if the link is about to be moved in the opposite direction, another
parallel line on the other side can be drawn similarly using the same explanation (see
Fig. 4.10 ¢). If torque friction of the pivot is symmetric in both directions, then d1 and
d2 are equal.

The magnitude of friction in each pivot will determine the distance between the
parallel line and the link centerline d. Suppose another isolated link-pivot combination
is added to the same plane, we can still construct the two parallel lines for this new link
using the same method (see Fig.4.11(a) ). Replacing a fixed pivot of link a by
connecting to another movable pivot on link b serially constructs a mechanism. By
drawing free body diagrams of the each link separately (see Fig. 4.11(b), it is clear that

action force F17 between links 1 and 2 has a reaction force F71 equal in magnitude but

in the opposite direction . In other words, we can say that

Fip =-Fp1= F= Fb
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Fig. 4.11(a) Friction on Two Individual Links

The equality allows transferring the two parallel lines of link 2 to the end-point and
forms a parallelogram. The introduced torque of force Fy, is always equal to the torque
created by the external force F (see Fig 4.12).

A friction parallelogram can describe motion at the initial state when the
mechanism is at rest and just about ready to move. If the tip of applied force is still in
the parallelogram, no motion is generated because the force is too small to produce
sufficient torque about both pivots to overcome friction. If the magnitude of applied
force increases until its tip reaches out of the parallelogram's boundary, then motion is

generated, depending on which region the tip lies.
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Fig. 4.11(b) Friction on two individual links

If the tip is out of the parallelogram and points into regions 1 or 2, link 1 then moves
about its pivot, but no motion is generated at link 2. On the other hand, if the tip lies in
region 3 or 4, only link 2 then moves about the base pivot. In this case, even though
link 1 moves, there is no relative motion between the two links. Note that in the first
two cases, no matter how large the force is, only one link moves at a time about its
pivot. If the tip is in regions 13, 23, 14, 24, both links then start moving in the
corresponding direction. The diagonals of the parallelogram represent the minimum
force needed to turn both links at once.

The friction parallelogram gives some idea of the magnitude and direction of

required force to compensate for friction in the SCARA mechanism. If a force sensor is
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installed at the end-point to measure the interaction force between the user and the
manipulator, we can compensate for joint friction by using a control algorithm. We can
send commands to the actuators to produce additional force in the same direction as the
user does, until the combined forces of the user and compensation command exceeds
the local friction parallelogram. The whole mechanism will then make a move

depending on how the combined force lies out of the parallelogram (see Fig. 4.13).

Fig. 4.12 Friction Parallelogram
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Fig. 4.13 Friction Compensation Algorithm

There are two interesting details of a friction parallelogram. The size of the
parallelogram determines the magnitude of required end-point force in any direction,
Thus, the bigger the parallelogram is, the more poorly the mechanism performs.
Change of size and rotation of the parallelogram's diagonal in different locations
reflects nonlinearity and anisotropy of end-point friction in the workspace. To justify
the designed SCARA mechanism for the manual teaching aid, the end-point friction
parallelogram of the mechanism should be drawn and compared.

The arms are coupled to the direct-drive package unit with internal rotary
friction of 3 pound-in29. The coefficient of static friction of rotary bearings is taken to
be 0.003 (instead of using static friction coefficient of 0.001 which is specified for new
rotary bearings, the coefficient of 0.003 counts for wear, aging, and dirt contamination
in the lubrication). The friction parallelogram of the SCARA design is illustrated in Fig.
4.14.

The uppermost and the lowest parallelograms should be neglected since they lie
outside the selected workspace. Seven other parallelograms, which are inside the

workspace, are quite uniform in terms of diagonal length and orientations.

29 From Inland Motor, brushless DC motor catalog

émbined force

68



14 in.
16 1n.
18 in.
20 1n.
221n. @
24 1in.

26 in.

28 in.

Workspace
15X18 in.

4.20z
$ 4.00z

4.60z

69

Actuator

3.80z
S 207
3.50z

Fig. 4.14 End-Point Friction Parallelogram of Designed SCARA Arm



The numbers in ounces (oz.) at every diagonal represent magnitudes of end-point
friction in diagonal directions. According to Chapter 3 on end-point friction
specification, the friction estimation of the SCARA configuration in Fig. 4.14 just
slightly exceeds the end-point friction specification. Only some points adjacent to the
diagonal axis have more friction than the specification, but most still remain within the
required values. Note that the parallelograms are constructed from a 0.003 static friction
coefficient. By using a 0.001 coefficient, they can be reduced by a third.

In the case of a Cartesian configuration, the friction estimation is not as
complicated as in the SCARA configuration because the two prismatic joints are

kinematically independent.

rz

Fig. 4.15 Overhung Cartesian Frame

Figure 4.15 shows an overhung Cartesian design module having two degrees
of freedom in a horizontal plane. In order to provide the best visibility to the users, a
telescopic arm is selected for motion in X-direction; otherwise, both axes must be built

as a gantry manipulator which is generally heavier and longer. The telescopic arm is put
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on the lower carriage that moves in Y-direction. This model uses an ideal transmission
system which has no transmission friction but only actuator friction. Friction of the
cartesian design is estimated from the IKO bearing catalog, PMI motor catalog, and test
data from the linear friction-drive prototype built by A. Sharon and J. Charnnarong.
The driving wheels with 1-inch OD are stationary but the track, which is also
the design structure, moves. A special spring-loaded mechanism forces the driving
wheels onto the track guided by IKO's miniature linear bearing. Friction on the

telescopic arm f; can be estimated by

Jt =fot/m

where fp 1is friction from bearings which combine friction from linear bearings
and all rotary bearings on the shaft. fb depends on location of end-point
and payload.
fm 1is friction from the motor which is estimated from PMI motor catalog.

Estimated f; can be shown by Fig. 4.16.

Friction and load for telescopic arm
Friction (0z) — x=0 inch
90 —
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e e e ] .
0 = x=14 inches
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Vertical load at end-point (Ibs) — x=16 inches

Fig. 4.16 Estimated Friction of Telescopic Arm of Cartesian Frame
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Friction and load for lower carriage

— x=0 inch
Friction (oz)
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Fig. 4.17 Estimated Friction on Lower Carriage of Cartesian Frame

For the lower carriage, fp should include weight of the telescopic arm as its

payload. Estimation of overall friction is shown in Fig. 4.17.

Friction in the Cartesian design model in X and Y directions is rather isotopic
(20 to 25 ounces at 15 lbs payload) inside the workspace (see Fig. 4.18). The end-
point friction of the Cartesian design, however, is higher than the design specification
and roughly about three times more than that of the SCARA configuration. The
magnitude of friction is about 20 percent of maximum design driving force. This will
definitely affect the users and drastically reduce the system's performance. Figure 4.18
also illustrates graphical friction magnitude comparison of Cartesian frame (large

parallelogram) to SCARA frame (small parallelogram).
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Fig. 4.18 Friction Distribution of Cartesian Frame in the Workspace and
Graphical Comparison to SCARA Frame (small parallelogram)

For cylindrical configurations, the friction information of the same telescopic
arm still applies since all requirements and loading conditions remain unchanged
(except the lower carriage of the Cartesian design is replaced by a rotary platform). The
telescopic arm contributes excessive friction (25 ounces at 15 pounds payload) violating
the specification aspects (see Figure 4.19). Furthermore, directional friction distribution
1s not isotopic and friction in telescopic arm is about five times of that of the rotary
joint. It is more comfortable for the user to move the end-point sideways than to

push/pull the telescopic arm.

4.8 0z.

20 oz.

Qoo
OgQoV
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e s}

Fig. 4.19 Friction Distribution of Cylindrical Frame on the Workspace
and Graphical Comparison to SCARA Frame (small parallelogram)
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4.3.2 End-point Inertia of Arms

Inertia is another important factor determining the user's comfort and system
performance. Ideally, effective inertia should be kept as low as possible providing that
strength of the arm is sufficient to support its payload. Excessive end-point inertia will
drastically decrease the system's bandwidth while also threatening the user's safety.
Similarly, anisotropy of inertia will perturb the desired trajectory in a high-acceleration

("quick™) move.

For Cartesian configurations, the end-point effective inertia can be calculated
from
le = [g+Im+ T
where
I is effective inertia of structural elements.
I'm is effective inertia of motor.

Itr is effective inertia of transmission systems.

Estimated effective inertia of the Cartesian configuration was derived from the
model described in Fig. 4.15 and experimentation with the Linear friction-drive
prototype (see Fig. 4.20 and Table 4.1). The inertia was monitored from the weight of
the preliminary design of the overhung Cartesian frame in Fig. 4.15. Note that the
inertia of the lower carriage is always greater than that of the telescopic arm (in this case
about four times more) since the telescopic arm is carried on the other axis. The whole

inertia of the X-axis, together with casing, reappears again in the Y-axis.
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Fig. 4.20 Inertia Distribution of Cartesian Frame on the Workspace and

Graphical Comparison to SCARA Frame (small ellipsoid)

Axis Effective Inertia (1bs)
Telescopic arm (Y-axis) 5
Lower carriage (X-axis) 2|

Table 4.1 Estimated Effective Inertia for a Particular Cartesian Frame

One advantage of the Cartesian design is the linearity of inertia as a function of
end-point location; in other words, the inertia ellipsoid of every point in the workspace
remains unchanged. The only undesirable inertia property of the Cartesian frame is
directional anisotropy. Replacing the friction-drive transmission in the lower carriage
would not alleviate the inertia anisotropy problem which is strongly coupled to the
dynamic of Cartesian configuration. For example, implementing a cable drive in place
of a friction-drive will decrease the inertia anisotropy only by 5 percent.

In the SCARA frame, the end-point inertia depends on the type of mechanism,
linkage mass distribution, and location of end-point. A good reason for selecting a five-
bar parallel mechanism as a model (see Fig. 4.21), is that the mechanism has two

additional linkages (Link 2 and 3) to control the orientation of link 4. These additional

75



linkages, link 1 and 4, will essentially increase the inertia of the basic SCARA
mechanism. If the end-point inertia of the five bar parallel linkage remains within the
inertia specification given in Chapter 3, this will guarantee that replacing links 2 and 3
with alternative transmissions ,such as cable or band, will definitely still satisfy the

inertia specification.

Lc4

L1

Fig. 421 Five-bar Parallel Mechanism

The inertia of the parallel mechanism is rather complex and strongly coupled to

the posture, or joint space of the whole mechanism. q and g are angles of the upper
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arm and forearm affixed to a stationary frame as shown in Fig. 4.21. It is assumed that
the lengths of links 1 and 3 are equal and the length of L2 on links 4 and 2 are the

same, forming a parallelogram. Inertia consideration on the parallelogram mechanism is

much less complex than non-parallelogram since angular displacements and velocities -

of links 1 and 3 are always the same as link 2 and 4. Lc1, Lc2, L¢3, Lc4 are locations
of center of mass. Note that although link 1 and link 3 have the same lengths, Lc1 and
Lc3 need not be equal and, thus, need not have the same mass distribution. Mass
moment of inertia of each link about its center of mass are Iy, I, I3, and I4
consecutively.

It is clear that even though there are four links joined together in this
mechanism, there are only two degrees-of-freedom, identified by q1 and q2, which are
angular positions of link 1 and link 2. According to Spong and Vidyasagar,30 the
inertia matrix H(q) represented in joint space Q of the parallel mechanism can be

described by

I1(q) I12(q)

H@ =1, @1

where

111(@ = miLe12+m3Le32+maLl2+11+13
I12@ = Ir1(@) = (m3L2LC3+m4L1LC4)COS(q2-q1)

2 2

+m3L) +m4LC42+12+I4

[22(@) = mpLcp
If the effective inertia of the end-point could be calculated, it would be an
interesting piece of data. According to H. Asada3! one approach for arm design is to

use generalized inertia ellipsoids. The dynamics of a manipulator arm are primarily

30 Spong and Vidyasaga, Robot Dynamics and Control, John Wiley and Sons, New York, 1989
31 Asada H., Arm Design, 2.853 in-class document, Massachusetts Institute of Technology

77



dependent upon the mass properties of each member as well as the kinematic structure.

In Lagrangian dynamics, the inertia matrix can be defined by

T= 1,Q H(@Q

where H(q) is n x n inertia matrix represented in joint space Q = [ql,q2,...,qn]T, and T
is kinetic energy. Matrix H(q) is positive definite thus having all positive eigenvalues
and invertible.

h is momentum of the arm described by

h = H(q)Q

If p is the momenta of the arm reflected to the end-point, we can transform the

momenta with respect to a Cartesian coordinate system fixed in space, so that
h= JTp

where JT is transpose of Jacobian matrix.

Now we can rewrite these equations as another expression of kinetic energy as

where

G =Ja1T
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G is a matrix representing inertial characteristics reflected in end-point motion. Since H
is invertible then G exists regardless of the dimension or singularity of the Jacobian
matrices.

Since H is positive definite, H can describe a quadratic surface by uTHu=1.Tt
turns out that the quadratic is therefore an ellipsoid. This ellipsoid is known as
Generalized Inertia Ellipsoid (GIE)32 reflected to the origin of the Cartesian coordinate.
Similarly, the inverse inertia matrix can be used to find the effective inertia reflected to
the end-point represented in the form of an ellipsoid surface, so called inverse GIE. The
inverse GIE has principal axes diagonally in the inverse inertia matrix. Thus the
principal axes are aligned with the eigenvectors of the matrix and the length of each axis
is the reciprocal of the square root of corresponding eigenvalue. Therefore, the largest
eigenvalue corresponds to the minor axis of the ellipsoid in which the moment of inertia
is minimized in that direction. On the other hand, the smallest eigenvalue corresponds
to the major axis of the ellipsoid in which the moment of inertia is maximized in that
direction.

Effective inertia changes from point to point in the workspace. Therefore, the
lengths of both major and minor axes of the inertia ellipsoids, as well as the direction of
each axis, keep changing as the arm moves from one point to another. Rate of change
of directions of principle axes can be described as the non linearity of effective inertia.

In the above method, Jacobian matrix J of the five-bar mechanism in Fig. 4.21.
is

-Lysinq, Lysinq,
=
Licosq, -Locosq,

H-1(q) is inverse matrix of H(q)

32 Paul, R. P, Stevenson, C. N., Kinematics of Robot Wrists, Int. J. of Robotics Research, 2-1,
31/38, 1983
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Now we can compute G as G = JHUT as

G=+[211ﬁ12}
2
(111122'112J 2lise

where
L sin? O 2 2
hy =L I;sin"q,+2L, Lol ,sinqsing+L51, ;sin"q,
hi,=hy= -Lflzzsinq jc0sq,-L Lol xcosq 1sinqz—Llellzsinqlcosqz-Lgl1 151nq ,€08q
o= Lflzzcos 2q1+2L1Lzllzcosq1cosq2+L%I1 1c0s%q,

The estimated lengths for each link to cover 15X18 inches workspace are:

Br= 16 in: Lci= 8 in.
Lo =" G in: Lea=%a1in.
L3= 16 in. Le3= 8 in.
Lg= 20 in. Leg= 15 in.

Mass and moment of inertia of each link at its center of gravity is estimated based on
using 1.5X1.5-inch aluminium-alloy square tube on all links including joints and

weight of bearings.

Mi= 2 lbs. I1= 132 Ib-in2
Mp= 1 Ibs. Ip=0.13 Ib-in2
M3= 2 lbs. I3= 132 lb-in2
Mg= 4 Ibs. I4= 4.56 Ib-in2

Effective end-point inertia of the mechanism is presented in Fig. 4.22 (a) and (b). The
ellipsoids in Fig. 4.22 (a) are drawn at different radii from the manipulator base at 2 inch

interval from 14 to 26 inches. The ellipsoids at 18 inch radii, which are in
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Fig. 4.22 (a) End-Point Inertia Ellipsoids of Designed Parallel Mechanism



Fig. 4.22 (b) Friction Parallelograms and Inertia Ellipsoids of
Designed Parallel Mechanism
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middle of the workspace, are quite isotopic with major and minor axes of .39 and .30
pounds, respectively. At 14-inch radii, the corresponding ellipsoids show inertia
anisotropy. The difference in the axis, however, is less than 2:1.

Ellipsoids tend to rotate clockwise from the mechanism's pivot to the envelope
boundary and the differences in inertia of each principle axis tends to minimize at 20-
inch radii. In terms of the end-point inertia of the mechanism, working too close to the
manipulator base or to the user would not be as comfortable as the points at about 50
percent reach. Furthermore, all the ellipsoids indicate that the inertia lies within our
specification of 2/3 to 4/3 kilograms without directional anisotropy being more than
2:1. Friction parallelograms and inertia ellipsoids are shown in Fig. 4.22 (b).

In the cylindrical case, end-point inertia and distribution can be illustrated in

Fig. 4.23.

51bs

& 31

W

Fig. 4.23 Inertia Distribution of Cylindrical Frame in the Workspace and

Graphical Comparison to SCARA Frame (small ellipsoid)

The ratio of directional inertia anisotropy is found to be 1:15 with some degrees of

nonlinearity resulting from rotating motion of base joint, As a consequence, in terms of
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inertia, the cylindrical frame is not appropriate for the manual teaching aid's

configuration.

4.3.3 Chapter conclusion

In this Chapter, we discussed many important things about friction and inertia
in mechanisms. All the configurations proposed in the beginning of this Chapter have
potential, in terms of kinematics, to operate and provide motion inside the selected
therapy workspace. If, however, we focus more closely on the end-point friction and
inertia, we can justify and properly select the right configuration.

All configurations are formed with either prismatic or revolute joints. We found
that a prismatic joint has substantially more friction than a revolute joint because the
latter has geometrical advantage to reduce the actual bearing friction reflected to the end-
point. Furthermore, recirculating ball linear bearings are sensitive to friction
fluctuations at low speed. Basically, revolute joints have less end-point inertia and
consume less energy than prismatic joints. When these joints are combined into
kinematic configurations, pure revolute joint configurations still project their advantages
over pure prismatic joint configurations or even combined prismatic-and-revolute
joints. In other words, to provide two degrees of freedom in a horizontal plane, the
SCARA configuration is far advantageous to other configurations, such as cylindrical
or Cartesian, in terms of end-point friction, inertia, and motion smoothness at low
speed.

Pantomec and articulated configurations are strongly coupled to gravitation
force. An active motor command or counter-weight scheme should, therefore, be used
to compensate for gravitational effect in order that the configurations do not collapse.

This is considered unsuitable for a backdrivable system.

84



In conclusion, the SCARA configuration has been shown to be the superior
mechanism over other configurations, such as Cartesian, cylindrical, articulate, and

Pantomec for this particular therapeutic application.
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Chapter 5

Transmission and Actuator Selection
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5 Transmission and Actuator Selection

According to Chapter 3 on configuration selection, the most promising
configuration, having low and uniform end-point friction and inertia for our therapeutic
applications, is the SCARA frame. In this Chapter, the selection and design of the
transmission and actuator is discussed. According to the specifications in Chapter 3, the
electromagnetic actuator is selected as the primary power source since electrical energy
is the most easily available source in hospitals. Although pneumatic and hydraulic
power supplies are obtainable from electricity, they still have unacceptable levels of
noise and vibration. Furthermore, pneumatic and hydraulic systems are generally
massive and "dirty" compared to "clean" electromagnetic actuators. In this Chapter,
various types of electrical actuators and transmission systems are evaluated using the

end-point specification in Chapter 3.

5.1 Linear and Rotary Drives

Electromagnetic drives are produced in both linear and rotary constructions. For
example: linear motors, linear ball screws, friction/traction drives, rack-and-pinions,
direct—drives, cable/band drives, and rotary speed reducer drives. Again, for our
therapeutic application, we have a very strict requirement that the manipulator should be
backdrivable. In other words, the actuator system must comply to the user. This
requirement makes this manipulator design far different from any industrial robots.
Only a few existing transmission systems are applicable. High reduction ratio speed
reducers with high impedance, or mechanisms with high mechanical advantage such as
low-lead linear screws or worm gears are disqualified for this therapeutic robot as they

reflect high resistance in terms of friction and inertia to the user.
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5.1.1 Linear Actuators

Applicable linear actuator systems that meet the backdrivable requirement are
linear motors, friction/traction drives, and rack-and-pinions. Generally, backdrivable
linear actuators are quite massive and space consuming compared to backdrivable rotary
actuators for the same output. For example, a linear motor package which stalls at ten
pound-force weighs thirty to forty pounds33. The heaviest part of a linear motor is the
stator where wires are wound in a slotted bar. Unlike the rotary construction where the
commutation circulates around a ring-shape stator, the linear motor's stator must be as
long as the actuator's "stroke," resulting in excessive weight. Overheating is another
problem for linear motors, a forty pound linear motor can only produce 2 pound-force
for a few seconds before getting overheated.

Rack-and-pinion and friction/traction drives transform rotary motion into linear
motion. Basically, rack-and-pinion systems have a pinion running on a gear-cut bar,
called a rack. If the rack is stationary, the pinion must rotate and translate on the track.
On the other hand, if the pinion is stationary but rotates, the rack with linear guide
(linear bearings) must travel. In either case, rack-and-pinion drives still contribute high
output inertia. For instance, in the case of a pinion pitch diameter of two inches, in
order to produce thirty pound-force, a five to eight pound motor is required. In
addition, precision racks are usually made of hardened stainless steel which, together
with the linear guide, contribute substantial amount of output inertia. Another negative
feature of rack-and-pinion systems is "backlash" or free clearance between two adjacent

gear teeth. Backlash reduces the performance of the control system and degrades the

user's comfort.

33 Northern Magnetic
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In traction and friction drives, power is transmitted between two elements
which are driving and driven by means of a friction force. According to Rivin,34 the
transmission approach is called "friction drive" if no lubricant is applied between the
two elements (e.g. steel-rubber ), while, on the other hand, if lubrication is applied and
power is transmitted through fluid layers, then the drive is called "traction drive."
Typically, both surfaces of friction and traction drives are pressed together with a force
Q by preloading mechanisms to produce friction force fO between contact bodies as

shown in Fig.5.1.
Q

Pt<fQ

Q

Fig. 5.1 Contact Condition of Friction/Traction Drive

In friction and traction drives, sliding always occurs as a natural phenomena between
the two elements. Sliding can be reduced by introducing a preloading factor m at rated

tangential force P

P < fO/m

34 Rivin, E. I, Mechanical Design of Robots, McGraw-Hill, New York, 1988
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where m is normally 1.5 for industrial applications and 2.5 for servodrives. Since
preload O determines the tangential force, increasing Q will result in higher traction
force, causing more structural stress, and also requiring a more powerful preloading
mechanism. It is recommended that f be 0.2 for dry steel-to-steel or steel-to-cast iron
applications and m be 2.5 for servodrive applications.

QO relatesto P as

O =75P ol125F for cylindrical rollers

For special rubber-coated rollers f is higher, up to 1, which gives

O=1l52 ta2 sk for cylindrical rollers

These equations give an idea of the magnitude of the preloading force Q
required for tangential force P. Since Q always exceeds P, the transmission always
requires a powerful and rigid preloading mechanism resulting in high inertia and
occupying large space. Furthermore, friction and traction drives are very sensitive to
dirt, contaminations, and nonuniform wearing of contact surfaces. Initially, friction and
traction drives may provide "backlash free and smooth motion;" however, aging and
nonuniform wear will gradually degrade effectiveness and the motion's quality. In
addition, the linear drive approach suggest the use of linear bearings that have

unfavorable characteristics as described earlier in Section 4.2.2.

In conclusion, we have reviewed several demerits of linear drives such as high

inertia, backlash phenomena, and unsmoothed motion.

90



5.1.2 Rotary Actuators

Rotary drives have been developed and used much more than linear drives.
Rotary drives are currently considered "standard" in most applications since there is
more knowledge, experience, and technology available for this type of actuator. Instead
of producing force and translational displacement as in the linear case, rotary drives
produce torque and angular displacement as outputs. Generally, rotary drives have
infinite travel as shafts can be kept rotating. However, in the linear drive case,
mechanical travel is limited by the "stroke" or the length of linear travel. If a mechanism
is not fully confined to linear motion, implementing rotary drives usually requires less
space. Rotary drives can be categorized into 2 types: 1) Direct and 2) Reduced. Speed
reducers bring down output angular speeds of the actuator, while enhancing output
torque as a reciprocal of the reduction ratio.

For our application with the SCARA mechanism, rotary actuators have some
advantages over linear actuators:

1. The only moving part in a rotary actuator is the shaft which turns and
supplies torque into the system. Hence, when compared to a linear actuator,
the rotary actuator has less reflected end-point inertia due to transmission.

2. Rotary actuators consume less space for this therapeutic application. All
the rotary sensors can be simply installed inside a nice and clean cylindrical
package, unlike linear actuator construction where protrusion of linear rods
increases the package's volume and space.

In conclusion, rotary drives show significant merits over linear drives in terms
of inertia reflected at end-point, space utilization, and potential to provide smooth and
low friction motion. As a consequence, the design of the manipulator should be

focused on implementing rotary actuators instead of linear ones.
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5.2 Impact of Speed Reducer on Transmission Systems

In general, speed reducers are transformers, reducing the speed of prime
movers or actuators into proper speed ranges for the outputs. According to the law of
conservation of energy, output torque from speed reducers will be increased as the
reciprocal of the reduction ratio. For example, internal combustion engine automobiles,
require at least 3 different reduction ratios to allow engines to operate, most of the time,
at maximum torque ranges over wide ranges of output shaft velocities. In other words,
speed reducers extend output shaft speed and torque ranges while allowing its upstream
actuator to operate at a proper angular velocity. Speed reducers also increase output
torque and allow actuators to be smaller and lighter than non-reduced types.

Considering our therapeutic application where the required stall torque is
estimated at 1300 ounce-inch at both shoulder and elbow pivots, both non-reduced
actuators and actuators with various speed reduction ratios are applicable. However, we
need to investigate static friction, effective inertia reflected to the user, together with
weight and ease of actuator's controllability. Table 5.1 compares weight, output rotor
inertia, and static friction due to different "ideal" speed reduction ratios given that each
of the speed reducers, bearings, attached sensors, and any rotating elements in the
transmission system contribute no friction, weight, and inertia to the output shaft. In
other words, Table 5.1 displays each motor's weight, static friction, and the rotor
inertia of the motor reflected to the output shaft of the speed reducer.

In order to give a clearer point of view, Figure 5.2 represents a diagram of the
motor and an "ideal" speed reducer set. The term "ideal" indicates zero weight and
friction contribution from the drive train with a hundred percent transmission
efficiency. The objectives for this Section are to compare impacts of different reduction
ratios from 1:1 to 1:10 on friction, inertia, and weight properties of the motor reflected

to the output shaft.
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Actuator

A J Output shaft

Ideal peed reducer
100% efficientcy
no friction

no backlash

Fig. 5.2 Actuator and Ideal Speed Reducer

In addition to the above assumptions for "ideal" speed reducers and
transmission elements, we pin down the electromagnetic rotary actuator to some
commercially available brands which only differ in technology. Inland Motor provides
both high performance Brushed and Brushless DC motors. These two motors use
conventional construction (radial air-gap). providing low static friction and high torque-

to-weight ratio.
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Table 5.1 Reflected Static Fiction, Rotor inertia, and Actuator Weight

=

No R L

Motor model

Inland's
Brushless DC
RBE 3003-A50
RBE 3001-A50
RBE 3002
RBE 2103
RBE 2102
RBE 1805
RBE 1804
RBE 1505
Inland's
Brush DC
T-7250
T-6205
T-5745
T-6204
T-6202
T-5730
T-5406

Infranor's
Axial air- galp6
MT-2000
MT-1000
MT-600
MT-300

Motor model

PMI's
Axial air-gap7
JR25MBCH
JR16M4CH
JR16M4C
U12M4HA

Static friction3
0z-in

32.0
51.0
36.0
42.0
46.0
47.0
49.8
64.0

1582

16.6

12.0
Static friction3

0z-in

25.0
33.0
66.0
65.0

100% power efficiency

Motor makers, types, and models
Only motors’ static friction reflected to output side
Motors' rotor inertia only reflected to output shaft
Only motor's weight without the reducer
Infranor's Mavilor® DC Servo motors

PMI Motion Technologies JR and U Series

Rotor inertia?
103 oz-in-sec2

128
272
372
320
440
558
677
911

4416
1728
6144
11232
10022
15360
10368

850
1360
1116
1625

Rotor inertiat
10-3 oz-in-sec2

Ideal reducers which introduce no friction with

for Different speed Reducer Ratios
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123
66.4
923
64.3
50.0

48

40
245
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Fig 5.3 (a), (b), (c) Friction, Weight, Output Rotor Inertia for Different Reduction
Ratio

Instead of using radial air-gap, Infranor and PMI designed their axial air-gap motors to
provide very high torques, low rotor inertia, and low friction without torque cogging.
PMI replaced standard cylindrical shape rotors by thin circular disks with built in
electrical conductors running between several pairs of permanent magnets. This design
is very well known for its low output torque ripples and low rotor inertia for high
acceleration applications.

Fig. 5.3 (a), (b), and (c) review the effects of speed reducing. The figures are
constructed from the required torque criteria of 1300 oz.-in continuous. For one
particular reduction ratio, the corresponding actuators are selected from each motor

construction, then output shaft friction, inertia, and weight are calculated and plotted for

each construction category.
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Output static friction of Brushed, Brushless, and Infranor motors increases with
reduction ratio. The effect of a speed reducer in multiplying the actuator's static friction

is much greater than the reduction of static friction of the next smaller actuator. Increase

In static friction is notably more rapid for Brushed DC motor than for any other type of

motor, which is caused by friction due to the brushes. Infranor's axial air-gap motor
seems to be independent of the reduction ratio. In addition, its static friction is constant
at about 15 ounce-inch for 1:1 to 1:5 reduction ratio. Axial air-gap construction tends to
be superior than radial air-gap construction in terms of static friction.

Output rotor inertia seems to be quite low for Infranor, PMI, and Brushless
motors. However, the inertia values for brush type motors are substantially different
from the others and increase rapidly with increment of reduction ratio. In fact, inertia of
Brushed motor is unacceptably high and greatly reduces its chances for the proposed
actuator and transmission for the designed robot.

Motor weight seems to be another interesting parameter. Both Infranor and PMI
axial-air-gap have high weight because their constructions require several pairs of
strong and massive magnets to compensate for field losses. If we compare the weights
of motors with a 1:1 reduction, PMI and Infranor's weight are nine and seven times
larger than Brushless DC motors, respectively. Excessive weight of the axial air-gap
design restricts mobility of the robot and impedes its adaptability to the manual teaching
aid.

Brushless DC motors seem to have a higher overall rating than any other motor
in terms of the reflected inertia, friction, and weight. In a Brushless DC motor, ideal
speed reducers have tremendous effects on the weight and sizes of motors. Direct-drive
or 1:1 reduction requires a 123 ounces motor for our toque requirement. As the
reduction ratio increases, weight is drastically reduced by three times with 6:1
reduction. In case of rotor inertia, increasing the reduction ratio brings up the reflected

rotor inertia of output shaft. The 6:1 reducer increases the output inertia by almost
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seven times that of the direct-drive configuration because the square of reduction ratio is
multiplied by the motor's output inertia (see Fig 5.3 (¢) ). However, static friction
increases only slightly over a 1:1 to 10:1 reduction ratio range (see Fig. 5.3 (a) ).

Considering that actual reducers always contribute static friction, inertia, and
weight to a transmission system, it is not clear that use of speed reducers may be more
beneficial than a direct-drive approach. Reducer's weight is substantial and may be
much more than the difference in weight between a large motor and its next smaller
size. In other words, it might not be true that a speed reducer can decrease overall
transmission weight and, in fact, may worsen the situation. Additional inertia
contributed by a speed reducer will increase the output shaft's inertia. If we consider
the fact that reducers always introduce static friction and inertia, we can simply
conclude that we do not gain any benefit by using a speed reducer for our application.
Furthermore, speed reducers generally introduce undesirable characteristics such as
backlash, and cogging. These problems are very difficult to overcome with the existing
technology.

In terms of reflected output inertia, friction, and weight, DC Brushless motors
have higher overall ratings than any other motor types. Instead of the typical wound
rotor, Brushless motors have a wound stator which surrounds permanent magnet
elements on the rotor, an inverse arrangement from that of brushed motors. Stator
windings are electronically commutated instead of using conventional brushes and
commutators. Disappearance of brushes and commutators eliminates brush friction and
improves torque response characteristics. In addition, heat can dissipate away more
quickly from coils in the stator than from rotor coils, thus, for a given continuous
torque rating, a Brushless motor requires less winding space than a corresponding
brushed motor, resulting in smaller package with higher efficiency. Replacing rotor
coils, brushes, and commutators with high performance magnets eliminates arc

problem, thus, decreasing maintenance and downtime cost.
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Brushless motors offer several advantages of the Pulse Width Modulation
(PWM) technique that allows the motors to be operated very efficiently. One drawback
of Brushless motors is its slightly higher cost than brushed motors due to the presence
of complex solid-state power switches in amplifiers. However, if accounted for energy,
maintenance, and downtime costs, Brushless motors may even cost less than
conventional Brushed types. Furthermore, switch cost continues to drop, in part
because of increased use of MOSFET technology and insulated gate type switches.
Costs are also dropping for ICs used in commutation, feedback interpreting, and PWM
circuits.

Brushless motors have proven their effectiveness in several robotic
applications. One major concern of Brushless motors in a direct-drive system is torque
ripple or cogging. However, several robotic researchers have successfully reduced
torque ripple to 1.5 percent33 to 0.1 percent36,

In conclusion, Brushless DC motors have shown their advantages over
Brushed motors in terms of reflected friction, inertia, weight, efficiency, and size of
package. In practice, Brushless motors have successfully been implemented on various
robotic applications especially on direct—drive platforms. Therefore, our design
decision should be made towards adopting Brushless motors as primary actuators with

non-reducer transmission approach.

5.3 Direct-Drive Versus Cable drive
Up to this point, direct-drive actuation is the leading contend. It is crucial that a
direct-drive design be effectively implemented at the shoulder joint of the selected five

bar parallelogram mechanism. However, implementing a direct-drive actuator on the

o

A A oraue Con
MIT SM Thesis (Artificial Intelligence Laboratory), 1987.

36 Levin, M. D., Design and Conirol of a Closed-Loop Brushless Torque Actuator, MIT SM Thesis
(Artificial Intelligence Laboratory), 1990.
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elbow joint is questionable as it substantially increases effective inertia of the end-point.
Furthermore, it is not preferable that the upper arm should support the moment caused

by the weight of the elbow actuator as well as the payload at the end—point.

Actuator
Ac uator
Upper
am
Upper
am ) Tension media
Linkages
Foream
Foream

Fig. 5.4 Five-Bar-Linkage and Cable Drive for Forearm

It is advantageous that the elbow actuator be stationary, while transmitting torque to the
output through some kind of 1:1 transmission such as as shown in Fig. 5.4. The task is
now to evaluate the two methods to actuate the forearm.

Light weight linkages, which induce low friction, are achievable. Tension
drives prove their effectiveness in various applications such as the Salisbury hand37

and WAM38 (Whole Arm Manipulator). However, these robotic applications are far

37 Three finger hand developed by Prof. Kenneth Salisbury, Artificial Intelligence Laboratory,
Massachusetts Institute of Technology.

38 Four degrees of freedom articulated configuration built by William Townsend, Massachusetts
Institute of Technology.
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different from that of the manual teaching aid. One good idea is to make a preliminary
design of a cable drive and five-bar-linkage for the elbow joint then compare their

friction and inertia.
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Fig. 5.5 Preliminary Design of Tension Drive for Forearm

Figure 5.5 illustrates a preliminary design of a cable drive model. The tension
media needs pre-tension before being subjected to load. Pre-tension stress on the media
must be more than the necessary tension. When one side of the media is subjected to
load,the other side still must have sufficient tension to prevent slip. According to

Townsend3?, it is recommended that pre-tension be set at 1.5 times the rated torque

tension.

39 Townsend W.T., ¥ ission Desi orce- 7
Performance MIT PH.D. Thesis, 1984
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Assumptions 1. Required torque is 1300 ounce-inch or 81.25 inch-pound
2. Pretension at 1.5 times the required torque
3. Static friction coefficient p of each bearing is 0.003
4. Cable: AB092 aircraft cable with diameter (d) = .094 inches
diameter (Maximum tension 960 1bf)

5. The cable induces no rolling friction

Since the reduction ratio is 1:1, the diameters of both pulleys (D) are equal. If D
is selected to be 2 inches, the ratio between D and d is 21.3 which is more than the
minimum recommendation of 14.

Consider the case that L and P are set to 1 and 2 inches respectively. Pre-
tension force on each side of tension media can be found to be 1.5 times the tension that

would produce the required torque on the pulley, Fig. 5.6.

ol i
S

Fig. 5.6 Pre-Tension Force on Cable

Therefore pre-tension forces F1 and F2 are

F,=F,= 1.5(81—-22&) = 121.9 Ibf.
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Bearing load on each pulley would generate friction f of

£=2uF 32 1) = 2.2 1bt.

Where P/L is set at 2.

If the bearing pitch diameter is 1 inch then the generated friction on the pulleys (1) are:
t=2(£)(0.5) = 2.2 in-lb'= 35.2 oz-in.

As compared to the motor friction of (.44 inch-pound, cable drive contributed a
large portion of friction torque of d 2.2 inch-pound which is considerably higher (or
83.3 percent of overall friction) compared to the linkage approach. High pre-tension
force is the most negative feature of cable drive. The pre-tension introduces bearing
load which induces friction torque, degrading the performance of the cable drive. In
addition, not only does pre-tension increase internal friction, it also generates internal
stresses, in the form of bending moment, in the arm mechanism.

In conclusion, the elbow actuator should be stationary and installed at the
shoulder joint to minimize inertia and momentum of the arm mechanism. Power from

the actuator is to be transmitted by mechanical linkages to the forearm.

5.4 Bearing Selection

Bearings play an important role in low friction and low speed applications.
Linear speeds at pitch lines of each bearing determine speed classes. Low speed
bearings have a pitch line speed lower than 500 feet per minute. Pitch speeds between
500 and 3,000 fpm (feet per minute) are generally considered to be mid-range bearings.

Bearings with pitchline speeds of 3,000 fpm or more are considered to be high speed



bearings#0. In general, larger pitchline diameter bearings are allowed to turn at lower
angular velocity than those of smaller pitchline diameter bearings. Performance
requirements for low speed bearings can be defined by ten basic bearing parameters.
The parameters are: rotational accuracy; stiffness; load capacity; resistance to vibration
and shock; resistance to hostile environments; frictional torque characteristics;
maintenance; service life; motion characteristics; and reliability.

The manual teaching aid's therapeutic tasks can be categorized as a low speed
where friction torque characteristics, rotational accuracy, and motion characteristics are

the primary concerns.

5.4.1 Bearing Friction

Roller bearings generally have low friction. However, the friction varies from
one type to another due to different degrees of sliding and rolling. Major rotational
resistance in roller bearings is caused by rolling, sliding, and lubricant friction. Rolling
friction occurs when the rolling elements (balls or rollers) roll over the race way.
Sliding friction is a result of the guiding mechanism between the race way's lips and
the rolling elements' surface. Lubricant friction is internal friction caused by
hydrodynamic and shear stress of the lubricant during action. For most applications,
bearing friction is negligible compared to the transferred torque. However, in our
application, friction is a key parameter to determine the system's performance. Ideally,
the device should have as low friction as possible, low magnetic cogging, and low drag
torque. Wise bearing selection will definitely improve the system's performance and

eventually the interaction between the manual teaching aid and the users.

40 Eschmann, P., Ball and Roller Bearings, 2nd. Ed., John Wiley and Sons, New York, 1985
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Rolling contact friction is a complex phenomenon resulting from elastic
hysterisis and associated sliding resistances. Deformation of the raceway and a rolling
element are shown in Fig. 5.7. Both bodies are deformed due to load concentration at
the contact area. The roller is depressed while the raceway is stretched. The
deformation difference in each body causes sliding, thus creating friction during rolling
motion.

Another important component of rolling friction originates from hysterisis of the
material. During the rolling friction movement, the section ahead of the material are
deformed. Part of the energy required in the deformation process is only recovered
behind the rolling element - the rest transforms to heat. Ball bearings with three or four-
point contacts exhibit greater friction than typical two-point contacts. Moreover, a ball
bearing with closer curvature-conformity of balls and groove introduces higher friction
than a looser curvature-conformity. The size of the contact angle also determines the

friction since the spinning friction grows with larger contact angles.

Original raceway form

Original rolling

ekment form

Fig. 5.7 Deformation of a Rolling Element and the Raceway
in the Direction of Rolling Motion
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Fig. 5.8 Motion in cageless bearings

Sliding friction occurs at guiding surfaces of the cage, the raceway lips, and
between adjacent rolling elements in a cageless design (see Fig. 5.8). Roller bearings
always introduce more sliding friction from the raceway's lips than deep groove ball
bearings. Nevertheless, sliding friction is generally small under normal operating
conditions with good lubrication. However, friction considerably increases with poor
lubrication and contamination. Cageless designs normally have more sliding friction
than caged bearings since each rolling element rubs its adjacent elements which are
rotating in opposite directions.

Lubricant friction depends mostly on the amount, viscosity of the lubricant, and
speed of angular motion of the shaft. Lubricant friction at low speed is generally low
but substantially higher when speed increases. Furthermore, friction is higher when a
large amount of lubricant is pumped into the bearing. In the case of grease lubrication,
higher friction is expected when the bearing is filled up with grease with not enough
room at the sides to take up the excess. Excessive amounts of grease are then worked
by the cage and rolling elements leading to increased friction. In fact, over- lubricated
bearings introduce more friction and may be worse than insufficiently lubricated ones.

One way to measure resistance is to determine the torque needed to overcome
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internal friction in bearings. The torque is referred to as frictional torque M. According

to Ball and Roller Bearings#! the friction coefficient L is defined as

u = 2M/(F*d)
where

M = total friction torque of bearing (N-mm)

F = resultant bearing load (N)

d = bore diameter (mm)
Bearing type Friction coefficient
Deep groove ball bearings 0.0015-0.003
Self-aligning ball bearings 0.001-0.003
Angular contact ball bearings, Single row 0.0015-0.003
Angular contact ball bearings, Double row 0.0024-0.003
Cylindrical roller bearings 0.001-0.003
Needle roller bearings 0.002
Spherical roller bearings 0.002-0.003
Tapered roller bearings 0.002-0.005
Thrust ball bearings 0.0012
Spherical roller thrust bearings 0.003
Cylindrical roller thrust bearings 0.004
Needle roller thrust bearings 0.004

Table 5.2 Friction Coefficient p for Various Rolling Bearings
Source: Ball and Roller Bearings, Eschmann

Table 5.2 represents friction coefficients for various bearing types. Cylindrical
roller, self-aligning, and trust ball bearings seem to have the lowest friction coefficient
among all other bearings. However, they are not applicable for the use with combined
axial and radial loads. Single row deep groove and angular contact ball bearings are
applicable for the use with both radial and axial forces.

Single row deep groove ball bearings are a common type of bearings. The
raceway grooves on both the inner and outer rings have circular arcs of slightly larger

radius than that of the balls. The bearings can sustain both radial and axial loads. In

41 Eschmann, P., Ball and Roller Bearings, 2nd. Ed., John Wiley and Sons, New York, 1985
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general, single row deep groove ball bearing have low frictional torque since their
design minimizes the contact areas and allows the balls to wade into the lubricant more
efficiently. In addition, geometrical precision in the deep groove ball bearings is much
easier to achieve than in any other type. Single row deep groove ball bearings are more
suitable for low friction, low vibration, and low noise.

In single row angular contact bearings, the raceways are arranged such that the
forces from one side of the raceway are transmitted to the other in a certain contact
angle (commonly available at 40 degrees). Due to the greater contact angle, single row
angular contact bearings are better qualified to sustain high axial force than single row
deep groove ball bearings. However, they can sustain radial loads only when
simultaneously subjected to axial loads. If axial load is not constantly applied or the
ratio between radial and axial loads exceeds the limit allowed by the contact angle, two
angular contact bearings need to be arranged in opposite orientations for mutual axial
support.

Features Deep groove Angular contact

ball bearings ball bearings

Radial load Good Good
Axial load Fair Good
Combined load Good Very good
High speeds Excellent Excellent
High accuracy Excellent Excellent
Low noise Excellent Fair
Low friction Excellent Good
Angular mis- Good Poor

alignment

Table 5.3 Comparison of Deep Groove and Angular Contact Ball Bearings
Sourece: NSK ball and roller bearings

In addition, an axial preload must be implemented to obtain satisfactory load

distribution and rolling conditions. Practically, single row angular contact ball bearings
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are suitable mainly for carrying high axial loads at high speeds with minimum radial

forces such as spindle applications.

Table 5.3 compares deep groove and angular contact ball bearings in terms of

various features. If we look into our application, the radial load for bearings is

estimated to be much more than the axial load (30 times). Furthermore, what we really

need to have is low friction and low angular misalignment with high accuracy.

According to SKF's engineering data, an accurate estimation of bearing friction

torque at slow speed can be obtained using equation

Where

M = 0.083f P pd . +1.88x10 2,

M is friction torque in foot-pounds
Py’

Co
P 1s static equivalent load, Cis basic static load rating
z and y are obtained from table 5.4

Ps =F, or 0.9F cot o - 0.1F, whichever value is greater
a 1S the bearing contact angle

F,1s thrust load, F.is radial load

f1s obtained from Table 5.5

d,, is the bearing mean diameter

f1= Z

Ball bearing type contact angle o Z y
Deep groove 10 00009 055
Angular contact 40 0.0013 0.33

Table 5.4 Load Torque Values, z and y , for Ball Bearings
Source: SKF Engineering Data, SKF Industries, Inc., 1973

Bearing type Vertical Mounting
Single row deep groove  3.0-4.0
ball bearing
Single row angular contact 4.0
ball bearing

Table 5.5 Viscous Torque Factors
Source: SKF Engineering Data, SKF Industries, Inc., 1973



Consider a case where dp,, f;, Fr, and Fa of deep groove and angular contact ball
bearings are equal while both bearings have a static load rating (Pg = Cp). As
mentioned earlier that, in our application, Fr is 30 times F, , so Pg must be equal toik,:
Therefore, M depends only on the value of z which is less for deep groove ball
bearings. We can conclude from the SKF's bearing friction torque that single row deep
groove ball bearings have less friction than angular contact ones in our application.
Therefore, single row deep groove ball bearing seem to be more favorable than

single row angular contact ball bearings.
5.4.2 Lubricant Selection

In most applications, a standard lubricant, grease, or oil of various consistency
or viscosity provides a reliable lubrication. However, there are some applications where
a special lubricant is necessary. Grease-lubrication is more common for simple
applications since it does not require special sealing and is applicable to both the vertical
and horizontal axes. Grease also provides protection against contamination into
bearings. Grease is classified by the grease thickener and the base oil used. The amount
of grease thickener and the base oil determine the consistency of the lubricants. Oil-
lubrication is always used when bearings are subjected to high temperature since oil is
capable of transferring heat from the bearings through forced circulation. However,
even under normal load and temperature, bearings are often lubricated with oil.
Frequently, lubricant selection depends on the bearings' environment. For example,
bearings in a gear train are lubricated with oil because gearwheels require oil lubricant.
If oil is used for lubrication, special sealing and an oil circulation system must be
considered, especially with vertical and inclined shafts.

In general, when bearings are not subjected to vital temperatures and speed,

grease lubrication is preferable. For our robotic application, grease lubrication has

110



substantial advantages over oil lubrication since it does not require complicated sealing
as oil-lubrication does. However, there are many different types and classes of grease
lubricants available for different purposes. Properly selected grease will not only reduce
static friction but also provide smooth motion.

It is recommended that a low friction running condition be achieved by using
low viscosity, synthetic base oil, with penetration number 2. This special grease is soft
providing the lowest internal lubricant friction. Some criteria for grease selection as

shown in Table 5.6 and 5.7.

Some criteria for grease selection Grease characteristics
Running Low friction Grease with low viscosity
properties synthetic base oil; penetration
number 2
Low noise level Filtered grease with high
viscosity base oil
Operating Inclined or Grease of penetration number 3;
conditions vertical axis grease thermal stability must
exceed operating temperature
For-life Grease retaining its consistency;
lubrication grease thermal stability must
exceed operating temperature

Table 5.6 Criteria for Grease Selection42

Grease Base Temperature  Resistant to Anticorrosive  Water Remarks

thickener oil range to ageing properties resistance

Lithium Diester -50/+120 Very good Good with stable upto low-temp. grease;

oil additive approx. 90C also good for high
speed;low friction

Table 5.7 Properties of Recommended Grease for Low Friction Running Applications
(NSK Ball and roller bearings catalog)43

42 Deutshchman, A., Micheals, W., Wilson, C., Machinery-Design, Macmillan
Publishing Co., Inc. New York, 1975

43 NSK Ball and roller bearings, Nippon Seiko K.K., Japan, 1986
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In conclusion, single row deep groove ball bearings were selected for the
proposed machine, while a lithium thickener synthetic oil base with low viscosity was

chosen as the lubricant.

5.5 Chapter Conclusion

In this Chapter, we found that brushless DC motors with direct-drive
transmission are promising for our therapy application in term of end-point reflected
friction, inertia, and overall weight of the system. In addition, single row deep groove

ball bearings with lithium oil base will facilitate low friction joints.

nie
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Chapter 6

Sensor Selection



P14
6 Sensor selection
6.1 Position Sensors

Position sensors are extremely important for the functioning of the robotic aid.
The servo controller requires position information to properly commutate each phase of
the stator winding corresponding to the rotor's position. Perfect synchronous
commutation sequence results in minimum torque ripple of the Brushless motors. The
controller also needs precise position information, velocity, and force feedback for its
control algorithm. However, our experience with a similar robot*4 shows that a
resolution of at least 16 bits is required to correctly determine the interaction force
between a human and a machine.

Our criteria for choosing a position sensor are: 1) Low friction 2) Light weight
(less than 2 pounds) with acceptable dimensions ( less than 4 in. OD and 3 in. thick) 3)
At least 16 bit resolution with high accuracy 4) Absolute position information 5) Good

repeatability 6) Compatibility with brushless DC motor controller.
6.1.1 Position Resolutions

Table 6.1 illustrates position resolutions in terms of binary bits, angles, and
minimum end-point resolution based on a 30 inch arm length.

13 binary bits of information is not sufficient to determine the directions of
force at the manipulandum end-point. Therefore, we should consider a position sensor

which is, at least 16 bits.

44 Ernie Fasse and his work in Bizzi Lab, Massachusetts Institute of Technology
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No. of bits  Resolution Arc minutes Arc. seconds End-point resolution
™) 2Ny / rev. / bit / bit ( inches)
10 1024 21.09375 1265.625 0.1841
11 2048 10.54688 632.8125 0.0920
12 4096 5.273438 316.40625 0.0460
13 8192 2.636719 158.20313 0.0230
14 16384 1.318359 79.10156 0.0115
15 32768 0.659180 39.55078 0.0058
16 65536 0.329590 19.77539 0.0029
17 131072 0.164795 9.88770 0.0014
18 262144 0.0823997 4.94385 0.00072
19 524288 0.041199 2.47192 0.00036
20 1048576 0.020599 1.23569 0.00018

Table 6.1 Resolutions of Position Sensors

Table 6.2 lists commercially available absolute position sensors with their

resolutions and price ranges. Only high-accuracy absolute optical encoders and high-

accuracy resolvers or synchros meet our resolution requirements.

Position sensor type

Absolute resolution

Remarks

High-accuracy abs. optical encoders
High-accuracy resolvers/synchros
Medium-accuracy optical encoders

Selected resolvers/synchros

Standard resolvers
Typical absolute optical encoders
Typical Incremental optical encoders

Absolute contact encoders
Incremental contact encoders

1:2 arc. sec.
J.arc: sec.
23 arc; sec.
3 arc. min.
7 arc. min.
11 arc. min.
11 arc. min.
26 arc. min.
26 arc. min.

Very expensive
$2,000

$2,500/bin output
$425 with $225 R/D
$340 with $225 R/D
$400 / bin output
$200 / bin output
$675 / bin output
Pulse output

Note: For all resolvers, absolute resolution also depends on resolver-to-digital converter

Table 6.2 Comparison of Position Sensors
Source: Machine Design, 1990 Systems Design Reference Volume, Penton, 1990

6.1.2 High-Accuracy Optical Shaft Encoders

Rotary optical encoders are very common for position and motion sensing.

Encoders have discs or plates containing slots or transparent segments moving between

LED's or detectors (see Fig 6.1). Code discs are usually made from glass and thus are



not likely to operate in a harsh environment or on a mobile system with high
acceleration and/or vibration.
Position information is derived from the number of light pulses or light pulse

codes. There are two basic encoder styles: absolute and incremental.

Shaft

Light Source

Coded or Sloted
Disc

Light Sensor

—’

Fig. 6.1 Optical Encoder Construction

An absolute encoder contains multiple light sources and detectors, sensing a
disc of multiple tracks of slots. For each position, the detectors sense a unique set of
codes so that the shaft position could be absolutely determined. Tracks on absolute
encoders are generally arranged to give out a binary output called Gray Code as a single

bit changes at a time. Therefore, the maximum error of the encoder is only 0.5 bit.
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Absolute encoders will provide information even if power to the encoder is interrupted
and then restored.

Incremental encoders determine the angular position by using a datum from a

particular slot as a reference and measuring the number of counts away from that slot. -

The reference information is kept in a RAM unit, which vanishes if the encoders are
shut down. Incremental sensors require calibration every time the system is started up,

and are not suitable for our robotic aid.

6.1.3 High-Accuracy Resolvers and Synchros

Synchros are similar in construction to three-phase wound-rotor motors. The
rotor has a single phase winding, while the stator has three windings arranged 120
degrees apart. In operation, the rotor of a synchro is energized with an AC voltage,
usually between 400 to 1200 Hz. The voltage induced on the three stator windings are
precisely related to the angle of the synchro rotor, and each induced voltage on the
stator windings 1s 120 degrees apart.

Resolvers have a similar construction but with a different stator offset angle.
The resolver's rotor has a single winding while the stator has two windings at a 90
degrees offset. When the rotor is excited with an AC reference signal, the stator
windings produce AC voltage outputs that vary in amplitude according to the rotor
position. Since the two stator windings are 90 degrees apart, the output phase
difference between each winding is also 90 degrees. In other words, resolvers produce

sine and cosine outputs in which amplitudes vary according to the rotor position (see

Fig. 6.2).
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Stator Wiring A

Shaft

Rotor Wiring

Stator Wiring B

Fig. 6.2 Resolvers Construction

Most resolvers generate unique output signals for each of the 360 degrees of
rotor revolution. These resolvers are known as single speed resolvers. If the number of
pairs of stator windings is increased, the electrical output cycles per mechanical
revolution will be increased, and then they are called multispeed resolvers. For
example, a two speed resolver has two pairs of stator windings and there are two
output cycles for each rotor revolution. Multispeed resolvers are more accurate than
single speed ones for the same outside dimensions. Therefore, multispeed resolvers are
always used in high resolution and accuracy applications. Typical accuracy for existing
multispeed units is 20 arc. seconds for 36- and 64-speed, 30 arc. seconds for 16-

speed, and 60 arc. seconds for 8-speed.
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The advantages of resolvers are: 1) Resolvers can be mounted to measure the
shaft rotation in a hostile environment while allowing the electronics to be located in a
less hostile area. Signal transmission requires only four signal lines for a single speed
and eight signal lines for a high precision multispeed resolver; 2) Resolvers provide
signal isolation and a common-mode rejection of electrical interference.

The disadvantages of resolvers are: 1) resolvers require an AC input signal. 2)
Resolver's analog output must be discretized to digital output if it is interacting with
digital systems. 3) Resolvers, especially higher-accuracy types, are expensive.

Resolver interfacing technology from an analog to a digital signal has been
developed by several companies such as CSI45 and Analog Devices#0. At present, 12-
to 20-bits resolver-to-digital converters (R/D) are commonly available in the motion
control market. A combination of a high-accuracy resolver and a 16-bits R/D can
provide absolute position information with 20 arc. seconds resolution and 30 arc.
seconds accuracy. One important positive feature of this resolver and the R/D converter
is that velocity is measured as a by-product. If this velocity signal is clean and reliable,
then there will be no need for a tachometer, thus, reducing the package size and
complexity of both the hardware and software of the manual teaching aid.

In conclusion, high-resolution resolvers have shown positive features over
high-resolution encoders in terms of a robust working environment, and velocity
measurement as a by-product. The life time of resolvers is also much greater than that

of encoders.

45 Control Sciences Incorporated, 9509 Vassar Ave., Chatsworth, CA 91311, U.S.A.

46 Analog Devices, Motion Control Group, Central Avenue, East Molesey, Surrey,
KT8 0SN, England
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6.2 Angle Measurement Using Resolvers

There are several methods of using a resolver to obtain precise shaft angle

positions.

6.2.1 Direct Angle Technique

In this method, the rotor winding is excited by an alternating signal and the
output signals are taken from the two windings in the stator. Both outputs have nearly
the same time-phase angle as the original signal. However, their amplitudes differ by
sine and cosine modulation caused by the position. These outputs can be fed into any
R/D converter or an analog device such as a resolver chain. Nevertheless, the error
sources from direct angle technique depend on the resolver's accuracy and the

converter's accuracy and resolution.

6.2.2 Phase Analog Technique

In this method, the two stator windings are excited by signals that are in phase
quadrature to each other. This induces a voltage in the rotor winding with an amplitude
and a frequency that are fixed and a time-phase that varies with the shaft angle. The
method is referred to as the "phase analog technique." This method has been widely
used since it can be easily converted to produce a digital signal by measuring the change
in phase shift with respect to the reference signal.

However, the accuracy of this method depends on where the crossover (where
the sine signal changes from positive to negative) takes place. A source of error for this
method is the noise generated by the environment. This affects the point where the

crossover occurs resulting in wrong shaft angle position.
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6.2.3 Sampling Technique
The sampling technique takes a sample from both sine and cosine signals at the

point where the peak reference input occurs. The signals are then converted to digital

signals by an analog to digital converter. The resulting digital words are used as a -

memory address to "look up"” the shaft angle.
However, the technique is unable to deal with noise. If noise is picked up in the
signal lines during the sampling period, the resulting shaft position reading will be

wrong.

6.2.4 Tracking Resolver-to-Digital Converter

The tracking conversion technique overcomes all the difficulties of every
technique described above. Modern resolver-to-digital converters are now cost-
competitive with other methods and provide superior accuracy and noise-immunity. A
tracking converter works ratiometrically. It uses only the ratio of the sine to cosine
outputs of an excited resolver rotor. Since resolvers work like transformers, any
excitation waveform distortion or amplitude variation appears in both sine and cosine
output in the correct ratio and has little effect on the accuracy. A tracking converter
contains a phase modulator. Therefore, frequency variation and incoherent noise do not
affect accuracy.

Some of the resolver-to-digital converters are more sophisticated. Instead of
using a single resolver, they combine a "virtual" resolver to help track position data (see
Fig. 6.3). Figure 6.4 illustrates two resolvers (A and B). Resolver A will act as a

transmitter. The resolver is excited and produces sine and cosine outputs as usual.
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Fig. 6.3 Equivalent Resolver Schematics

R4

Fig. 6.4 Basic Resolver Tracking System

If the transformation ratios of resolver A and B are equal to 1.0 then the output

to input signal amplitude of each resolver are equal. The output of resolver A is:
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Es3-s1 V sin (A)

Es2-s4

V cos (A)

where V is the excitation voltage applied to resolver. In other words, resolver A
multiplies input voltage V by a sine and cosine of the shaft angle.
If resolver B is connected to resolver A as shown in Fig. 6.4, then the resolver

B's inputs are:

Es2B-s4B V sin(A)

V cos(A)

Es1B-s3B

Resolver B is now acting as a control transformer resolver, multiplying the
Es1B-s3B by sine and Eg2B-s4B by cosine of its shaft angle B. In other words, the
sine output of A is about to be multiplied by cosine B and the cosine output of A is

about to be multiplied by negative sine of shaft angle B. Therefore, the outputs of

resolver B are:

ER2B-R4B V sin(A)cos(B) - V cos(A)sin(B)

V sin(A-B)

If the rotor of resolver B is tuned until the angle agrees with the angle of
resolver A, it may be seen that the output of resolver B would go to zero. Even if the
amplifier's error is added to both resolvers A and B, the position of shaft B would be
driven continually to agree with the positioh of shaft A.

However, if resolver B is replaced by an electronic resolver which performs
sine and cosine multiplication with 'tracking' unit for the shaft angle difference, then its

scheme can be illustrated as in Fig. 6.5.
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Fig. 6.5 Solid State Tracking Resolver

The shaft of resolver B is replaced by a set of up/down counters which store angle B
and control the sine/cosine multipliers in the solid state circuit. The output of the VCO
(Voltage Controlled Oscillator) "drives" the counters until input and output angles
agree. The servo amplifier in resolver B is replaced by a synchronous demodulator and
integrator that provide a DC error signal to the VCO.

A tracking converter contains two integrators. The first is a conventional analog
integrator, and the second is an incremental integrator implemented by the up/down
counters. Since the tracking converter consists of a closed loop system with two lags, it
forms a type II servo system. The converter system exhibits negligible delays with

velocity and only minor delays with acceleration. The input to the VCO is proportional
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to velocity, and the input to the integrator is proportional to acceleration. Both may also

be provided as auxiliary outputs in addition to position information.
6.2.5 Dual Converters

Dual converters are used to decode multispeed resolvers?7. Generally, one set
of multispeed resolvers consists of a single speed (coarse speed unit) and a higher
speed (fine speed unit). The coarse speed unit supplies an approxirﬁate non-ambiguous
rotor position signal to the demodulator. When the output error of the coarse channel
drops below a preset threshold, the cross detector switches the fine channel error signal
into the demodulator. The error angle is multiplied by the speed ratio of the resolver.
This increases the voltage sensitivity and enables the servo system to seek a more

accurate null. The converter continues to use the fine error signal for continuous

tracking.

In conclusion, for sampling methods of the resolver, the tracking-resolver-to-
digital-converter has more advantages in terms of accuracy, noise immunity, and
capability to provide both velocity and acceleration among all the methods described
above. In addition, the sampling method is now commercially available with 10 to 20
bit information that is adequate for the robotic aid application. Some of the resolver-to-
digital converters also provide dual tracking together with tracking resolver-to-digital

converter method, thus, providing much higher accuracy for position information.

47 Resolver construction which has two different speed resolvers in one unit
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6.3 Position Sensor Selection

Resolvers have shown their advantages over other type of position transducers
since most of the DC Brushless motor controllers usually take analog signals from a
resolver for commutation switching. Further, high-accuracy resolvers are able to
provide sufficient absolute position data in terms of accuracy and resolution up to 20

arc. seconds (16 bits).

6.3.1 Resolver-to-Digital Converters Selection

Before we select a resolver, we have to investigate the availability of the
resolver-to-digital converter (R/D converter). Two common high accuracy R/D
converters are produced by Analog Devices and Control Sciences Incorporated (CSI).
However, there are some substantial differences in detail between the two brands.
Analog Devices produces several models of single chip R/D converter ranging from 10
to 16 bits. Each model differs in accuracy grades from 29.22 to 2.33 arc. min. with a
tracking resolver-to-digital converter scheme. Similarly, Control Sciences Incorporated
supplies families of high accuracy R/D converters with single speed and two speed
resolvers (Dual tracking). The families provide a range of 10 to 20 bit resolution with 7
arc. seconds to 30 arc. min. accuracy. CSI's dual tracking R/D converter can increase
the output accuracy substantially (see Table 6.3).

Table 6.3 presents the comparison of various models of resolver-to-digital
converter produced by Analog Devices and CSI. A single speed resolver cannot give an
accuracy better than 1.3 arc min. as our requirement. However, by implementing 2-
speed tracking (Dual tracking with 2-speed resolver), the accuracy can be substantially

increased to 20 arc. second which corresponds to the least significant bit (LSB) of 16-

bit information.
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Maker Model Resolution Accuracy Tracking rate Remark
(Bits) (rps)

Analog AD2S80 16 2 arc min 0.51 Single speed

Devices AD2S882 16 2 arc min 0.51 Single speed
AD2S83 16 8 arc min 0.51 Single speed

CSI 168H100 16 1.3 arc min 3 Single speed
168H200 16 3.5 arc min 5 Single speed
168H800 16 1.3 arc min 8 Single speed
168F500 16 24 arc min 2 2-speed
168H503 16 20 arc sec 3 2-speed
168K400 16 20 arc sec S 2-speed
168K500 20 7 arc sec 0.33 2-speed
168M 500 16 20 arc sec 3 2-speed

Table 6.3 Resolver-to-Digital Converter Performance

Even though CSI produces several models of 2-speed R/D converters, there are
5 models likely to be applicable to our machine. The 168F500, 168H500, 168K400
series provide 16 bit information with roughly 20 arc seconds accuracy, but differ in
tracking rates. Both 168H500 and 168K400 series supply 20 arc seconds accuracy
with sufficient tracking rate (236% for H500 and 394% for K400 of the required
tracking rate). Between H500 and K400 series, the 168K400 series is more attractive

because of the high speed tracking potential which might be necessary in the future.

6.3.2 Resolver Selection

At this stage, we have decided to use a tracking resolver-to-digital converter and
two-speed tracking as the position tracking scheme. Thus we should look into two-
speed resolvers that would be applicable to the selected R/D converter. The 168K400
R/D converter is applicable to 1:32, 1:36 dual-speed resolver with 20 arc seconds

accuracy.



Maker Model Speed  Input Output Accuracy Dimension Weight
V/Hz A% Arc min OD ID OAW oz

Vemitron®®  VRP36-10  1/32  5/2048 2.23 30/.16 2.598 1.112 200 N/A
VSP37-7 1/36  26/400 15.6 90/.5 3.500 2.080 .777 N/A

VSP37-8 1/36 11.8 15:3 90/.5 3.500 2.080 .750 N/A

Harowe?®  31IRCX-300 1/32 26/1200  4.5/8.4 30/1 3.030 1.200 .600 12

Clifton30  SSJHI9B1 1/36 10/1200 6.4/1.8 20/.5 1.840 .840 .525 3
SSJH23A1 1/36  7/1000  3.4/1.6 6/.33 2.250 1.000 .437 4

SSIH27B1  1/36  26/400 11.8/11.8 15/.25 2,630 1.220 .620 8.2
SSJH31S6  1/36  26/400 3.51/3.51 975 3.030 1.200 .530 5:1
SSJH44B2  1/36  28/800  28/5.04 8/.13 4400 3.000 .636 14
SSJHS0A1  1/36  28/800  28/5.04 12/.13 5.000 346 .750 18.7

Table. 6.4 Profiles of Potentially Applicable Resolvers

Table 6.4 lists the selected resolvers that are applicable to the selected R/D
converter (168K400 series). Note that we prefer to have a resolver which has an accuracy
higher than 0.33 arc seconds (for fine-speed) corresponding to the least significant bit of
the 168K400 R/D converter. Therefore, the choice has been narrowed to VRP36-10,
SSJH23A1, SSJH27B1, SSJH44B2, and SSTH50A 1. The VRP36-10 is only 32-speed
compared to 36-speed of the others. Thus, it will provide less accuracy with the selected
R/D converter. Among the SSTH models, the 27B1 needs lower input frequency limiting
the tracking rate of the R/D converter to 1000° per second. The 50A1 is quite heavy and
space consuming. If we compare the accuracy of the 23A1 and 44B2, the 44B2 is 3 times

more accurate than the 23A1 with acceptable weight and size.

48 vernitron controls, 1601 Precision park Lane, San Diego, California 92073

49 Harowe Servo Controls, Inc. A Fasco Company, 500 Chesterfield Center, Suite 200, St. Louis,
MO 63017

50 Litton Clifton Precision, Marple at Broadway, Clifton Heights, PA 79018
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Fig. 6.6 True Size Cross Section of SSJH44B2 Multi Speed Resolver

In conclusion, Clifton precision's SSJH-44-B-2 2-speed resolver was selected
as our position transducer. If the resolver is connected to CSI's 168K400 series R/D
converter, the system will provide 16-bit angular position information with 0.35 arc
min (root-mean-square) error and 0.46 arc min worst case. Furthermore, the system
should permit 1800° per second tracking rate which is 394 percent higher than the

requirement. True size cross-section of the SSTH44B2 is presented in Fig. 6.6.
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6.3.3 Position Sensor Architecture

16-bit R/D
Converter
16-Bit
Digital
Output =2 TR

36-Speed
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Motion

Command Motor input

Servo
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Fig. 6.7 Architecture of Position Measurement Interfacing

The robotic aid's controller requires more than 13-bit position information,
while a typical DC Brushless motor controller needs only 12-bit for commutation. The
position signal from the SSJH44B2 resolver is transmitted to the 168K400 high-
accuracy R/D converter. The converter will convert the resolver's analog signal into a

16-bit digital output. This digital output will be used by: 1) the motion controller 2) the
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servo controller to manage the commutation for the Brushless motor (see Fig. 6.7).
Since the servo controller requires a lower resolution signal, we can send only 12

significant bits into its special interface card.

6.4 Velocity Sensor Selection

6.4.1 DC Tachometers

DC tachometers are, in principle, DC motors. They have rotating coils on rotors
turning inside a magnetic field produced by permanent magnetic elements on stators.
Instead of supplying electrical energy to DC tachometer, we connect its rotor to a shaft
and get direct-current electricity from the coils. DC tachometers produce a "quasi-
linear" output over various angular velocities, possess low output ripple, and have low
volume and weight.

In order to select a tachometer, the following parameters must be taken into

account:

Voltage sensitivity is the maximum voltage generated from a tachometer for a
speed unit. In general, voltage sensitivity is measured in
Volts/radian/second. However, the voltage sensitivity is strongly limited
by the use of practical wire sizes. The larger the wire the higher the
sensitivity of the tachometer. For low speed applications, the output
voltage should be at least 20 milliVolts/rad/sec in order to get a good
signal to noise ratiod ],

Ripple voltage is the voltage variation superimposed on the DC output voltage.
This voltage variation is due to the fact that commutation is done in

discrete steps (see Fig. 6.8).

S1 According to Craig Bemick, Inland Motor Inc.,
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The lowest frequency of ripple cycles per revolution is
numerically equal to the number of rotor slots used in the design. The
pattern of output in Fig. 6.8 is the signature of a complete waveform
composed of the signature of fundamental armature slot and
commutation frequencies and harmonics, and high frequency inductive
spikes resulting from circuit switching during commutation. In low
speed applications, ripple voltage is strongly coupled to the tachometer
construction such as number of poles, internal windings, and slot /

brush design.

Positive & Negative "Noise’ Spikes

Peak-to-Peak Average
Voltage Excursion DC Output
Voltage

Fig. 6.8 Tachometer Output Waveform
Source: Inland Motor

Thus, proper selection is recommended for low speed tasks.
However, for high speed applications, a low pass filter can be
implemented to remove high frequency "noise" from the output and get
a smoother signal.

Ripple frequency is the number of ripple cycles in one revolution of the
armature. The low frequency ripple is numerically equal to the number
of robot slots of the tachometer. The high frequency ripple is
fundamentally equal to the number of commutator bars for each

particular tachometer design.
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Static friction is the friction torque created by the brush-commutators and
magnetic field friction. However, static friction of this type is quite
small compared to that of a motor.

Maximum output voltage is the maximum output voltage of a tachometer -
measured at the output terminals. For the robotic aid application, the
number should be in the range of +/- 10 Volts since it is fed to a

standard analog to digital converter.

6.4.2 Tachometer Selection

Listed in Table 6.5 are specifications for the velocity transducer of the manual

teaching aid.

specification value unit
Output voltage at 0.008 rad/sec (min) 20 mV.
Output voltage at 8 rad/sec (max) +/- 10 V.
Inside diameter 1-3 inches
Outside diameter 3-5 inches
Thickness 1-1.5 inches
Weight (max) 2 pound
Friction (max) 2 0z-in
Ripple voltage (max) 5992

Table 6.5 Tachometer Specifications

Table 6.6 lists some interesting tachometers which are commercially available.
The performance of each tachometer is calculated from Inland Motor's catalog. Note
that the outputs are estimated at two different angular velocities. The maximum speed of

8 radian/second is estimated from the necessary speed of the end-point given that the

52 percent of rated output voltage



end-point must move with 9 inches amplitude at a frequency of 2 hertz. Similarly, the
minimum speed of 0.008 radian/second is also estimated from the criteria that the end-

point must move 0.5 inches in 1 second with worst arm orientationd3.

model
Voltage Output @ Output @ Ripple Ripple Ripple@8rad/s Ripple@0.008rad/s
Sensitivity 8 rad/s 0.008rad/s voltage freq. Voltage Freq. Voltage Freq.
V/rad/s \Y mV % cy/rev mV Hz mV Hz
TG-2936
1= 8.8 8.8 0.5 91 e 116 .02 .06
1.4 112 11.2 0.5 91 56 116 .03 .06
1575 14 14 0.5 91 70 116 .04 .06
2.2 17.6 17.6 0.5 91 88 116 .04 06
TG-2939
2 16 16 4 41 640 52 b7 .03
TG-2913
1.3 10.4 10.4 4 41 416 32 21 .03
1.6 12.8 12.8 4 41 512 52 .26 .03
TG-2169
1.38 11.04 11.04 S 33 352 42 28 .02
157 15) 14 14 3 33 700 42 =) .02
TG-2138
1.02 8.16 8.16 5 33 408 42 20 02
1.38 11.04 11.04 5 33 552 42 .28 02

All the tachometers meet most of the specifications except for output voltage
which is an extremely important parameter. The operation speed range of the manual
teaching aid is much wider than that of the practical limitation. For example, if a
tachometer outputs 20 milliVolts at 0.008 radians/second, it is supposed to give 20
Volts at 8 radian/second. On the other hand, if a tachometer gives 10 Volts at 8§

radians/second, it should produce 10 milliVolts at 0.008 radians/second. However, if

Table 6.6 Tachometer Performances

53 Full extended arm and the end-point is at the farthest point from its pivot
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we focus on ripple voltage and frequency, the TG-2936 model has lower ripple
amplitude than any other tachometer. Since the number of slots and phases on TG-2936
is higher than the others, it yields out higher ripple frequency that enhances
implementation of a low pass filter. In other words, the TG-2936 DC tachometer has

shown it's advantage over other models in terms of ripple voltage and frequency.

t— D 1.230 —3

— 3.575 Iq_

A ——

9 3.730 9 1.640

Y

Fig. 6.9 True Size Cross Section of TG-2936 Tachometer

Furthermore, the TG-2936 still has various windings available ranging from
1.1 to 2.2 Volts/radian/second. Since the output voltage specification is not consistent

between maximum and minimum operating speed, none of the TG-2936 windings can
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perfectly match the specification. In order to determine the suitable winding we have to
decide on the primary operating speeds.

Observations at the Spaulding Rehabilitation Hospital indicate that most of the
patients are so weak and the chance that they would be able to make high speed moves
is low. Furthermore, the duration in which ény patient can conduct high speed motion
is much shorter than that of the low speed motion. Inland Motor has suggested that the
minimum output voltage be around 20 mV to obtain good signal to noise ratio.
Considering the output voltage corresponding to maximum operating speed, the TG-
2936 with 1.75 volt/radian/second should be preferable to the 2.2 version because its
output at the maximum operating speed is much closer to the 10 Volts A/D converter
requirement. Therefore, the TG-2936 model with 1.75 volt/radian/second voltage
sensitivity is selected as the output velocity feedback transducer. The actual size cross

section 1s shown in Fig. 6.9.

6.5 Torque Sensor

According to Levin 94, the torque sensor located between the actuator and the
output shaft (in-line) allows high bandwidth given that the stiffness of the transmission
system is much higher than that of the torque sensor. Since the actuators operate within
270 degree rotational movement, the design allows for employment of reaction torque
sensors instead of more complex rotating types. Reaction torque sensors basically use a
strain gage without slip rings, a torsional variable differential transformer (TVDT), or a
phase shift device as in rotating types which always introduce noise and brush friction.
Reaction torque sensors are generally much more compact than rotating torque sensors.

They can be located inside the actuator housing, producing a clean compact package. In

5% Levin, M.D., Design and Control of a Closed-Loop Brushless Torque Actuator, MIT SM Thesis,
1990.
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addition, the simple strain gage beam will not be affected by the high magnetic field
inside the motor allowing the actuator and torque sensor to be installed side-by-side to

give a compact actuator package.

Reaction torque sensors are commonly available ranging from a few ounce-inch -

to several hundred thousand pound-inch. A nice reaction torque sensor should have
high stiffness, compact size, low nonlinearity, low hysteresis, and low temperature
effect. For our robotic aid application, the selected Brushless actuator produces 3502
ounce-inch rated torque with 1165 ounce-inch continuous torque, therefore, the torque

sensors should operate in this torque region.

Make Model Rated torsional Nonlinearity Hysterisis Temp eff.
Qutput Stiffness % % %
(0z-in)  (in-lb/rad) of RO, of R.O. of Load/F
Transducer TRT-200 3200 20,375 0.1 0.1 0.005
Techniques

Table 6.7 Performance of TRT-200 Reaction Torque Sensor

= 2 feet =4
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Fig. 6.10 True Size Cross Section of TRT-200 Reaction Torque Sensor

55 Rated Output
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Transducer Techniques produces a light and small high performance reaction
torque sensor (1.5 in. OD and 1 in. OAW) which is very suitable for our application.
One nice feature is its small size which permit this torque sensor to be installed inside
the actuator package. The performance and true size cross-section of the TRT-200
reaction torque sensor from Transducer Techniques are shown in Table 6.7 and Fig.

6.10.
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Chapter 7

Actuator and Arm Design



7 Actuator and Arm Design

7.1 Installation Requirements for Actuator Package
Design

7.1.1 RBE-3003-A0X Brushless DC Motor

Basic elements of the actuator package are 1) Inland Motor's RBE-3003-
AOX56 Brushless DC motor 2) Clifton Precision's high accuracy two speed resolver
model SSJTH44B2, 3) Transducer Techniques' TRT-200 reaction torque transducer,
and 4) Inland's TG-2936-B high performance tachometer. Ideally, they should be
aligned on a single motor shaft that is directly coupled to the arm's shoulder joint.
However, packaging design of the drive unit is strongly dependent on special
requirements of each element. For example, easy accessibility must be arranged for a
unit which requires frequent maintenance.

Since there is no contact between stator and rotor, RBE-3003-AOX Brushless
DC motor requires no mechanical maintenance. Hence, both the rotor and the stator are
sensitive to stress, it is recommended that they be retained by two separate retainer
rings bolted externally to the shaft and motor housing. The stator housing bore should
should extend to a depth slightly less than the stack length of the stator. A shoulder for
the stator to bank against should be placed inside the bore. The inside diameter of the
shoulder should be slightly greater than the maximum dimension shown over the
windings and encapsulation. A small portion of the laminated stack should pilot into the
counterbore of the stator's retainer ring. The inside diameter of the retainer ring should

be the same as the inside diameter of the banking shoulder in the stator housing. The

36 Suffix A means 100 V. line-to-line motor wiring, OX means a special model for this particular
therapy application where key arrangements are required. All other performances is the same as Inland's
RBE-3003-A.
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outside diameter of the clamp ring must be large enough to accommodate the clamping

screws. These screws should pass through the clamp ring and thread into the tapped

holes in the stator housing, axially clamping the stator in place. Figure 7.1 and 7.2

illustrates an mounting arrangement of a rotor and a stator.
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Fig. 7.1 Example of Stator Mounting
Source: Inland Motor, DC Brushless Motors and Servo Amplifier
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Fig. 7.2 Example of Rotor Mounting
Source: Inland Motor, DC Brushless Motors and Servo Amplifier

Another retainer ring is also recommended for the rotor. The rotor should bank

against a shoulder on the shaft when mounted and should not cover the magnet
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surfaces. The concentricity of the rotor and the stator must be within 0.004 inches
when mounted.

When installing the rotor into the stator's bore, the powerful rotor magnets can
create unmanageable forces colliding the rotor into the stator. Therefore, a sheet of
mylar slightly thinner than the clearance between the rotor and the stator may be
inserted to prevent damage on stator and the magnets. The motor has 3 teflon-coated, 6
inch wires which come out from the stator. These wires should go directly to a

specially arranged connector.

7.1.2 SSJH-44-B-2 Resolver

The construction of the SSJH-44-B2 is very similar to the Brushless motor.
Here again, the rotor and stator are sensitive to the mounting stress, and the same
retainer arrangement as the motor installation, is used. Since the resolver construction
has no mechanical contact, no mechanical maintenance is required. This allows the
sensor to be located in areas that may not be so accessible. Clifton Precision has
provided some guidelines for designing the mechanics of the mount :

1. Eccentricity between the inner and outer member mounting surfaces should

not exceed 0.0005 inches.

2. Mounting shoulder should be perpendicular to bore and shaft within 0.0005

inches.

3. The fit between the bore and the maximum stator OD and between the shaft

and the minimum rotor ID should be from 0.0002 to 0.0005 inches. This will

assure that there is no line-to-line or interference fit.

4. Axial misalignment or variation in mounting dimensions between the rotor

and the stator mounting surfaces should not exceed 2 percent of the stack

height. For example, if the stack height is 0.250 inches the axial misalignment

should not exceed 0.005 inches.
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Due to defective hardware or buildup tolerance violating the above guidelines, some
deviation and change in electrical characteristics is anticipated. The degree of deviation
depends on the air gap clearance and the number of poles in the resolver. Axial offset
results in a slight decrease in accuracy, deviation of null voltage which is usually used
as an index point, decrease of the ratio between the rgsolver's output and input
(transformation ratio), slight shifting of phase, and increase of input current and power.
Radial offset has a similar impact as axial offset, but differs in severity. Accuracy will
decrease proportionally to radial offset, but the degree of severity on transformation
ratio, phase shift, and input power and current is lower. Rotor or stator tilt within
0.001 to 0.002 inches with respect to each other will have very little effect on any
parameter. However, greater tilt must be avoided to prevent rotor and stator from
making contact.

Note that there are seven wires coming out of the rotor. These wires must rotate
with the shaft before reaching the connectors. Eight additional wires come out of the

stator.

7.1.3 TG-2936-B Tachometer

Due to the existence of a brush arrangement, the TG-2936-B tachometer's
construction differs from the resolver and the motor. The brush is a set of electrical
contacts bridging the induced current on the rotating shaft (rotor) to a stationary part
(stator), and thus, requires service, maintenance, and occasional replacement. As a
consequence, the tachometer should be installed at a location that permits easier
accessibility. The tachometer stator has built-in bores allowing the stator to be mounted
on the housing shoulder directly with countersunk flat head socket cap screws. The
rotor may be installed on the motor's shaft with a retainer ring. The TG-2936-B

tachometer has only 2 wires coming out from the stator.
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7.1.4 TRT-200 Torque Sensor

The TRT-200 reaction torque sensor is the smallest transducer in the system. Its
1.630 in. OD is smaller than the ID of motor and resolver rotors, therefore, allowing
the torque sensor to be installed concentrically within the Brushless motor or the
resolver rotor bores. Since the torque sensor acts as a coupling unit, it can be used as a
coupling between the drive unit and the shoulder joint to account for slight
misalignment of installation and bending due to load. The TRT-200 has two 0.25 in.
pilot bores on each side that help align the motor shaft with the shoulder joint
connector. Here again, there are four 28-AWG wires coming out from the torque
transducer, and these wires must rotate with the motor's shaft before reaching their

connectors, just as the resolver rotor's wires do.

7.2 Actuator Design

7.2.1 Actuator Package

According to all installation requirements, the actuator package was
mechanically designed as shown in Fig. 7.3. The tachometer is mounted behind to
permit accessibility by opening the rear cover plate (no.26). Radially around and back
of the tachometer is a chamber where all the wires from the motor and sensors gather.
These wires are sectioned to the connectors along the circumference of the rear housing
(no.21). Similarly to the tachometer, the accessibility to these wires and connectors is
through the rear cover plate. The tachometer's stator is mounted against the special
shoulder and bore arrangement on the rear housing. The tachometer's rotor is clamped
on the motor's shaft with a retainer ring. The rear housing has one low friction deep
groove ball bearing (no.22) supporting the motor's shaft (This is made possible by

designing a shoulder step or lip where the rear and mid housings join to provide
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alignment and concentricity). The bearing's housing also acts as a "magnet shield wall"
preventing the motor's high magnetic field from interfering with the the tachometer's

function and operation.

7. Resolver Stator

8. Resolver Rotor

11. Middle Bearing

9. Resolver Stator Retainer
12. Magnetic Shisld Plate 16. Motor Stator Woodruff Key

21. Rear Housing
Bt Shield (Ril Type)

10. Resolver Rotor Retainer

23. Tactometer Sta

: and Brush Arrarg
= P
B

1. Output Shatt Flarge 24. Tachometer Rot
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\

26. Rear Cover P
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5. Front Ho using
20. Motor Rotor Retain
19. Motor Stator
13. Motor Shaft Retainer 27. Magnet Shield (Foil Tyf

18. Motor Stator Keyseat
14. Brushless Motor Stator

17. Middle Housing
15, BrushiessMotor Rotor

Fig. 7.3 Cross Section of Designed Actuator Package (scale 1:2)

Adjacent to the rear housing is the mid housing on which the Brushless motor is

mounted. Both the motor's stator (no.14) and rotor (no.15) are clamped by two



separated retainer rings (no. 19 and 20) before the housing is put in place. Note that
both the stator and rotor have individual key arrangements (no.16 and 18) to index
relative position for reassembly procedure. In front of the motor are magnetic shield
plates (no.12) which are compressed of one sheet of coro-steeld’, two sheets of
ADMU-48, and two sheets of ADMU-8058. This shield arrangement is recommended
by various specialists in the magnetic shield industry such as Vacuumschmelze>9 and
Ad-vance Magnetics®0, Inc.

In this design, the motor has its own chamber to keep the motor's magnet flux
from interfering with the resolver and the tachometer. Because the resolver is more
sensitive to electromagnetic interference than the tachometer, the front magnet shield
plate is made of several high-performance magnetic shield materials in series. In front
of the magnet shield plate is a low friction radial ball bearing (no.11) which must be
installed to maintain concentricity between the resolver's stator and rotor to within
0.0005 inches. The housing for this bearing acts as an additional magnet shield wall
between the motor and the resolver. The SSJH-44-B-2 resolver (no.7 and 8) is
separately clamped on the mid housing and motor shaft by 2 retainer rings. Since the
resolver is ultimately sensitive to geometric offset, tolerances at these particular
locations have to be very critical and accurate. The resolver's stator has a key
arrangement for indexing. However, the rotor has no mechanical index but a single
scribed mark to help align the stator in the assembly process.

The TRT-200 torque transducer (no.6) is installed in the bored motor shaft
concentrically with the resolver's rotor. Note the hollow bore arrangement in the motor
shaft to reduce moment of inertia and weight. TRT-200 is bolted to the motor shaft with

four socket cap screws inserted inside the shaft's hollow bore.

57 100% iron

58 Soft magnetic materials from Ad-vance Magnetics Inc.

59 Vacuumschmelze GmbH, Werk Hanau, Gruner Weg 37, 6450 Hanau, Germany
60 Ad-vance Magnetics Inc., 625 Monroe St., Rochester, IN 46975

146



147

7.2.2 Transmission Design

According to Chapter 4, the direct-drive concept was selected for the manual

teaching aid. The design incorporates a rigid shaft supported by several bearings. One

NI NN NN

e

NN NN

Fig. 7.4 Cross Section of Designed Actuator Package with Shoulder Joint (scale 1:2)



way to achieve transmission rigidity and light weight is to minimize the shaft length.
Referring to Fig. 7.3 and 7.4, the output shaft flange connector (no.1) is designed as
the transmission shaft connecting the torque transducer to the shoulder joint. The flange
is made with a step to align the shoulder joint concentrically with the motor's shaft. One
four-point-contact (gothic arch) ball bearing (no.2) with low friction and high accuracy
1s installed to support the flange connector.

The construction of gothic-arch allows the bearing to withstand a combination
of both radial and axial forces, including a moderate amount of moment. In other
words, this bearing, together with its identical bearing in the other actuator package, is
used to support all kinds of forces and bending moments. At the same time the bearing
is used to locate the axial location between every rotor on the motor's shaft to its stator
on the housing (bearing arrangements in the actuator package are float-type). The outer
ring of the gothic-arch bearing is clamped into front housing (no.5) which is part of the
robot's foundation. Figure 7.4 shows how the the front housing is clamped to the
foundation. Note the pin arrangements on front housing and the clamping mechanism
to index the orientation of the whole actuator package for reassembly. Threaded
arrangements on the frontal part of the front housing are for mechanical stops to limit

the rotational travel of the shoulder members to a certain angle.

7.3 Actuator Package Wiring and Connections
7.3.1 Wiring in The Actuator Package
Wiring is a very important issue in a good mechanical design. The designed actuator
package has a special chamber in the back of the rear housing where all the wires from
the motor and transducers are gathered. Opening the.rear housing cover (no.26 in Fig.
6.1) allows direct access to the wiring chamber. There are 3 wires from the motor
stator. These wires get in the wiring chamber through a special hole just on the right

and top of the motor's stator (see Fig. 7.5). These wires need a separate connector as
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they transmit high power and are likely to generate electromagnetic flux. The resolver's
stator is located far from the wiring chamber, and there is no internal path for the wires

to get to the chamber except externally.
Rear Cover Plae

* Tachometer Wires Motor Wires rvsrs e
Resolver Stator Wires - l -+* Torque Sensor Wires
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Fig. 7.5 Wiring Routes of Actuator Package (scale 1: 1.25)



This group of wires goes out of the mid housing body through a special bore to be
clamped along the housing body and enters inside the wiring chamber through a
connector. The wiring from the rotating sensors is more complicated as the wires must
be able to twist as the motor shaft rotates. Fortunately, the rotational travel of the
actuator package is limited to less than 270°. Thus, most of the wires should be able to
withstand the twist. The wires from the resolver's rotor and the torque sensor can be

simply passed through the wiring holes into the hollow motor shaft.

7.3.2 Connector Arrangements

One criterion which applies to the design of the manual teaching aid is the
separation of the high-power from the low-power sections. In other words, separating
the motor connectors from those of the sensors. Figure 7.6 shows the design of
connection arrangements for the actuator package consisting of four groups of
connectors: two 9-pin D-subminiature clamps; one 25-pin D-subminiature clamp; and
one 4-pin circular connector. Every connector is a soldered type for firm connection
and safety. The 4-pin circular connector is able to transmit high-power (250V. @ 13
Amp.) and thus is specially selected for the Brushless motor connection (3 wires
required). The other D-subminiature clamp connectors are used for the low power
systems such as transferring power to the sensors and collecting information back to
the controller. The 9-pin D-subminiature connector next to the circular connector (see
Fig. 7.6), transmits the output from the resolver's stator (8 wires) through an external
cable shown in Fig. 7.5. The other two D-subminiature connectors (9-pin and 25-pin)
on the left of the circular connector are arranged for the communication between the
controller and the actuator package. The 9-pin connector is used for transferring the

resolver's rotor signals to the R/D converter in the controller unit where the 25-pin-
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connector will be used as both power transmission to the resolver's stator and the
torque sensor and as communication lines from the torque sensor and tachometer.
Besides 24 pairs of currently used connectors, the design still leaves 15 more pairs of

unused connector pins available for the future improvement of the drive unit.

7.4 Future Improvement of the Actuator Package

7.4.1 Demand on Tachometer

With the current selection of sensor design, the SSJTH-44-B-2 with a 168K400
resolver-to-digital converter series is able to keep track of the rotational position of the
arm. In addition, this system also gives speed as a by-product. If velocity information
from the resolver is precise and sufficiently clean, there is no further demand for the
TG-2936-B tachometer, which is currently installed in the drive unit. This will allow
for a smaller package (about 1.5 to 2 in. shorter) than the present design and will

reduce the moment of inertia of the motor's shaft.

7.4.2 Possibility of Weight Reduction

There are some locations on the current design that might contribute excessive
weight. For example, since the part is subjected to bending moment created on the arm
by the user, the front housing is presently made of a thick "bowl" of aluminium.

The connection of the front, mid, and rear housings to each other is made of
ribs encircling the whole package body. Redesigning these connections or cutting

some unused materials on these ribs will reduce weight.



7.4.3 Heat Dissipation
The performance of the Brushless motor is dependent on the rated temp of the

winding which is always specified at 155°C. At present, the current heat dissipation

design of the drive unit depends on natural convection. If natural convention is proven -

insufficient, forced convection, either by axial or cross flow, must be adapted into the

actuator package to cool down the overheating stator winding.

7.4.4 Magnet Shields

The current design of the magnet shield uses recommendations and experiences
from experts in the field. However, there is no analytical analysis describing the
shielding effect of this particular design. The effectiveness of the current shield design
must be determined experimentally. If the shield fails to work successfully, a closer

look at the magnet shield must be taken.

7.5 Determination of Profile and Wall Thickness of
the Arm Members

The choice of materials to be used as the robot's arm is quite important. The
material should be light, rigid and easy to be formed or machined. Since our robot is a
prototype, looking into advanced composite materials such as carbon epoxy, or
reinforced plastic structure may not be beneficial at this stage, because it is difficult to
change the shape of these materials as is undoubtedly necessary in a prototype.
However, in the future, a composite material might be considered as a replacement. For

a given end-point inertia specification, aluminium alloy is well qualified for the arm.
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7.5.1 Cross Section Profiles of Arm Members

The most common cross section profiles of robot arms are rectangular and

circular tubes. We can treat square tubes as a special case of rectangular tubes where all

sides are equal.

t > - d
b
T b h
b Outside width/height of square structure
t Thickness, square structure
D Outside diameter, circular tube
d Thickness, circular tube

Fig. 7.7 Square and Circular Tube Structures
Consider the square and circular tubes in Fig. 7.7. Given that they both have
the same mass per unit length (Mg for square tube and Mg;, for circular tube) and
outside dimension (b = D), where

Mgy =b*(b-20 = M, = g(bz—(b-Zd)z)

therefore, d can be determined from

d=0.5(b-v/bZ160b-t/x)

Consider the mass moment of area (I) of both cross-sections.

For the square tube,
1(,4 4
Lq= ﬁ(b -(b-2t) )



S5

and for the circular tube:

I, = w6d{b? - (b-20)")
The product of E and I determines the stiffness of the structural member due to external
forces where E is the modulus of elasticity and I is the moment of area of the cross

section about a horizontal line which passes through its center of area. Increasing the
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Fig. 7.8 Ratio of Moment of Area of Square to Circular Tubes

product of EI means the system is stiffer, resulting in a higher structural natural
frequency. Therefore, the idea is to select the structural member, between square and

circular tubes, which provides the highest moment of area (I) given the same mass per



unit length, acceptable outside dimension, and same type of material. Figure 7.8
illustrates the computed ratio of Isq and Icjr numerically based on the standard square
structures and the corresponding circular tubes. The ratios of moment of area of square
to circular structures, (see Fig 7.8), are in the range of 1.35 to 1.42. Therefore,
implementing a square structure instead of a circular structure will yield a higher

structural natural frequency by roughly the square root of 1.4 or 20 percent.

7.5.2 Load Calculation and Selection of Arm Member

From Section 7.5.1, the square structure shows its positive features over
circular tubes for the same outside dimensions and mass/unit length. At this step, we
are more interested in the stresses on the arm to appropriately determine cross section
dimensions of the square tubes. Arm Stresses are caused mostly by external forces.

The external forces can be categorized by their directions,

(1) Horizontal forces : Horizontal forces are generated from the interaction

between the manipulator and the user. The force is specified to be smaller than

10 Ibf at the end-point. Another component of these horizontal forces comes

from the the inertia of the robot's arm. However, the dynamic force is relatively

low compared to the interaction force due to the low acceleration characteristic

of the application.

(2) Vertical forces : Vertical forces are generated by the weight of the
arm members and rest weight of the user. Since the arm is designed to be light-
weight, the majority of the vertical load is caused by the rest-weight of the user.
The design should take into account that the arm should withstand this weight
for a short interval of time. Since the effects of both horizontal and vertical

forces on each arm member and joint depend on the location of loading points,
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the design should be based on "the most critical posture" which corresponds to

the maximum bending stress on the arm.

In general, the vertical downward load is more critical than the interaction load -
to the structural design for 2 reasons:

(1) In terms of magnitude, the user's rest weight is much greater than the
interaction force.

(2) The arm has been designed to have variable stiffness in the horizontal plane
and to be backdrivable. Therefore, no matter how the machine and human
interact, the reaction/action force should not exceed 10 pounds. On the other
hand, the high stiffness of SCARA configuration in the vertical direction
requires the arm to support all vertical loads, regardless of magnitude. In other
words, every arm member will share the bending stress caused be the

downward force.

Lift
(Ibf)

weak man 12 8 weak woman

Press

Vo

Fig. 7.9 Human Strength in Lift and Press of Weak Man and Woman



According to Humanscale791, the maximum lift and press strength of typical
weak man and woman in seated posture are shown in Fig. 7.9. The robot's arm must
be able to sustain the bending stress generated by the lift/press forces at the end-point.
Note that the data in Fig. 7.9 does not represent rest weight, but only human strength.
Therefore, it is better to compensate for these unpredictable forces by introducing a
safety factor to multiply the lift/press data in Fig. 7.9. Using a safety factor of 2.5, we
will get a press force of 50 pounds (more than a strength of an average man to press),
which is quite "acceptable," to be used as the maximum end-point payload before the

permanent deformation occurs.

Figure 7.10 presents end-point load diagram when the selected SCARA arm is

loaded with 50 Ibf. at the end-point.

Link 2 Joint

Main
shaft

Joint
2.4

Minimum angle between
link1 and 2 is 30 degrees

Fig 7.10 SCARA Arm with Vertical End-Point Load

61 Differient, Tilley, Harman, Humanscale 7, MIT Press, Cambridge, 1981
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To calculate the stress in the arm members and in the joints, some assumptions
have to be made to simplify the calculation:

1) Each arm member dimensions are taken as follows:

I =" 16 in
5 =6 1n.

L3 = 16 in.
L4 =N (IR0t

2) Torsional stress is small and, therefore, negligible for the calculation. Only

longitudinal bending stresses and resultant forces are to be counted.

Link 4 is a double supported overhung beam, where maximum bending moment occurs
at joint 3,4 (M3 4)
M3 4 = 50X14 = 700 in-1b
The resultant forces at joint 3,4 (R3 4) and 1,4 (R] 4) are,
R34 = 50X20/6 = 166.7 pounds  upward
R1,4 =166.7-80 = 86.7 pounds  downward

Link 1 acts as a cantilever beam where its end-point is loaded with 86.7 pounds upward
force. The maximum moment in link 1 occurs at the shoulder joint or main shaft (Mo, 1)
where:

Mo,1 = 86.7X16 = 1387.2 inch-pounds
with resultant force (R(),1):

Rp,1 =86.7 pounds downward

Similarly, link 3 acts as a cantilever beam, where its end-point load is 166.7 pounds
downward. The maximum bending moment on link 3 occurs at joint 2,3 (M2.3)

M3 3 =166.7X16 = 2667.2 inch-pounds

with resultant force (R2 3):
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R23 =166.7 pounds upward
At link 2, the stress in this member is quite complex with the maximum bending
moment (M(,2):
Mp2 =166.7X21.4 = 3567.38 lb-in
(Mp,2) occurs when link 1 and 2 are at 30° apart. M(),2 is perpendicular to the line
between the main shaft of joint 3,4 at this posture.
The resultant force on link 2 (R(),2) is:
R(,2 =166.7 pounds upward
The main shaft counters the bending moment (M()) which is:
Mg = 50X35.8 = 1790 inch-pounds
with the resultant force (R()):
R( = 50 pounds downward
In conclusion for the stress analysis, the bending moment resulting from 50
pound payload at the end-point occurs at link 2 at approximately 3500 inch-pounds. All
shear stresses in each member are quite small, and are thus considered negligible.
A standard and commonly used aluminium for building structures is 6061
aluminium alloy with T6 heat treatment, called 6061-T6 aluminium alloy. Table 7.1

lists the mechanical properties of the alloy.

Density Tension Compression  Shear Bearing Modulus of Remark
Ultimate Yield Ultimate Yield Ultimate Yield Elasticity
Ib/euin  ksi ksi ksi ksi  ksi ksi ksi E, ksi
0.098 42 35 25 2T ERN() 88 56 10,100 Heavy-duty
Structure
Good corrosion
resistance

Table 7.1 Minimum Expected Mechanical Properties of 6061-T6 Aluminium Alloy



Standard 1.5 inch square hollow tubing is selected as a fundamental material for
the arm structure as it would not interfere much with visibility. However, thickness of
the tube is still a variable to provide different arm strength. Table 7.2 shows the
estimated safety factor of different wall thicknesses of the member when subjected to

3500 inch-pound bending moment.

Material : 6061-T6 Aluminium alloy (hot roll type)

Thickness Moment of area c Load stress Yield stress  Safety factor

in. in.* in Ksi Ksi

.035 .0734 NS 35,763 35,000 979
.049 .0999 NS 26,276 35,000 1330
.058 1162 5 22,590 35,000 1.549
.065 1283 S 20,460 35,000 1.711
.083 1580 i) 16,614 35,000 20T
.095 1865 79 14,075 35,000 2.487
120 2119 ) 12,388 35,000 2.825

Table 7.2 Comparison of Safety Factor of 1.5 inches Square Tube With

According to Table 7.2, we select 1.5 inches square tube with 0.120 inches

thickness as arm member material. When subjected to a 3500 inch-pound bending

Various Thickness

moment, the tube still provides an adequate safety factor of 2.825.

7.6 Arm Design

Figure 7.11 illustrates the arm assembly from. the top view. The actuators are
located face-to-face on the shoulder joint (left most joint). The upper actuator drives
link 2 (the shortest link) and link 3 (right pair of the parallel links) while the lower
actuator drives link 1 (left pair of parallel links). Both links 1 and 3 determine the

orientation and position of link 4 (the longest link), where the end-effector is installed.
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All the arm members are made of 1.5 inch 6061-T6 aluminium alloy square tubing with

0.120 inch wall thickness.

Fig. 7.11 Top View of Arm Assembly (scale 1:5)

According to the load calculation in Section 7.5.2, the maximum stress occurs on link
2. Therefore, the design has to employ a reinforced aluminium plate extended from
joint 0-2 (Drawing no. A16) to increase strength and stiffness. Joint 2-3 (the joint that
connects link 2 and link 3 together) is also exposed to a high bending moment.
Therefore, the bearing housing, joint shaft, and size of bearings are chosen to be larger
than the others in the mechanism. The whole arm is constructed with 2 levels to
maximize the relative rotational travel between each link pair. Link 2 and 4 are on the

upper level while link 1 and 3 are on the lower layer. Details of arm subassemblies will

be described in the further sections



7.6.1 Shoulder Joint and Joint 2-3
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Figure 7.12 illustrates the cross section of the shoulder joint, link 2, and joint 2-

3. The shoulder joint consists of joint 0-1 (drawing no. A17) and joint 0-2 (drawing

no. A16) connected through low torque bearings to form a single rotational axis.
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Fig. 7.12 Cross Section of Shoulder Joint (scale 1:2.2)

Experience with a similar robot at MIT has indicated that if the shoulder members are

not perfectly aligned, the misalignment stress during the actuator installation will create

a large amount of friction in the mechanism. However, the manual aid construction has

a different approach by allowing the shoulder members to align on a single axis with

the actuators (forming a single rotational axis). The installation of the motor to the

machine's foundation is adjustable in several degrees of freedom which can minimize

the misalignment-induced friction in the arm mechanism. Note that each joint has a



retainer plate which can be tightened to adjust the axial play and the friction in the
joint's bearings.

Joint 0-1 and 0-2 have special plates which extend to support and reinforce the
connected links. These plates help increase the link's strength and stiffness, especially
in link 2 in which the highest stress occurs.

Joint 2-3 has a similar construction as the shoulder joint in terms of bearing
arrangement and retainer plate for preloading. However, it is built with the pilot cores
inserted into the internal holes in link 2 and 3. The pilot helps align link 2 and link 3.

Note that joint 2-3 employs caps to protect the bearings from contamination and dirt.
7.6.2 Arm Construction

Figure 7.13 shows the basic arm member's construction. Each link is cﬁt from
a standard 1.5 inch square hollow tube with 0.120 to 0.125 inch wall thickness made
of 6061-T6 aluminium alloy with black anodized finishes.

Internal holes inside each link are used as both wiring ducts and guides for
pilot cores of joints. Note that the right end of link 2 has an internal cut to allow a tight

tolerance fit with the pilot core of joint 2-3.

_T—‘*‘%‘___‘F#I——TT_—FT—

Fig. 7.13 Front View of Link 2 (scale 1:1)
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7.6.3 Construction of Link 4 Joints

There are two joints on link 4 (see Fig. 7.14). The left most connects link 1 to
link 4, so called joint 1-4. This joint has a very similar construction to joint 2-3, but -
differs in the bearing's size, bearing's housing, and joint's shaft since it is subjected to
a lighter load. The joint on the right connects link 3 to link 4, so called joint 3-4. It has
almost the same construction as joint 1-4, except it has a reverse posture and the joint
shaft has no pilot core and is instead bolted on the top side of link 4. Link 4 has a
number of wires inside allowing for the communication between the controller and end-
effector. As a consequence, joint 3-4's shaft is cut in the middle to provide wiring
clearance. Again, both joints in Fig. 7.14 have the retainer plates to adjust axial play
and bean'né preload stress. Similarly, they are covered by the joint caps that protect the

low friction bearings from dirt and contaminations.
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Fig. 7.14 Joint Constructions of link 4 (scale 1:2)



7.6.4 End-Point Joint
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Figure 7.15 illustrates the end-point joint that is designed as a connector for the

end-effector and the overload mechanism. The end-effector is connected to the end-

point joint via a bearing arrangement allowing one rotational degree of freedom. This

rotation is then monitored by a high accuracy potentiometer (no. 26) installed above the

end-point joint cap (no. 21). The end-point joint consists of 2 basic assembly parts.
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Fig. 7.15 End-Point Joint at Normal Position (scale 1:2)
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The first part is a C-shape structure with a pilot bore that plugs into link 4 (no. 15).
This C-shape frame is locked to link 4 by two knobs on the pilot bore. The second part
is a rotary bearing housing with a linear bearing arrangement (no. 25) allowing this
whole part to slide down along the circular rods (no. 17) held by the C-shape frame.
When the end-point payload is less than 40 pounds, two compression springs keep the
bearing housing against the upper portion of the C-shape structure as shown in Fig.
7.15. If the payload exceeds 40 pounds, the bearing housing will slide down the
circular rods and compress the springs until they reach the solid height (see Fig. 7.16).
This vertical travel (0.5in.) will be the first overload state indicator. Further electrical
warning using a switch to detect the housing's separation can also assist this

mechanical system.

7.6.5 Wiring and Electrical Connectors

Wiring design in the arm mechanism is quite complex. Presently, the hand
holding unit requires at least twenty-four separate wires to operate its three rotational
degrees of freedom. In addition, there might be several versions and types of end-
effectors for future experiments. Thus, there must be some reserved wires and pairs of

connectors beyond the presently designed end-effector needs. Currently, we have fifty

separate wires running internally inside arm members with adequate connectors.

However, the wires can not run into each joint for several reasons. First, every joint is
so compact that there is no room. Second, even if there is enough room for the wires,
bending stress on each wire caused by the small turning radius of the joint will certainly
contribute resistance in terms of friction and resistive forces to the motion. A solution to
this problem is to make the wires come out of the link before the joint to create an

outside loop to get into another joint pair (see Fig. 7.15).
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Connectors are designed on one side of link 1 and link 4 such that they connect outside

loops to internal wires.
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Chapter 8

End-Effector Design



8 End-Effector Design
8.1 Requirements on End-Effector

The goal for the end-effector design is to achieve 2 rotational degrees of
freedom of wrist motion (flexion/extension and abduction/adduction (see Fig. 2.6 and
2.7) and an additional degree of freedom for the forearm's rotation (pronation and
supination). If possible, it is preferable that all the three rotational degrees of freedom
be actively controlled. Otherwise, they should be passive and be monitored by position
and velocity sensors. :

As presently envisioned, actuators, and sensors are to be installed locally at the
end-point. Therefore, weight and size of the end-effector unit must be kept as low as
possible to minimize the reflected friction and inertia of the arm and to provide
maximum visibility to the user.

In terms of safety, the user should be able to pull free from the hand holding

unit without assistance.

8.2 Choices of Supporting Point

There are many ways of attaching the user's hand to the machine. Figure 8.1
illustrates possible holding points labeled as A, B, and C. Point A holds the user on the
back of his/her palm where points B and C support under his/her forearm at different
locations. B is approximately under the user's wrist and C is further upstream on the
forearm.

The fact that humans tend to lean or rest their arms against the robot helps

determine a suitable holding point. If point A is selected, resting against the machine
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tends to lift the palm up, while the wrist is lowered. Since the whole wrist is locked in
extension position, this position inhibits any wrist motion . Changing the wrist position
will affect the levitation of the center of gravity of the forearm, and thus will consume a
substantial amount of muscular energy. On the other hand, holding the arm at point C is
a different issue. The design needs to allow small degrees of free rotation at the holding
point to account for the user's changing of elbow level at different arm postures in the
workspace. If point C is allowed to hold the user's arm, the vertical position of the
user's finger tips can not be accurately determined since the system is not
overconstrained (both the holding point's rotation and wrist's flexion/extension
determine the position of finger tips). In addition, this might not enhance wrist motion
because the user may choose to use the holding point (C) as a pivot instead of moving

his/her wrist to lower his/her palm.

| =

Fig. 8.1 Choices of Supporting Point

The most suitable holding point is point B which is roughly under the user
wrist. This arrangement allows the leaning or resting weight (up to 50 pounds) to be
supported by the hand holding unit and be transferred to the robot arm while

flexion/extension and abduction/adduction are independently permitted. However, the
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holding mechanism at point B should allow pronation/supination. In other words, the
mechanism component which attaches to the user's arm must rotate co-axially with the

user's forearm to permit pronation/supination.

8.3 Pronation/Supination

8.3.1 Mechanism

Figures 8.2 and 8.3 show the designed mechanism for pronation/supination
consisting of several linkages. A high torque motor with a built-in potentiometer and
tachometer is on the top of the mechanism which drive an eccentric crank. The crank is
then connected to a four-bar mechanism which has 2 vertical rods and 2 horizontal
beams. One of the vertical rods is longer and connects the crank to this mechanism; the
other rod is shorter and holds the 2 beams in place. The upper beam has a fixed pivot at
the center of the beam. The lower beam is designed as a U-shape to hold the user's arm
about the wrist and it rotates according to the mechanism's constraints. Every joint in
the mechanism has ball bearings to minimize friction. The only bearings that support
the lower beam are the spherical rod-end bearings which allow the pitch motion of the
U-shape member.

Figures 8.2 and 8.3 illustrate the mechanism in pronation and supination
respectively. The mechanism design allows a maximum travel of 40° for both
movements.

Note that when the user rests his/her arm against the hand holding unit, the load
will be supported by the U-shape lower beam, and then be transferred to the vertical
rods and to the upper beam, which are supported by the SCARA arm. In other words,
the rest weight of the user will have no effect on the pronation/supination mechanism

which allows the use of a small actuator.



B3

Fig. 8.2 Posture of Mechanism in Forearm Pronation
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8.3.2 Actuator and Sensors

The pronation/supination mechanism is driven by a miniature high torque DC
motor model DGPH-1610-B-1T produced by Clifton Precision. The motor has 15.4
ounce-inch peak output torque, and only weighs 9.2 ounces. The motor has a built-in
high-precision potentiometer with 5 Kohms resistance at 0.5 percent linearity. In
addition to the potentiometer, the motor also has a built-in tachometer with 0.07
volts/radian/second sensitivity. Figure. 8.4 illustrates true size of the motor.

Note that the motor has a shaft which passes axially through both sides to allow

for an additional sensor to be installed, if needed.

Fig. 8.4 True Size View of Pronation/Supination DC Motor

8.4 Holding Arrangement

The method of the arm holding is another interesting problem. The fact that the
human skin tissue has a substantial degree of deformation when subjected to external

force tends to degrade the position accuracy. Excessive holding force will only have



176

insignificant improvement on the position accuracy. On the other hand, it may hurt the
user and lower his/her comfort.

At this stage, we have little knowledge of a suitable arm holding method. The
current design uses several sizes of light-weight plastic splints as the holding media
between the machine and patient. An appropriate splint must be worn by the user before
the splint is tightened to the U-shape structure in the pronation/supination mechanism
(see Fig. 8.5). However, fore and aft adjustments are still available to set the hand

forward or backward relative to the beam.

Plastc holding Splint
with foam cushion

Straight guide ot

Knob toadjust fare and a
position

Fig. 8.5 Forearm Holding Arrangement with Plastic Splint

If this current method is shown to be ineffective, a special holding mechanism
to the user's elbow and upper arm can be arranged, or a new hand holding unit design

must be considered.



8.5 Flexion/Extension and Abduction/Adduction

8.5.1 Mechanism

There are two types of wrist motions relative to the forearm: flexion/extension
and abduction/adduction. When an arm is extended in front of the body, flexion is the
rotation of the wrist caused by a flexion muscle. In this case, the hand is moving
toward the ground. Extension is the reverse motion of flexion in which the hand is
lifting up (see Fig. 2.6). Abduction and adduction are sideways movements.
Abduction is the motion of the hand towards the body's centerline where adduction is
the outward motion (see Fig. 2.7).

Flexion/extension and abduction/adduction are not totally independent. There
are some unknown coupling phenomena between the motions. For example, as the
wrist is fully flexed or extended, abduction/adduction is not possible. On the other
hand, when the wrist is in full abduction or adduction posture, some degree of flexion
is still allowed. In terms of designing an active driving wrist unit, there are two
approaches :

1. Independent sets of actuators and sensors for flexion/extension and

abduction/adduction. In other words, drive units for both motions are totally

separated and independently controlled.

2. Decoupled set of actuators and sensors, where both drive units jointly work

to generate flexion/extension and abduction adduction.

There are benefits and drawback to each approach. Independent drives are less complex
to control and it is easier to measure kinematic parameters. A lower degree of
computation is required, whereas the decoupled drive is much more complex and
requires more computation.

Figure 8.6 illustrates output torque characteristics of the two approaches.
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Independent drives
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Fig. 8.6 Output Torque Characteristic of Independent and Dependent Drive Concepts

An important assumption for the curve in Fig. 8.6 is that the actuators of the
independent and the decoupled approaches are the same (same torque output and
weight). The differences of the transmission layout determine the coupling effect. T1
and 12 are the output torques of axes 1 and 2 respectively. In the independent drive
system, the output torque of each axis can fall anywhere inside the square area.
However, the maximum output torque must be located within the bounded lines of the
square area. If the actuators are dependently arranged, the system can operate anywhere
inside the triangle bounded by the inclined line and the two axes. However, when the
maximum torque is needed, the operating point will shift up and run along the inclined
line. Note that the maximum output torque of one particular axis can be substantially
increased to about twice the original value. For the reasons that the maximum output
torque to weight ratio is important and computation speed has been improving, the
coupled drive concept was chosen.

A light-weight and simple mechanism is a differential drive(see Fig. 8.7).
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Fig. 8.7 Differential Mechanism for Flexion/Extension and Abduction/Adduction
The system in Fig 8.7 has two actuators driving through two sets of bevel
gears. Each bevel gear is then connected to a differential that consists of 3 identical

gears. Two of these gears have a face-to-face arrangement and are joined by the third



one. Note that a rod is attached to the third gear in the differential. According to Fig.
8.7, if actuator 1 and 2 are turning with equal velocity in the A and C directions, the rod
will rotate to the right. In contrast, if actuator 1 and 2 are turning with equal velocity in
the B and D directions, the rod will move to the left. Whenever there is a rotational
difference between actuators 1 and 2 (opposite rotation or unequal), the rod will move
up or down and may also move sideways. For example, if actuator 1 is turning in the A
direction but actuator 2 is turning in D direction, the rod will lift up vertically. In
contrast, if actuator 1 is turning in the B direction and actuator 2 is turning in the C
direction, the rod will move down.

As an example of the coupling effect between the drive units, consider actuators
1 and 2 moving in A and C directions but actuator 1 turns faster actuator 2 does. The
rod will move to the right and at the same time, lift up. However, if actuator 2 turns
faster than actuator 1, the rod will still rotate to the right and at the same time, move
downward. In contrast, if actuators 1 and 2 are turning in B and D directions but
actuator 1 turns faster than actuator 2, the rod will move to the left and downward. If
actuator 2 travels more than actuator 1 does, the rod will still move left but also
upward.

By adapting the differential mechanism, the rod can travel in two degrees of
freedom depending on the directions of motion and the relative rotational speed
difference between the two actuators. In addition, the kinematic computation of this
mechanism is not tremendously complex.

Fig. 8.8 illustrates how the differential mechanism generates abduction and
adduction if the end-point of the rod is connected to the user's hand (providing his/her

forearm is aligned perpendicularly to the differential's shaft). Note that the actuators

and bevel gears are not shown.
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Fig. 8.8 Differential Mechanism in Wrist Abduction/Adduction Posture

Figures 8.9 and 8.10 illustrate how to generate flexion and extension with the
differential mechanism. Currently the differential is placed above the user's forearm

about 1 to 2 in. behind the wrist proximal joint.
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Fig. 8.9 Differential Mechanism in Wrist Flexion Posture
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8.5.2 Actuators and sensors

Considering the interchangeability of the hand holding unit's actuators, Clifton
Precision's DGPH 1610-B-1T's are again selected as the actuators for the differential
mechanism. Built-in precision potentiometers and tachometers are sufficient to
determine the position and speed. However, if accurate torque or force in the vertical
and horizontal axes are needed, two separate sets of strain gages can be installed on the

s-rod (Drawing no. E14)

8.6 Safety Lock

Considering the safety requirement listed in Chapter 2, the user must be able to
pull free from the manipulator without assistance or much effort. One way to achieve
this requirement is to use a special lock which breaks at a certain level of external force.
There are several alternatives for this special lock, such as a mechanical binder with a
loaded spring, magnet elements, and mechanical adhesive materials. Since the lock
weight must be kept as low as possible, the choice of mechanical lock with a spring
loaded geometry seems to be inferior to the latters. Similarly, mechanical adhesive,
such as velcro, has an unpredictable separation force due to contamination and aging.
The most elegant lock with light weight characteristics is the magnetic one where
basically, two pieces of magnet are attracting each other. Separation force is determined
by gauss strength of the magnetic field which has proven reliability and predictability.
Recently, strong magnets have been made of advanced materials such as rare-earth
cobolt, alnico, and neodymium-iron-boron, resulting in yet lighter weight. The
strongest commercially compact magnet is made of neodymium-iron-boron with energy

density of 27 to 35 million gauss oersteds.
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For example, a tiny piece of 3/8 inches OD and 1/8 inches thick neodymium-iron-boron
magnet has a separation force of 3.5 pounds.

Figure 8.11 illustrates how magnets are installed in the splint holder. Before
separation, the splint holder is aligned with the vertical rods by two guide rods and
bores. Four pairs of neodymium-iron-boron (3/8in. OD and 1/8 in. thick) magnets, two
on each side, are arranged to hold the splint in place with the mechanism. If an external
separation force over 14 pounds is applied, the splint holder will be separated from the
mechanism but will remain aligned with the splint holder guide rod until the full
separation is completed. Separation force is adjustable by the number of magnet pairs.

Reducing the number of magnet pairs to three will decrease the force to 10.5 pounds.
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Chapter 9

Conclusion
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O Conclusion

9.1 Design of Manual Teaching Aid

At this stage, the manual teaching aid has been designed with five degrees of
freedom, two in translation of the end—point and three in the wrist's rotation. The
translation is achieved via a SCARA arm (see Fig. 9.1), where low end-point friction
of 3 to 6 ounces and reflected inertia of 0.3 to 0.6 pounds are achieved. The friction
and reflected inertia are smaller than in any other configuration such as Cartesian or

cylindrical.

Fig. 9.1 The Designed SCARA Arm (scale 1:5 see detail in drawing ASB A03)

The details drawings of each element of the SCARA arm are included in appendix A
The direct-drive approach, together with Brushless DC motors, results in low

friction, high stiffness, and low inertia properties reflected to the user. Each actuator
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Fig. 9.2 Cross Section View of the Manual Teaching Aid (drawing ASB B01)
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package is comprised of a SSJH-44-B-2 high accuracy resolver, a TG-2936-B
tachometer, and a TRT-200 torque sensor. The selected resolver will properly operate
with CSI's 168K400 resolver-to-digital converter producing 16-bits position
information and, at the same time, feed this information to the servo controller for
commutation management. The TG-2936-B tachometer provides a very accurate
rotational velocity of the arm mechanism from 0.008 to 8 radian/second, while the
TRT-200 feeds back torque information between the drive unit and the shoulder joint.
Figure 9.2 illustrates the installation of the tandem actuator packages and the shoulder
joint. Details of each element in the actuator package construction are shown in the
drawings in appendix A.

Three rotational degrees of freedom of the human wrist are also incorporated in
the design. Flexion/extension and abduction/adduction are produced by two identical
DGPH-1610-B-1T's miniature high torque motors through a differential mechanism.
An additional motor produces pronation/supination movement of the forearm through a
special six bar mechanism. Each light-weight miniature motor has a built-in
potentiometer and a tachometer. The total weight of the end-effector is less than 3 1b.
Figures 9.3 and 9.4 illustrate the front and side views of the end-effector. All details of

each component of the end-effector are shown in the drawings in appendix A.

9.2 Future Work

9.2.1 Biorobot Design

In terms of robot design, performance, ability, and effectiveness of the manual
teaching aid are needed to be quantified. We need to know how the design parameters
(such as friction, inertia, stiffness, interaction force, etc.) matter to the human users. In
addition, if there is a trade-off between these parameters, we need to find the cost

function in order to be able to find the optimum for the next biorobot design versions.
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9.2.2 Man-machine Interaction

Once the fabrication of the manual teaching aid is complete, the main part of the
project can begin on the man-machine interaction. This study will be performed using
the manual teaching aid as a platform. Using this platform, hardware and software tools
in physical therapy applications could be developed. Computer and robotic technology
might facilitate a new method of physical therapy, such as therapy performance and
progress measurement (implies having a quantification method) or remote therapy. If
this machine is successful, perhaps various other machines could be constructed for

therapy of different parts of the body.
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Appendix A: Detail Drawings

Appendix A contains detail drawings of manual teaching aid. These drawings are not
drawn to scale but shrinking down from 22X34 in. vellums to US letter papers. If
exact dimension are to be used, please see full scale drawing at Newman Laboratory for
Biomechanics and Rehabilitation, Massachusetts Institute of Technology.
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Appendix A.1: Arm Subassembly

Drawing No. Name Page No.
ASB A01 Shoulder Joint Assembly 201
ASB A02 Arm Assembly, Front View 202
ASB A03 Arm Assembly, Top View 203
A01 Link 1 204
A02 Link 2 205
A03 Link 3 206
A4 Link 4 207
A0S Joint 3-4 (Male) 208
A06 Joint 1-4 (Male) 209
A07 Joint 1-4, 3-4 (Female) 210
AO08 Joint 1-4, 3-4 Retainer 211
A9 Joint 1-4, 3-4 Cap 212
Al0 Joint 2-3 (Female) 217
All Joint 2-3 (Male) 214
Al2 Joint 2-3 Cap 215
Al3A End-Point Rod Holder 216
Al3B End-Point Shaft Holder 217
A13C End-Point Joint Rod 218
Al13D Joint 3-4 Retainer 219
A13E End-Point Joint Cap 220
Al4 End-Point Joint Pin 221
AlS Joint 2-3 Retainer 222
Al6 Joint 0-2 223

Al7 Joint 0-1 224
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arsrae 341318 12410 128 1047 708
700 ——ay
12e00I1 2008
" F 1100
1360
r RN LITATYE 1)
xe 181 oA T
::z:‘:&l;;:l’?{;’;'d UG TAP M CuUNTOB 279
AXS 008 DAL THA
440 NG TAR 3 e DMLY p—— R
T Ee e SE B 378 CUTTER
— 1 448
1 e — '
e . e {4 A
i }
180
T
v ST Y e—a— ==
LLLAR T 174 480 "s 1 13 s 400 7% 1047 108
AX@ 108 DAL Treu L el L L 1200070 2008
V3 oG Ta x0T
2 CsNCTOB TR
CUT FROM STANDARD SCLAFE B087- T8 ALUMN LM ALLOY STRUCTURE
150 X180 WTH 120/ 128 WALL THCKAESS
" 5 ’ .
S — Prusterd oor ABOVE NOTE Toletances Manual Teaching Aid
ACCESOVES LIST x rm
1. SOOKET HEAD CAP SGREW 6- 32 UNC )/ 8" UNDER HEAD LENGTH 4 FEQ Firean o o A Link 1
2. AMP AMPLIMTE D SUBMMNATUHE CABLE QLAMP 25 PINTWE 747913 2 (HECAPTUE 2 FEQ e i
3. AMP AMPLIM TE D SUBM N ATUHE CABLE CLAMP 25- PIN TYPE 7479122 PLUG 2 RQ it
Y
g 1 Scale 1 1
1724181

r0¢C



_T 0o {In'{él
ALk
4125
3749/3751 .
" 3437 -
2099/3 001 —— o]
1874/ 1876 —=|
e Hl7E -] USE © 375 CUTTER
—amf 1124/1125 j
146871470 _| | AR G
lL.y el [p—p—— \ 1
R 1000 1 3 | i | 55
= 1
— _.___i 999/ 1001
205 - : = * 499/ 051 l
* r7li'1/l/ A A 4 P 4 L A S A S5 A S 1
A
s * 112471126 * e A
015/ 016 374/ 376 104/ 105
12900/12916
4X@ 106 DRILL THRU 6- 32 UNC TA
4X@ 106 DAILL THAU 6-32 UNC TAP
(2 HOLES ON EACH SIDES)
USE @ 375 CUTTER
X@.161 DAILL T
B2* CSINK TO® 279
A _;._ o P _%_— A
|
1 — | |
[ J | A
| I | 150
1 I I
! —r———‘+—————*‘|——7r_7
SN
499/ 501 *
104/ 105
999/1 001 12900/12916

4X©@ 161 DRILL THRU
82° CSINKTO® 279

ACCESCRIES LIST

1. SOCKET HEAD CAP SCREW 6- 32 UNC 3/8” LNDER HEAD LENGTH 4 REQ
2. SOCKET HEAD CAP SCREW 6- 32 UNC 1/2* UNDERHEAD LENGTH 4 REQ

DWGH# A02

CUT FRCM STANDARD SQUARE 6061- T6 ALUM NIUM ALLOY STRUCTURE

150 X150 WITH .120/.125 WALL THICKNESS

Material . .
Ses above note AL e Manual Teaching Aid
X £01§
Finish s
. XX Loos H
Black Anodize Unf 055 speciliod lEink 2
Quantity A0D2 Orw. by App. by
Req. 1 Scale 1 1 Jain Char nnar ong Or _Andre Sharon
1/24/91 Massachusetts Institute of Technol ogy

0T



14499/14501

DWG#

A03

B
14124714 126 — =]
13374713376
12750 -
fet———— | 75—
1.124/1.126
Pbl le— 374/ 376
711/1111 I T T A P P T S S F LS A L L S5 7 L 7 [ (7 5 (0 5 7 3 S 5 5 7 A 5 o S £ O A £ ST T S A TV L5 S T B T T 45 7 S T !1//111(
&l - __a ]
= < ] ?_
150 | 150
Y |
- 4 > o v ol A4 Va4 s rd 7 A ST T ST S S ST D ST T o T T S A 5 L S5 A7 S S 7 A S L 5 7 Y A S 7 57 A7 A 5 (7 I Y S A ST A 5 L (O S5 e S ST A
e
4 499/ 501 489/ 501 * [—J
104/ .105 999/1.001 999/1.001 104/ 105
—— USE® 375 CUTTER
12900/12916 12000/ 12916
e o
4X©.161 DAILL THAU CSINK TO® 279 4X 161 DRILL THRUCSINK TO® 27
e e, , e — I
1
—r —— = — == e 8
150 150
- g ERER g
104/.105
280041 2016 4X© 161 DRILL THRUCSINK TO@ 279
— USE @ 375 CUTTER

4X@ 161 DRILL THRUCSINK TO® 279

USE @ 375 CUTTER=

[ =]

104/ 105

12900/ 12916

CUT FROM STANDARD SQUARE 6061- T6 ALUM NIUM ALLOY STRUCTURE
150 X150 WITH .120/.125 WALL THICKNESS

PMeterial o soove note Tolerances Manual Teaching Aid
X oIS
Erish XX +o010
X0 005 :
Black Anodize URiei s nad fed Link 3
Quantity A03 Drw. by I App. by
Feq. Scale 1 1 Jain Charnnar ong Or. Andre Sharon
1/24/91 Massachusetts Institute of Technol ogy

90¢



DWG# AO4

Vramr

[RETRY

e

i

Tarm

r )

L 180
‘ l
. iz o X
. =
¥ v I \ o 1w 1L . e
104 124 131 e s
Trrom e Lol b BT ORLL TR 8T 1120 A e
Lt iy [ELLER T
400 G TAR i (OALL T BT B R e A ’
AX 0N OALL THALED 3P OV 81 603 san e TaR

\ V3ie 440 U TAR /
CUT WTHE TS QUTTER G WTHE 378 QUTTER

4X@ 181 DAL HAUCSNCTO® 74

17 bay
b

]————— M *11{111111111'1'1’1'lxllztl.[.r;l11111111111111+ # s I

¥
\ i —; o l
0 .19 2 0 2 2 2 o P B B DT DD D D D B 2 3 i

war
104 106 Aty

1ou 188
L1900 Y BpYE OUT W THE 378 CUTTER
/ (ETTTRR I
S W T B3 TER

4X® 181 DALL THAUCHINC TO@ 274

CUT FROM STANDARD SCUARE 8081- TH ALUMN LM ALLOY STRUCTURE
TEO X158 WTH 178/ 125 WALL TH OXNESS

parsie Soa above note [ srces Manual Teaching Aid
ACESSCHIES LIST
1. AMP AMPLIMTE D SUBM N ATURE CABLE CLAMP 25- PIN TYPE 747911.2 FECEPTACLE 1 HEQ FASh ok Anodze Link
2. AMP AMPLIMTE D CUBMNATURE CABLE QLAMP 25-PINTWE 7478172-2 PLUG 2 HQ
1. SCCKET HEAD CAP SGEW 4. 40 UNC 5/ 16° UNDER HEADLENGTH 4 REQ Tantity AD4 Ow b Aps vy
iBg 1 Scale 1 1 Juen Char near ong D A~ g §rgrgn

124181 | s

sierinine el T o

LOT



425 —»=
237 —=f

2150

@219 CBORE 112 DEEP

4X© 136 DAILL THRUEQL SP N @ 1063

©.8130/.8134

Eal

@.7500/ 7507

CUT TOAVOID FILLET

DWGH A0S

4X@ 089 DRILL313 DEEP EQL SPON®@ 375
4-40 UNC TAP

NOTE

1. R030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

Material 6061-T6 Aluminium Tolerances Manual Teachi ng Aid
Alloy X tois
ACCESSORIES LIST Finish ))::xo( t:;g
t .
1. SOCKET HEAD CAP SCREW 4- 40 UNC 3/ 8" UNDER HEAD LENGTH 4 REQL. S{acicATadics Uniess specii o Joint 3-4,( Male)
Quantity A0S Drw. by App. by
qu. 1 Scale 1 1 Jain Char nnar ong Dr  Andre Sharon
1/24/91 Massachusetts Institute of Technol ogy

80¢C



@.7500/ 7507

Gl e]

4X@ 089 DRILL313 DEEP EQL SPON®@ 375
4-40 UNC TAP

4X 25 CHAMFER

6-32 UNC TAP

4XR 25

4X@ 106 DAILL THRU

DWG# A06

} 499/ 501
104/ 105

12900/ 12911

999/1001

SECTION A-A

-l——2249.'2251—t—l

et~ 1499/ 1501 -3 123371235
[Es)
— 1124/1.126 |==—
151071511 [} CUT TOAVOID FILLET
- I.q— 374/[376 ﬁ 1406
145 | |
{ ¥ 2906
177
E I 2L
100 | 7 %
i 2
A % 2
12001712911
4X© 106 DRILL THRU © 375 DAILL 2 454 DEEP
6-32 UNC TAP @ 1000 CBORE 1250 DEEP
@1.2500/ 12506 CBORE 188 DEEP
NOTE

1. RO30 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

ACCESSORIES LIST
1. FLAT HEAD SOCKET HEAD CAP SCREW 4- 40 UNC 5/8" OVERALL LENGTH 4 REQ
2. FLAT HEAD SOCKET HEAD CAP SCREW 6-32 UNC 5/ 16" OVERALL LENGTH 8 REQ

Material §061-T6 Aluminium Tolerances Manual Teaching Aid
Alloy X +015
Erien XX t010
inis .
Black Anodize (e Joint 1-4 (Male)
Quantity AO6 &w&y App. by
Req. 1 Scale 1: 1 Jain Charnnar ong Or . Andre Sharon
1/24/91 Massachusetts Institute of Technol ogy
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4XR 250

4X 250 CHAMFER

/—H?SO

12901712911

#

i

7501 751

DWGH A07

1
3

}

145 499/ 501
104/ 105
999/1 001
- 2249/ 2 25—
fe— 1499/ 1 50+t
1,124/ 1.1 26—
374/ 37— - @12500/ 12506
4X@ 106 DRILL T
6-32 UNC TAP 056/ 060
104/ 105 281
1 i { a
c
v 4 S 557 i—]
1 2 iy
A 1318
12901712911 100 | | g ; ol
1
1 ) |
14
145
056/ 060
@1 1866/1 1871
4X@ 106 DRILL THRU
Sz AR oo v]aJe]
@1262/ 1265
NOTE

108

R030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

ACCESSORIES LIST

1. FLAT HEAD SOCKET HEAD CAP SCREW 6- 32 UNC 5/ 16 UNDER HEAD LENGTH 16 REQ Finish
2. WALDES TRUARC INVERTED RETAINER RING5008- 118 4 REQ
3. LON FRICTION BALL BEARING NHBB SSRI-539EE 4 REQ

Manual Teaching Aid

Joint 1-4, 3-4 (Female)

Mat erial 6061-T6 Aluminium Tolerances
Alloy X 1015
XX t010
XK 1005
Black Anodize Uniess specilied
Cuantity
Req. 2 Scalle’ 1 : 1

Crw. by App. by
AO7 Jain Charnnar ong

1/24/91

Or_Andre Sharon
Massachusetts Institute of Technol ogy

01T



|t— 156

DWGH AO08

2 938

4X© 136 DAILL THRUEQL SP ON®@ 375
B82° CSINK TO@ 225

NOTE

1

RO30 FOR ALL FILLETS AND CHAMFERS UNLESS SPECIFIED

ottt R s Manual Teaching Aid
Alloy X tois
Finish s
Black Anodize it it Joint 1-4, 3-4 Retainer
Quantity A8 Drw. by I App. by
Req. 2 Scale 1 1 Jain Char nnar ong Or Andre Sharon
) 1724191 Massachusells Institute of Technol ogy

LT€



250 —  |-—

@12506/12510

|

125 —] rl—
7a
21500 2100
—JL— 061
06 CHAMFER

4XR 125

DWGH# A09

NOTE

1. 030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

Material  6061-t6 Aluminium Tolerances Manual Teachi ng Aid
Alloy X t0Is
e XX £010
XX £005 H
Black Anodize i\ essapesiliad Joint 1-4, 3-4 Cap
Quantily A09 Orw. by | App. by
Req 4 Scale 1: 1 Jain Char nnar ong Dr. Andre Sharon
1/24/91 Massachuselts Institute of Technol ogy

GEC



4X2.106 DRILL THA!
6-32 UNC TAP

4XR 250

4X@ 106 DRILL THﬂU_/

6-32 UNC TAP

:

l

100

5——=

R 1000

) ]

145 644/ 64
12901712911 894/ 895
4X 250 CHAMFER 374/
104/106

1

394/ 395
5

pt———— 2 499/2 501 ————=]
- 1 499/ 1501 —=

—=1 1124/1.126

D15625/15631

DWG# A10

1.2901/12911

218 056/ 060
45 281
¢ } * *
) |
}— T o 1 557
‘f'f
00 | | / 1625
i LM
Z
1317/1319
056/ 060

D14990/14996

EIRERAA

@1594/1598

NOTE

1. .030 FCRALL FILLETS AND CHAMFERS UNLESS SPECIFIED

Material 6061-T6 Aluminium
Alloy

Tolerances

Manual Teaching Aid

ACCESSORIES LIST Kbl
1. WALDES TRUARD INVERTED INTERNAL RETAINER RING 5008- 150 2 REQ Finish XK £005 :
2. LOW TORCUE BALL BEARING NHBB SSAI-541 EE 2 AEQ i e Unlass: speci i 6d Joint 2-3 (Female)
3. FLAT HEAD SOCKET HEAD CAP SCREW 6-32 UNC 5/ 16 OMERALL LENGTH 8 REQ TR o Drw. by App. by
Feq. 1 Scale 1: 1 Jain Charnnar ong Or. Andre Sharon
1/24/91 Massachusetts Institute of Technol ogy

3|



DWGH A1l1

R 750

Wi
l =t

uB ’ 394/ 395 ;

145 644/ 645
12901712911 894/ 895

pt————— 2249/ 2 25+——==f
4XD 08I DAILL 313 DEEP EALSPOND 688
4-40 ULNCTAP 210621/10632
fet— | 459/ 1 564—] muﬂ
1.124/ 1126 T e
A‘LL‘..‘.
4X 250 CHAMFER e % IRECEITIM
| | 4X©.106 DAILL THAU /] /]
21216 l | | 6-32 UNC TAP 104/ 106 o ] L/ CUT TOAVAID AILLET
[
% /] 2906
| } l | %
12801/12911 ,// /]
1.00 | | i ’4:
i 11 [
t [ Y

4xn.2so—/
4X® 106 DRAILL THAU
6-32 UNC TAP
@ 297 DRILL THRU

@ 594 DRILL 244 DEEP
21000 DRILL 1 20 DEEP
@1.2500/ 12506 CBORE 186 DEEP

NOTE

1. R0O30 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

Al Tolerances Manual Teaching Aid
A”Dy X 1015
ACCESSCRIES LIST Finish _ XX tow :
1. FLAT HEAD SOCKET HEAD CAP SCREW 6-32 UNG 5/ 16° OVERALL LENGTH 8 REQ Black Anodize o e Joint 2-3 (Male)
2. FLAT HEAD SCCKET HEAD CAP SCREW 4-40 UNC 1/2° OVERALL LENGTH 4 REQ
Quantity A1 Crw . by [ App. by
Req. 1 Scale 1: 1 Jain Charnnar ong Or. Andre Sharon
1/24/91 Massachusetts Institute ol Technol ogy

1 4



DWGH A12

iy
rHm—
]

21375 21875

|

e 063

@15635/15640
063 CHAMFER

SN

NOTE

1. RO30 FORALL FILLETS AND CHAMFERS UINLESS SPECIFIED

Material 6061-T6 Aluminium Tolerances Manual Teaching Aid

Alloy X £015
Finish XX 1010

XXX £008 :
Black Anodize Unless specitied Joint 2-3 Cap
Quantity A12 Orw. by App. by
Feq, 1 el Jain Charnnar ong Or_Andre Sharon
1/24/91 Massachusel ls Institute of Technol ogy

S1¢C



DWGH

L
b=t - 1 000 »
749/ 751 — ety
< . 2X@ 234 DRILL THRU @ 2495/ 2500 REAM
Tl [@lc o1 kB
625 — e s Bl
1500/ 1506
T .
1 e e | ST T
]
H Y
12901/12911 100 | 062 =1 150
| HH AL
ittty i) iy et [ 1 ?U 374/ 376
1
iy B
+ 145 50 % u
104/ 106
125 CHAMFER
2X@ 234 DAILL THRU @ 2495/ 2500 REA
[0 o1 [A]n]
’--— 1125 —=
—— - 375
250 e | jem—
- | =1 250 125 cmsw:&n—\
I 1 Y TIT T
SRR e — ]
M ]
|\ 125 FILLET
| |
/— 4X 25 CHAMFER
J \/ 2X@ 375/ 376 (EACH SIDES) Ld | 3500
3135 \ 3250
12901712911 |
1687 | 125 FILLET
100
/ 28 i
ENE— M Sl e el
= it ]I'. 111y
/ + 145 645 l ’ Li“J
4XR 250 167 250
063 CHAMFER
NOTE
1. R0O30 FOR ALL FILLETS AND CHAMFERS UNLESS SPECIFIED
Mat erial . i , . :
606116 Aluminium Tolerances Manual Teaching Aid
Alloy X 1013
XX t 010
Finish VX 1008 ’
Black Anodize e aeine End- Point Rod Hol der
Quantity A13A Drw b App. by
Req. 1 Scale 1 1 Jain Char nnar ong Or Andre Sharon
1/24/91 Massachusetts Institute ol Technol ogy

91¢



DWG# A13B

et — 1 325 —=
St e /_,,,,,,, @ 484 DRILL THRU REAM @ 443/ 500
el Cal .ﬂo:Anl
375 / —— R 750

@ 7500/ 7506

150 Lﬁi

e
(IR [

A 500

100
11250/ 1 1255 @ 484 DAILL THRU REAM @ 4599/ 500

o i p]

D3120RILLT @12500/12506
\ ©f° ¢ 2 °]
FRONT VIEW

153 374 056/ 060

1 i

L

=
4

| A

[

=5

o+
sk

}'— \J * 7 .5'19

1840

pro B s e e e e

SN

056/ 060

ey
]

S

e
= SONSRSRN
N

B e e s e e e e e [

B,

=1 D 1.1866/1.1871

@1262/1265

NOTE

RECTICHIACA 1. .030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

Wl\.l'ﬂlarlal 6061- T6 Aluminium Tolerances Manual Teaching Aid
Allo

ACCESSORIES LIST — A e Ean

1. WALDES TRUARD INVERTED INTERNAL RETAINEA RING 5008-118 2 REQ Ll Black Anodize X00 +003 - Poi aft Holder

2. BERG'S LINEARBALL BEARING LMB- 1 4 REQ TS Epeatics End-Point Sh

3. BEAGS CB-50- CP RETAINER RING ¢ REQ oAty T ApaToy

4. SPEC'S STOCK COMPRESSICN SPRING STAINLESS STEH. €072-081-1500 2 REQ i 1 ol 138 | jain Charnnarong O_Andre Sharon
' 1/24/91 Massachusetts Institute of Technol ogy

LVE



DWGH# A13C

3738
Ar-1 pet— 123
o 3615 Ly |
029/.032 i*“cf 029/ 032
06 CHAMFER HER R 0230/ 233 06 CHAMFER |
@ 2495/ 2497
COMMERCIALLY AVAILABLE
GROUND SHAFT
NOTE
1. R0O30 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED
Mat erial AISI 303 Stainless Tolerances Manual Teachi ng Aid
steel X L0138
ACCESSCHIES LIST Finish oo 005 : :
Black Oxide Hs e End- Point- Joint Rod
1. BERGS RETAINERRING Ce-25 4 REQ
Quantity A13C Drw. by App. by
Reg. 2 Scale 2 1 Jain Charnnar ong Dr _Andre Sharon
' 1/24/91 Massachusetls Institute of Technol ogy

81¢C



DWG# A13D

312

156 —

Tosp]

@ 938

@188 @125

4X©@ 136 DRILL THRU EQL SP ON® 437

82° CSINK TO® 225
4 SLOTS 3/64 WIDE X 143 DEEP

ENLARGE DETAILS

%

é OF SLOT ARRANCEMENT
— -t —

;

SCALE 2 1

NOTE

1. .030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

[ MR ELeATe AT Ve Tolerances Manual Teaching Aid
Alloy X 015
Finish xXxX 1 010
ACCESSORIES LIST Blat A rodite X £005 . N .
1. BERGS CG1-7-2 SPLIT HUMP CLAMP | REQ (nless speciliod Joint 3-4 Retainer
Quantity A13D Drw_ by App. by
Req. 1 Scale 1: 1 Jain Charnnar ong [x. Andre Sharon
1/24/91 Massachusetts Institute of Technol ogy

oL e



DWGH# A13E

3X@ 070 DRILL 179 DEEP EQL SPON@ 1 090
2-56 UNC TAP

el NOTE
125—m e |
- ] THIS SIDE IS OPEN
|
1500
7 .J 12506712510
A
4&/ = 061 @1.125 |
06 CHAMFER
2 750
4XR 125
o) IR
NOTE
1. 030 FORALL FILLETS AND CHAMFERS UNL_ESS SPECIFIED
Material  6061-T6 Aluminium Tolerances Manual Teachi ng Aid
Alloy X £ 013
ACCESSORIES LIST P XX 1010
Black Anodize ol End- point join ca
1. BERGS SG 3 SYNCHRAO CLAMP CLEAT 3 REQ Less el P J P
Quantity A13E Drw by App by
th 1 Scale 1 | Jain Charnnar ong Dr Andre Sharon
1/24/91 Massachuset1s Institute of Technol ogy

Bce



Material 6061-T6 Aluminium Tolerances Manual Teachi ng Aid
Alloy X 013

BT X 1010 ] — -
ACCESSCRIES LIST Black Anodize et End- point joint pin
1. SMALL PARTS THREE- ARMKNCB (TAK SERIES) C TAK-3 2 REQ SE

Cuantity Ald Drw by App by

qu. 1 Scale 1 q Jain Char nnar ong Cr _Andre Sharon

1724191 Massachusells Institute ol Technol ogy

1/4%-20 UNC

@ 3750/ 3755 1/47-20 UNC

DWGH A14

NOTE

1. RO30 FORALL AILLETS AND CHAMFERS UNLESS SPECIFIED

[l7574



— 21216

11’*187

4X 136 DAILL THRUECQL SP ON @ 688
82° CSINK TO@ 225

DWGH A15

NOTE

1=

RO30 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

Matorital. BEi61=To Stin v Tolerances Manual Teaching Aid
Alloy X tois
Finish e T
i ; .
Black Anodize B el Joint 2-3 Retainer
Cuantity A15 Orw . by App. by
Fog. 2 Scale 1 1 Jain Charnnarong Or_Andre Sharon
i 1/24191 Massachuset 13 Institute ol Technol ogy

ElC



A
ey
— L —pt— 750
‘—hl» 750
2374/2376 499/ 501
| [
] ..,,1é)_
1624/1626
2.125 |
374/ 376 a747 376
2562
2750 l <
875 ' = . " - 875
7250736 f— it ' 735/ 736
5375
2 266
3624/3626

R1.250

@00 1 Bfe]

R1.750
| 60° BASIC
5X@ 213 DRILL THRU ECL SP ON2999/3.0
@ 344 CBORE .190 DEEP :]
-
A

1124/ 1126

624/ 626

. 00 T.c1

3
4X© 161 DRILL THRU—

375

020 C}MI-FER-X

056/ 060

Lo 056/ 060

1719
442/ 144424
306/ 308

DWGH# A16

4X© 161 DRILL 281 CBORE 138 DEEP

020 CHAMFER

D1564/1598 ©14990/14996

[”!00 1 [Al [”[OOIIA]

V////_—

SECTION

@16250/16256

NOTE

1. .030 FORALL CHAMFERS AND FILLETS UNLESS SPECIFIH]

ACCESSORIES LIST
1. LOW TORCQLUE BALL BEARING NHBB SSRI-541EE 2 REQ
2. WALDES TRUARC INVERTED INTERNAL RETAINER ARING 5008- 150 2 REQ

Material 6061-T6 Aluminium Tolerances Manual Teaching Aid

Alloy X zo18
Finish e o0

XXX 1003 H

Black Anodize e Joint 0-2
Quantity Al6 Drw._ by ] App. by
Fleq. 1 Scale 11 Jain Dﬂarnnarung Or  Andre Sharon

1/24/91 Massachusetts Institute of Technol ogy

g€d



5375

\37d/ 376
875

75
i 735/ 736 f

A 735/ 736

— — /50
2.374/2376 499/ 501 -1
| | L]
4
1624/1626 T
2125 I
2562 374/ 376 t
2750 g
- ‘ﬂ?‘—
8
-t
-.\
0 —3

=

3624/3626

o]

5X©@ 213 DRILL THRU EQL SP ON2.999/30
© 344 CBORE 190 DEEP

60° BASIC

I_._/

4X@ 161 DRILL THRU—

2969

3656 —

— 3280/3 282—-1

——— 2780/2.782

2594

2469

r 1 608/1610
2 594

21250

g
e 2280/2202— ‘ '4

rt—— 2094
[et—— 1 781

— I L

—_————

DWGH# A7

4X@ 161 DAILL 281 CBORE 138 DEEP

L{
Vi

]
T * 76 LI [
— 125

2 297 St -1
320

:

'\ sz

@10621/10632

Pestisieie]

@150

CUT TOAVOD FILLET

4X© 089 DAILL 313 DEEP EQL SP CN @ 688

4-40 UNC TAP

SECTION A-A

@16250/16256

$[oo 1]

A

Nol e

1. 0.030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

|Material 6061-T6 Aluminium

Tolerances i i
ARt s Allay S Manual Teaching Aid
1. FLAT HEAD SOCKET HEAD CAP SCREW 4- 40 UNC 1/2" OVERALL LENGTH 4 REQ ETRTER XX o010

o o 0K £005 i .
Black Anodize (ki es< epeci1fed Joint O-1
Cuantity Crw by App. by
Fog. 1 Scale 1 Al7 Jain Charnnar ong Or_ Andre Sharon
1/24/91 Massachusetts Institut e of Technol ogy

vCte



Appendix A.2 : Foundation Subassembly

Drawing No.

ASB BO1
BO1A
BO1B
BO1C
B02

B0O3
BO4A
BO5

Mounting and Assembly
Upper Mounting Plate
Lower Column Holder
Lower Motor Holder
Mounting Strap

Mounting Column
Mounting Base

Mounting Column Index Pin

225



226
DWG# ASBBO1

1. Mourting Strap

T
g
E
§

el
\\
m:ep

N P
/_ 7. Moumting Base

i/ iiliiisslldg

Manual Teaching Aid

...... Mout ing and Mot or Assembly
Orw




arsTenz
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S
b a2
oTel e
P e R =i 300 b~ 3082873 0837
i i @les BRE
1438
t 120 l Pany
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Standar d heat Lreated alloy steel
Socket head cap screw

1/47-20 UNC 0. 75" under head length

— PR —

Cut and modiffy to

N

|

DWG# BO5

@ 187/ .185
Note
1. 03 for all tillets and chamfers unless specified
) Tolerances Manual Teaching Aid
Cut from standard heat :(cx igllz
treated alloy steel socket 0K +005 = 5
head cap scrow AR Mounting Column Index Pin
QJanl iy )‘ 805 JDW-C;&I’MBI’M App. DY Sh
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Appendix A.3 : End-Effector Subassembly

Drawing No.

ASB EO1
0l
E02
EO3
E04
EO5
E06
E08
EO09A
EQ09B
E10
Ell
El2
El4
E15A
E1LSB
El16

End-Point Effector Assembly
End-Point Pivot Shaft

Main Structure

Pronation/Supination Motor Base
Differential Gear Supporter
Pronation/Supination Joint
Pronation/Supination Joint Shaft
Crank Follower

Pronation/Supination Motor Connecting Rod
Pronation/Supination Connecting Rod
Splint Holder Guide Rod

Splint Holder Lock

Splint Holder

Flexion/Abduction S-Rod
Flexion/Abduction Connecting Rod
Flexion/Abduction Palm Connector
Flexion/Abduction Connecting Shaft

234



5 Pro/Supination Motor Crank

7. ProdSupination Jeint Snaft

6. Pro/Supination Joirt

7. Pro/Supinmion Joim Snafi

9. Pro/Supination Connecting Rod
(Lone)

11. Splim Holder Lock

)
) |

41

—

1. End-poim pival shalt

2. Main Siruciuore

3 Pro/Supinetion Molor Base

18. Gifton Precision
DOPH 1410-B-17

==

Mnsture Hgn Torgue Motor

8. Pro/ Supination O ank Follower

4 Dileremim Gaar Supporter

13. Aexiond Abduction 8 Rod
8. Pro/Supi netian Joim

15. Fexian Abduction
Cannacting Fod

7. Pro/Supination Joim Snhall

9. Pro/ Sup natian Connecting Pod
(Snart)

14. Aaxlon Abduction
Conrwcting Shall

11. Spiint Hoider Lock

16. Faxl onf Abduction Pai m
Corrector

12. Splim toloer

-y

—ANTH

17 Dilfecemial Gea

10. Spiint Hol der
Cuce Fod

DWG# ASB EO1

-

-

v

End- paimt pivet shall

Main Sruciure

Pro/ Supination Motor Base
Oiferential Gewr Suppor (er
Pro/ Supination Motar Grank
Pro/ Supi nation Joint

Pro/ Supination Jeint Snalt

Pro/ Supl nmon Crark Fol | ower
Pro/ Supi natl on Conrecti ng Aod

Spilm Holoer Quce Pod

. Splim Holder Lock

Spilm Holoer

. Flaxion/ Abduction S Fod

Flaxlon/ Abduct ion
Carracting Shalt

Flaxion/ Abducti on
Connecting Fod

Faxion/ Abduction Peim
Connect or

Ollerenis Gear

. Qilton Pracision

DGPH 1410-8-1T
Mini mture H gh- Torque- Motor

Ses DWVCR ED 1
Ses DAWCF EDZ
Sea DV EDD
Sea DWCE ED4
See DWOs ED7

Ses DWCF EDS

Ses DNVCE EHDE

Ses DNVOr EDS A B
DWas ET0

Ses

Ses DNE EN1
Ses DNCEF E12
Ses DM E14
Ses

D~Gr ETE

£

DAVGE ET5A

Sea DWGF E158

[P

Tola weew Manual Teaching Aid

X [E)

XX b

risgr) End-point Effector Assembly

Scale 1: 1
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4X©@ 089 DRILL 313 DEEP EQL SP ON©@ 437
4-40 UNC TAP

4X©.106 DRILL THRUEQL SPON@1.188

6-32 UNC TAP

NOTE

1. R030 FCRALL FILLETS AND CHAMFERS UNLESS SPECIAED

Material 6061-T6 Aluminium Tolerances Manual Teachi ng Aid
Alloy X zois
ACCESSORIES LIST Hnish AR . .
1. FLAT HEAD SOCKET HEAD CAP SCREW 4-40 LNC 5/ 16° OVERALL LENGTH 4 REQ Black Anodize i End- Point Pivot Shaft
2. SOCKET HEAD CAP SCREW 6-32 UND 1/2" UNDERHEAD LENGTH 4 REQ
g:.m”y 1 Scale 1: 1 et J[::t;’;’w'w ’I\)pp:r{ire Shar on
1724191 Massachusetts Institute of Technol ogy
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NOTE

1. 030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED
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[Material : ini ) .
ACCESSORES LIST S e Tollegices Manual Teaching Aid
1. BEAG'S BALL BEARING B2- 11§ 2 REQ Finish e i
] : Black Anodi XX L) i
2. SOCKET HEAD CAP SCREW 6-32 UNC 3/8° UNDER HEAD LENGTH 1 REQ e R Unless specitiod Main structure
3. SOCKET HEAD CAP SCREW 4-40 UNG 3/4* UNDERHEAD LENGTH 3 REQ ST S N oo
qu. 1 Scale 1: 1 Jain Charnnar ong DOr. Andre Sharon
’ 1724/ 91 Massachusetts Institute of Technol ogy
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DWG# EO03

125 CHAMFER 080 CHAMFER

250 —m— l"
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125 3X@.136 DAILL THRU @ 219 CBORE 105 DEEP

©1.298/1.300
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R 804
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\- — SEE DETAIL A
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o {
—_—— 2 250 21102
* NOTE

21298/1.300

1. 030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

Nan N

WMaI orial  §061-T6 Aluminium Tolerances Manual Teaching Aid
Alloy X 1013
Finish X t 010 ]
Delalla Black Anodize T Pro/ supi motor base
Quantity €03 Drw. by App. by
Req, .1 Scale 1 : 1 Jai n Charnnar ong Cr. Andre Sharon
1/24/91 Massachuset1s Institute of Technol ogy
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NOTE
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ACCESCRES LIST
1. BEAGS R2-6-S BALL BEARNG 2 FEQ
2. BEAGS E11 BALL BEARING DIFFERENTI AL CEAR SET 1 FEQ . -
1. BERGS MEAN 3 MTTER AND BEVEL CEAR 2SET FEQ scedial :f::,- 18;Aluoki iy Tolarancas Manual Teaching Aid
4. BEAGS 0G1- 27 SPLIT HUB CLAMB I oam
5. SCCKET HEAD CAP SCREW 6-32 LNC 3/ 4° UNDER HEAD LENGTH 2 FEQ Fran :
§. METR C SOCKET HEAD CAP SCREW A0 - 15Al UNDER HEAD LENGTH 8 FEQ e ic s memtioe Differential Gear Supporter
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DWG# EOS

250 188 @ 594 CBORE 046 DEEP

@ 234 DRILL THRU
@ 2467/ 2500 REAM

fett— 1312 —=f
- 938

4 ‘:3!: il /HIES
D T i +
e JOTHON]

@ 484 DRILL THRU
@ 4093/ 4998 REAM
@ 594 CBORE 046 DEEP

2X2 106 DAILL THRU
@ 161 CBORE 219 DEEP
6-32 UNC TAP

NOTE

1. RO30 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

[Material  6061-T6 Atuminium Tolerances Manual Teaching Aid
ACCESSORIES LIST Alloy :;x f?ﬁ;
Finish X 00K +008 3 . o i
1. BERGS B2- 11-S BEARING 6 REQ Black Anodize Uniess specilied Pro/ Supination joint
2. SOCKET HEAD CAP SCREW 6-32 UNC 3/8" UNDERHEADLENGTH 6 REQ ‘
Quantity 205 Orw. by l App. by
Raq. 3 Scale 1 1 Jai n Charnnar ong Dr. Andre Sharon
1/24/61 Massachusells Institute of Technol ogy
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10-24 UNC THREAD

@ 249/ 250

@ 249/ 250

ACCESSORIES LIST

1. BERGS 10-24 UNC HEXAGONAL NUT Y5-11

8 REQ

10-24 UNC THREAD

DWGH# EO06

NOTE

1. R0O30 FOR ALL FILLETS AND CHAMFERS UNLESS SPECIFIED

[Materia 303 Stainless Stesl Tolerances Manual Teachi ng Aid
x o1s
T X oo : -
Black Oxide ol sl Pro/ Supination joint shaft
Quantity E06 Drw. by App. by
Feg. 4 Scale 1 1 Jain Charnnar ong Or. Andre Sharon
) 1/24/91 Massachusetts Institute of Technol ogy
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250
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2062
—-l le— 250
; S5
4 _Ez_ O _{ 563
R 125 201 |

3X @ 234 DRILL THRU @ 2495/ 2500 REAM

NOTE

1. .03 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

Paterial  6061-T6 Atuminium Tolerances Manual Teaching Aid
Alloy X tois
Finish X o
Black Anodize s Crank Follower
Quantity £08 Crw. by App. by
fieq. 1 Scale 1: 1 Jain Charnnar ong Or. Andre Sharon
) 1/24/91 Massachusetts Institute of Technol ogy
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v 9
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3450 ;
- 1.000 ——l 125 ——”.; |
HHHHHHHE = H—
1 7
2 249/ 250 2375 @249/ 250 |
1/4°- 28 UNF THREAD
NOTE

1. AR030 FOR ALL FILLETS AND CHAMFERS UNLESS SPECIFIED

[Material 303 Stainiess Stadl Tolerances Manual Teaching Aid Tll.hlarial 303 Stainless Stesl Tolerances Manual Teaching Aid
X +015 X +015
Finish . oo s . : Finish , e . :
Black Cxide s oeified Pro/ supi motor connecting rod Black Oxide o il Pro/ supi connecting rod
Quantit Drw by App. b t Drw. b App. b
Regq. y 1 Scale 1: 1 E09A Jat:myarnnarmg GP?APLFB Sharon | g:.ml d 1 Scale 1: 1 E098 Jm:{)l'\yarmarmg D;’?Ar:’dre Shar on
! 1/24/91 Massachusetts Institute of Technol ogy i 1724/ 91 Massachusetts Institute of Technol ogy
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1. R030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED
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1/47-20 UNC THREAD —/ ]0 375

354 —

jt———— 2001 ———>=]

|- 1008 —]

i

M

f

DWG# E10

2 249/ 250
@ 249/ 250
NOTE
1. R030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED
Material 303 Stainiess Steel Tolerances Manual Teaching Aid
X +013
ACCESSORIES LIST Finish g D 2 ;
= Black Oxide R Splint Holder Cuide Rod
1. BEAGS 1/47-20 UNCHEX NUT Y5-12 2 REQ — — —
Fb:m“y 2 Scale 1: 1 E10 Jai:myirrmarong | C;P".:'Arrcie Sharon
! ) 1/24/81 Massachusetts Institute of Technol ogy
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1 2X2 125 DRILL THRU @ .391 CBORE 063 * +
125 * 500
125 CHAMFER 375 - 0
500 R.188
NOTE
1. R125 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED
[Material  061-T6 Aluminium Tolerances Manual Teaching Aid
Alloy X zois
ACCESSORIES LIST Anish XX +010 ]
Black Anodize et ties Splint Holder Lock
1. EDMUND SCIENTIFICS 035,104 NEOCOYMIUM |RCN- BORCN MAGNETS 4 REQ
Quantity E11 Drw. by App. by
Feq. 2 Scale 1: 1 Jain Charnnar ong Or. Andre Sharon
1/24/91 Massachusetts Institute of Technol ogy
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NOTE
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Alloy x .y
Frsn et e h
Back Ancdize iy Splint Holder
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i =
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J T f P
250 188
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250 —a]
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T |
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i

RMJ—L/ \ : t
R1.156 \—

3X© 104 DRILL THRU
@.188 CBORE 086 DEEP

NOTE

1. R0O30 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

[Material  6061-T6 Aluminium Tolerances Manual Teachi ng Aid
Alloy X o8
ACCESSCRIES LIST — X o0 : :
Black Anodize et Flexion/ abduction S- Rod

1. BERGS PL-6 SHOULDER SCREW 2 REQ
2. SOCKET HEAD CAP SCREW 2-56 UNC 5/ 16 UNDER HEAD LENGTH * [Gantity v, by l App. by

Reg. 1 Scale 1: 1 E14 Jain Charnnar ong Or. Andre Shar on

1/24/91 Massachusetts Institute of Technol ogy
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2X@ 172 DAILL T
©.1870/ 1875 REA

DWG# E15A

[t 720
595/ 596 4
125 —] |
lﬂB
188
563 438 4
1/4%-28 UNF
360 —m b

NOTE

1. R030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

DWG# E15B

pex— 1 000 -»=

500 —o= pet—
] let— 688 let— 250
le— 250 ’
R 250 — = 1
R 250 b ™
8131090 N & 136 DALL THRU
arz - h 832 LncTaP
T e / P9
b I
188
are — 2X 125 DRILL THRU

@391 CBORE 063 DEEP

NOTE

1. R030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

ACCESSORIES LIST

1. EDMUND SCIENTIFIC 035,104 NECOYM UM- | RON- BORCN MAGINET 2 REQ

Material 303 siainiess Stesl Tolerances Manual Teaching Aid il o L S Manual Teaching Aid
X ro18 X to
T — i e T ing rod Aah ook Anodize xx im | Flex/ Abduction Palm Connect or
e oaifiad ex/ uction connecting ro s speciiie
CQuantity E15A Drw by App. by Quantity E158 Crw by App. by
Req. '] Scale 1: 1 Jain Char nnarong Or . Andr @ Sharon qu 1 Scale 1: 1 Jain Char nnar ong Or Andre Sharon
1/24/91 Massachusett s Institute of Technol ogy 1/24/91 Massachusel ts Institute of Technol ogy
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[at—— 6 25 —stut- 437 -

let— 563
315
@ 2505/ 2520
2 250 8-32 UNC THREAD

@125

NOTE

1.0.03 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

Material AISI 410 Stainless Tolerances Manual Teachi ng Aid

Stesl X tous
Finish e

£ X i
Black Cxide i Flex/ abd Palm Connecting Shaft
Quantity £18 Drw. by App. by
qu‘ 1 Scale 2: 1 Jai n Char nnar ong Or . Andre Sharon
’ 1/24/91 Massachusetts Institute of Technology
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Appendix A.4 : Actuator Package Subassembly

Drawing No. Name Page No.
ASB M01 Motor Assembly 251
MO1 Output Shaft Flange Connector 252
MO2 Front Housing 253
MO3A Front Bearing Outer Retainer 254
MO3B Front Bearing Inner Retainer 254
MO4A Resolver Stator Retainer 203
MO04B Resolver Rotor Retainer 255
MO5A Middle Bearing Retainer 256
MO5B Magnet Shield Plate 257
MO5C Magnet Shield Retainer 258
MO5D Magnet Shield Separator 258
MO6 Motor Shaft )
MO7A Middle Housing, Overview 260
MO7B Middle Housing, Left-Side View 261
MO7C Middle Housing, Right-Side View 262
MO7D Middle Housing, Wiring Slot 263
MOSA Rear Housing 264
MO8B Rear Housing, Ports 265
M09 Rear Cover Plate 266
MI10A Motor Stator Retainer 267
M10B Motor Rotor Retainer 267
M11 Tachometer Retainer 268
Mi12 Resolver Key 269

M13 Motor Keyways 270



8. Resoiver Stmor Amtslner

7. Pesol ver Statar

8. Fesolver Folor

11. Modla Bearing

DWG# ASB MO1

1. Quiput Snal | Fange Ses DWEE MO
Connect or
2. Fronl Bewing Kaydon KBO30XP3

3. Front Boaring Inner
Fatuiner

-

From Bearing Quier
Ratalner

5. Froni Housing

Feaction Torque Sensor

Four - polm - cont act bearing
Ses DACE MDIB

Ses DWCE MOJA

Ses DWCs MO2

Transducer Tecnniquas

TRT-200
16. Motor Stator Woodruf| Kay
12. Magnelic Shieid Piste 7 Qifton Precision
Fesolvar Stator BEUL AR S
21. Fear Housing 8. Resolver Fotor :;:\Hw;:;d;lm
27. Magret Shieia (Foil Type)

10. FAmsol ver Roter Retalner

Pasolver Stutor Feteiner

10. Rasolver Fotor At el ner

Ses DWOR MO4A

Sea DNGE MD4B

23. Tacromaler Stator
] 0 Brisn Arrangement 11. Modle Basring Kaydon KAQ40CP4
-]
-]
1. Qapa Snal 1 A 24. Tachometer Rotor 12. Mugnetic Snield Pme Ses DWOS MDSABGD
Connector ] 13. Motor Shaft Ses DACE MOE
-]
-] iniand Mt or
]
8. Fieact|on Torque Sens or e, — . o5 o iy it REE 3003 ACK
I % N 15. Erushiass Motor Fotor ;":‘"‘:n‘;‘_:a
3. Frant Bamring |nner = 5 . .
Pt al e — : 6. Motor Stmtor Woodrul | Kay Ses DNGS M12
17. Madie Housing Ses DWGE MOTABC
28. Faw Cover Axis 18. Motor Simtor Keyseat See DWCs MO7ABC
19, Motor Stmtor Sea DW0s MDA
Pt ol e
2. Front Bearing

4. Front Bearing Quer

22. Fawr Bawing

20. Moior FAotor Retainer

21. Far Housing

Ses DWGS M10B

Ses DWOH MDBA. B

22. Pewr Bawing :
il N-BBSSA-S44EE
23. Tecrometer Stmtor Ini ana Mot er
5. Frent Husing TG2936-B
20. Moter Fotor Patsiner and Brush Artangement
Iriand Motor
19. Molor Ststor 24. Tacromeier Folor TG 2038-8
13. Motor Snaft

14, Brushiess Motor Sistor

15. Brushiess Mator Rotor

18, Motor SUstor Keyseal

17. Mdd e Housing

27. magret Sniaia (Foil Typa)

25. Tachomeier Fatminer
26. Faw Cover Piate

27. Magnet Shieid (Foil Typs)

Ses DWCGE MI0A, B

Ses DNCGE MDB

Note the installed | ocatl ons

e
s speciliod

Tolerances Manual Teaching Aid
X um
X

Motor Assembly

ASH Drw »y App by
Lo lJl”‘Q"l""‘"'l l S Ackca dnuan

ScRsil! 24701 | Ineius o Tecndog
Massachusetie insniiue »

16T



DWG# MO1

6X@ 149 DAILL THRU EQL SP CN@3.000

10- 24 UNC TAP
NIEERS
A 6X@ 080 DRILL 313 DEEP EQL SPCN®@1.750
| =5 4-40 UNC TAP
mﬂ 4X@ 203 DRILL THRU ECL SP ON @ 1 000
/ﬁ_w TOAVQD ALLET
2 7
911375 / —i
@3500 U —— — ] b 21438 @2250 —
l —={ 687 l
=l !
L
216252/ 16260
0 249/ 250
187 L
375 ©22.0000/2.0000
688
971 —== A
1.188 —m]
1437 —=f
Section A- A
NOTE
1. .025 FORALL FILLETS AND CHAMFERS UNLESS SPECIAED
Mat erial sAoltrsst Alluminium Tolerances Manual Teaching Aid
o
ACCESSCRIES LIST : Yy d}tx :gl];
1. KAYDONS KBO20XP3 4- POINT- CONTACT BEARING 2 REQ Fnish — ack Anodize oo s Qutput, Shaft Flange Connector
2. FLAT HEAD SOCKET HEAD CAP SCREW 4-40 UNC 3/ 8" OVERALL LENGTH 12 REQ S82:8pocie)
3. SOCKET HEAD CAP SCREW 10- 24 UNC 1/2* UNDER HEAD LBNGTH 12 RBEQ Cuanity Vo1 Orw by App. by
4. SOCKET HEAD CAP SCREW 10-24 LUNC 1" UNDERHEAD LENGTH 8 REQ Req. 2 Scale 1: 1 Jaln Charnnar ong. Or. Andr e Sharon
’ 1/24/91 Massachusetts Institute of Technol ogy

ST



§X® 201 DALL THAUEQL 84 ONB B 788
8 344 CBOE 140 DEBP
T4 20 NG TAP

e-——1 701

p— 1 804

[IT7oF
1T DAL 378 DEEP TR0 1I7I"EA¥-‘—\

12X 101 DALL 72 OEEP EQL SP CNBB 378
MA-T0 UNG TAP

-~ "
N / X8 009 CRALL 312 OEEP B0 S° ONB 3000
— / L ABUNG TAP
- -l
1em
Le o #3143 es 180 [IN1]
T o1s00 == mpienztp b Bl T X} e
134371 348
18
o I;
LIRFISITREL Y ST8237/2 0248 B8 8000/8 8028
(A oo ] = 0
——
A
NOTE
1. 0025 FCRALL FILLETS AND GHAMFERS UNLESS SPECIFIED
pasterial  §061-T6 Aluminium Tol e arces | Teaching Ald
ACCESSCRY UST i ekt Manua 9
I e
1. NOTION LIM TTER : MNCR RUBBER GO VBM 5014 #228379 5 FEQ fFiran 00 o i
3. BERGSDOMALPIND 27.6 2 FEQ Black Anod ze Urtens spucitime Front Housing
3. FLAT HEAD SOCKET HEAD CAP SCREW 4- 40 UNC 1/ 8" OVERALL LENGTH 12 REQ Tantity
q. 2 Scale 1: 1

£ST



DwWG# MO3B DWG# MO3A

=
B 125 60° BASIC
-
125 [
60° BASIC t
]
21500 © 2437 ¥
2231 @ 3376 ]
6X@ 136 DRILL THAU EQL SP ON@1.750
. 82° CSINK TO® 225 |
A
SECTION A-A
SECTION B-B
6X@.136 DRILL THRU EQL SP ON@3 00
82* CSINK TO® 225
»
NOTE NOTE

1. 025 FOR ALL FILLETS AND CHAMFERS UNLESS SPECIFIED 1. 025 FOR ALL ALLETS AND CHAMFERS UNLESS SPECIFIED

[ ; , I . .
Materlal 303 stainiess Steel Tolerances Manual Teaching Aid Material 303 Stainiess Steel Tolerances Manual Teaching Aid
X 015 X 1015
Finish XX :0:0 finish xxX 1010 y ’
Black Oxide il Front Bearing Inner Retainer Black Cxide i Front Bearing Cuter Retainer
i o4 ¢ Drw. by App. by
%amlty 5 oals 111 MO3B | AN, rrarong 1 e ama Qantity o e MO3A | S e narcng l B Ays staron |
i ) 1724191 Massachusetts Institute of Technol ogy heg. ) 1724191 Massachuset! s Institute of Technology

vStT



BCABE 018 WDE
LOCATED AS BHOAN

QL SP ONB2TEE
12° ClLMNK TOB 228

c
|
/
/
c

A OHT- 81 DE- W1 EW

DWGH M04B

NOE

1. D25 FOR ALL FILLETS AND CHAMFERS UNLESS SPECIFIED

, o0 81 THEA s (i Tolerances Manual Teaching Aid
Aoy X sy
Frsh ol e
Back Anod ze ase spuiing Resolver Rotor Retainer
Orw A
s > o | B R
guise | Sesssuunyine sl Tebraing
NORE
1. 025 FOR ALL RLLETS AND GHAMFERS UNLESS SPECIF ED
)1-"’--\
0 BANC A
i
sCABE 010 WOE [
LOCATED AS SHOWN
sarse
_— eI e S e
LIREL]
s
— = -
A
Lq-m 8061-T6 Aluminium Tolor ances Manual Teaching Aid
H CHT- S LE- VIEW Allay X ams
| b= i

1 CHMTORTES

Back Anodize

-
[T

Resolver Stator Retainer

Scale 1:1

Orm y A
MOAA g0 O rrerpng I Sr Acks Soarag

e | Messachuestisineiivie ol Techod o

67T



001 A

219
OSSq

004 —3
187 -

)

22813 24.187
©3.062 ©4812

24005/4010

A

SiEY

30° BASIC

DWG# MOSA

12X@.089 DRILL THRU EQL SP ON @3 687
4-40 UNC TAP

NOTE
1. .03 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED
2. THE TRADE NAME OF 99.8%IRCN IS CCRO STERL
PLEASE CONTACT MAJCR STERL SUPPLIER

3. IN CASE OF ANY PAOBLEMS PLEASE CONTACT JAIN CHARNNARONG @617-254-6803
[Materiai  iron (99.8%Fe) el Manual Teaching Aid
Anneal ed X to18
Finish L .
2000 003 1
s ioeiiiian M ddle Bearing Ret ainer
i Drw. b App. b
gg.m”y 2 Scale 1: 1 MDSA | yain Graromarng l Dr Andre Sharon
1/24/91 Massachusetts Institute of chhmloL

967¢



NOTE

1. MATERIAL :

ADMU 80 FULL ANNEALED B0%NICKH. 032" THCK- 2 PIECES

ADMUJ 40 FULL ANNEALED 40% NICKB. .032" THCK- 4 PIECES
PRCOUCT OF

ADVANCE MAGNETIC

625 MONACE ST.
ROCHESTER, INDIANA 49675
TH. 219 223-3158

—

60° BASIC

DWG# MOSB

6X@ 136 DRILL THRU EQL SP CN 1@ 3687

Material  ser aBovENOTE Tolerances Manual Teaching Aid
X £ 013
Finish o A

200K £.005 :
Unless specitied Nbgnet Shield Plate
i - ; App. b
%amlty ADMJ- 80 2 PIECES e M5B Jg:cbay;rmarmg D??Arzmg‘arm
% ADMLESO L BIECES ’ 1/24/91 Massachusetts Institute of Technol ogy

LST



N

6X@ 136 DRILL THRUECL SPON@ 368
82° CSINKTO® 225

.
Ne— =~ SEEDETAIL A

60° BASIC

DETAIL A

COUNTERSINK A RRANGEMENT

SCALE 2 :1

e

ACCESSORIES LIST

FLAT HEAD SOCKET HEAD CAP SCREW 4- 40 UNC 1/2" OVERALL LENGTH 12 REQ

6X@ 136 DRILL THRUECQL SPON@ 368

DWG#H MOSD

[Material  ADMU 80 Talerancas : ; IMaterial ADMJ 80 Tolerances | 3 i
eaching Aid
ANNEALED o o Manual Teaching Aid ANNEALED e s Manual T 9
znsh o s ' i Al oo i Magnet Shield Separator
Uniess specilied Nhgnel Shield Retainer Unless specitied gne e P
i i Orw. b App. by
g:m AL 2 Scale 1: 1 MSC J[:i:(;\irmalmg ’BWA?LQ Shar on g:m 1 2 Scale 1: 1 Mo5D Jal‘r"l‘chzrmarmg Or_Andre Sharon
) ) 1/24/91 Massachusetts Institute of Technol ogy ) ' 1/24/91 Massachuselts Institut & of Technol ogy

86T



DWG# Mos

(11
[RLTTTELT
4027
4an
anz

181 He0 —ad
fr— 1207 —w={ X 126 DAL THAUEQL $° ON @ 1 887

42 CENK TO® 228

A

1077 —=
- 478
b 3207 328 SCA BE 818 WIDE
)
| o

3 EE !
:xl:mln:x 358 DEEP EQL 37 ON @1 212 TOAVQD ALLET

2X8312 DALL T4 OEEP EQL 4P ON B 075

1 4X8 203 CALL THAU EQL BP ON @ 1 008
L
— 1]
- 41 184
Te1i 703
. o
188 i sz TRET
LERll] LAR 1 L AR 1] T o180 5] T
e —— e —— - —— — ——— (¥} - 8
L) i L as2
T
1000 818380 480 \‘ |
(27 e F] [(ZAT++ ] L) s100 [I]eeap]
®imizet 02 ! \ o
(&A= P ‘ 3EE LOCATION O
X8 108 DAL 400 DEEP EQL 87 ON 82 280 __| A GHT- 84 06 VIEW
32 G A
s388aN 40013 LRELRIL) SNl TN

(A e ] ¥ DY

SX® 008 DAL 127 OEEP EQL 8P ONEE T80
440 LN TAP

AICGHT- SIDE VIEW
IR

DETAIL A
SCALE 21

LRITTEITY
[T NXE
7 722/6 Y, ACCESSCRIES LIST 1. 025 FCOR ALL FOLNDS, FILLETS, AND GHAMF EFRS UNLESS SPEQIFIED
SOCKET HEAD CAP SCHEW 4-40 UNC 3/ 8" UNDER HEADLENGTH 12 AEQ

1
2. FLAT HEAD SOOKET HEAD CAP SCREW 6.2 LNC 1/2° OVERALL LENGTH 12 REQ
1812 108 3. FLAT HEAD SOCKET HEAD CAP SGHEW 4. 40 LNC 3/ 8° OVEFALL LENGTH 12 REQ faierial 60¢1. T8 Alumirtum —
4. SOCKET MEAD CAP SCHEW 10- 24 UNG 3/ 4' LNDER HEAD LENGTH 8 FEQ All oy S Manual Teaching Aid
5. BERGS K-8 WOCDDAUFF KEY 2 FEQ o e
6. KAYOCN RAD AL BALL BEAR NG KAQ40CP4 2 FEQ R et Acize X s Mol or Shaft
7. N-BB SSA- 54 4EE BALL BEARING 2 REQ s et ion
Orw wy A w
uslty 2 Seals 1o R | e | e
b : 1774781 | asssecastis iow o o Technaicgy

6SC



DWGH MDT7A

c
lsessecmca A- G ONDwOs mrul

LEFT- SIDE- VIEWDETAIL I

l SEE DWOS MO7B FCR

260



BSOUBE 410 WDE
LOCATED AS BHOWN

DETAIIL A

1280/ 1288

0547057

Keyway
Scale 2:1

DETAIL OF KEY ARE INDWOS W12

OX@ 148 DALL THRAUEQL $P ON B 8 780
18- 240G TAR

44D NG TAR

SX B 0N DALL 170 DEEF EQL B4 ON 84 T80

s
A

LEFT- BIDE- VI EW

=== | SEE DwOs M07D

aw

_._,___/ §0° BASIC

DWGt MO7B

asaanm

1jeap

I 38T

1882

=

L)
Y s
10
| g
i
80012
14m
ampang
LALLIERT )
=i L ETTRS ] (o

81 CUMER

ol

>, GIATAIIAIIY,

[ O 1]

SE5001/88017 ®43040/4 3080

[Z71: F]

Bdannd L

12 lile

#5001/8002 S5 AT/ AT

[ZAe s ] [ZAen ]

128 Crumi o

NXE
1. 030 FCR ALL FILLET'S AND CHAMFERS UNLESS SPECIFIED

ACCESSCH ES UST

1. SOCKET HEAD CAP SCAEW 10-24 UNC 1/ 2" UNDERHEAD LENGTH 12 REQ

2. SOOKET HEAD CAP SCREW 10-24 UNC 1" UNDER HEAD LENGTH 12 AEQ

3. FLAT HEAD SOCKET HEAD CAP SCFEW 440 UNC 1/2° OVERALL LENGTH 12 HEQ
4. FLAT HEAD SOCKET HEAD CAP SCREW 6-12 LNC 1/2° OVERALL LENGTH 12 FEQ
5. 1248/.1251 SCQUAFE KEY 485/ 488 LONG

pacerisl §061-TE Aluminium Tolarances Manual Teaching Aid
Alll oy x o
X eme
77" ek Anoaze Sk el Middle Housing, L.S. view
Lamity
3 9, Scale 1.1

9



DWG# MD7C

6X@. 140 DALL THAUEQ SP (N@E.175
10-24 UNC TAP

6X@.106 DAILL 500 DEEP B SP ON@5.375
6-32 UNC TAP

§0* BASIC

SEDETAIL A |weemm—
FORWRING
[or

SECTION A-A

SEE DETAIL B

o
\__ FOR FESCLVER STATCR KEYWAAY
A

[u;‘un. OIMENSIONS AFE |NDWGS M078 |

AGHT- SIDE- TEW
DETAIL A DETAIL B

7z L

Sca 11 Scale2:t

I 12507 1288
]

pastorial §0gT-T6 Aluminum Tolerances Manual Teaching Ald

Alloy
AR g sk Anod ze

X wm
X e

frer Syt Middle Housing, RS. view

(CLantily
Feq. 2 Scale 1:1

c9¢



e

B (@ ’

%%

E—U' i

1100 —und

_—sﬂmm A-C

DWGH#

paceris  g0g1-T6 Aluminium Tolsrances Manual Teaching Aid
Al oy X am
[Fran | s . ;
. Black Anodize ol Mid Housing, Wiring Slot
Lamity o
s 2 el 7724181

Luiratilse ol Techna o

£9¢

MO7D



DWGH# MOBA

rone /_ $X® 201 DALL THU EQL 35 ON B8 373

A 344 COOE 190 DEEP

(LRt 114720 UNG TAR
4X0 089 DAL 488 OEE B 37 ONB § 303
LADUNC TAR
OALL 378 DEEP EQ 8P ON 93330
i & >
1340 —ed
107 -y [. P—I!I‘—h

AT4
1084
1432

sss00 8137 A Lot e
LITE) srs00 LIRELY LERL1) LIRE])

T

104
(1T

/

o

ssarens
®313119721
A ] 5] [ F A ' 2 31308318 “.\_‘——-
-]
A

Iszfm MOBB FOR PCAT u:'r.\u.l

NOVE
I 1. D!ﬁF{H»\lLHuE‘BA&DWmmWHmI

ACCESSCRIES UIST
1. FLAT HEAD SCOKET HEAD CAP SCFEW 440 UNG 3/4° OVERALL LENGTH 12 FEQ
" 2. SOONET HEAD CAP SGREW 4- 40 UNG 1/8° UNDER HEAD LENGTH 12 FEQ

3. AMPLINGL GIROULAR CCNMECTCR 1281L-844P 4. CONTACT 3 102A RECEPTACLE 2 REQ pasterial  §061- T8 Aluminium Tolerances Manual Teaching Aid

4. AMPLINGL. CIRCULAR CONNECTCR 128L-8448 4-OONTACT 3108A STRAGHT PLUG 2 FEQ All oy F T

5. AMP AMPLIMTE D- SUBMNATURE CABLE CLAMP 25-PIN TYWPE 7478132 FECEPTAGLE 2REQ o = i

6. AMP AMPLIMTE D SUBMNATURE CABLE CLAMP 25-PIN TYPE 7478122 PLUG 2 REQ 8 ack Anod e i Rear Housing

Sca 14 7. AMP AMPLIMTE D SUBMMATURE CABLE GLAMP B-PIN TYPE 747905.2 RECEPTACLE ¢ REQ
: B AMP AMPLIMTE D SUBMNATURE CABLE CLAMP B-PIN TYPE 747004-2 PLUG 4 REQ Tantity

wa. 2 Scale 1: 1

P9¢



roge ISR e B HOLE ARRANGEMENT FOR 3
D BUBM N ATLFE GLAMP REGE
7 Input €irculm port SHE DETAIL D
HOLE ARPANGEMENT F 7
D BUBM N ATLRE QLAMP RECEPTAQLE s 700Aw rLE ABNEIENT R
CETAIL D \ ’
bl /— ax® o8s oA v S ﬂhwl!'nt EUE i
1
v gy — 11
¥
v —
Py f I =1
ul() i | | U =am
D} 1 § i S
373 =] |
180 - e )
o st

§9C



©53131/5.3141

062

24558

204 o
454 —=i

@5312
24718 ©5812

LLL L L L AL
I

SECTION A-A

6X©.136 DRILL THRUEQL SP ON@5563

DWG¢ M09

NOTE

1. .025 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

Material  6061-T6 Aluminium Tolerances Manual Teaching Aid
alloy 5% +015
Finish e
Black Anodize m.:mnm Rear Cover Plate
: Orw b App. by
Qunatity 2 Sale i M8 Jai:(}lyarmarmg J Or_ Andre Sharon
Req. i 1/24/91 Massachusetts Institute of Technol ogy

99¢



DWGH M10A

DWG¢t M10B

6X@ 181 DAL THAUEDL 82 ON B8 378
B2 CHNK TO® 278

238/ 848
SX@ 181 DALL THAUEQL 8P NG 2280
I CENK TOS2TE
"
LLL
see7 annian LR ®1870/1073
——-——t—— — - —-——
#081/8000

Sransizan

NOXE
1. 025 FORALL ALLETS AND CHAMFERS UNLESS SPECIAED

NOTE
1. 025 FOR ALL FILLETS AND CHAMFERS LNLESS SPECIFIED

(A I LR LTI Tdermens Manual Teaching Aid e Telsimtm Manual Teaching Ald
sam
[Fnan i e Fran =R N
Black Cxide ity Mot or Stator Ret ainer Back Oxide fropingemn i Mot or Rotor Retainer
Quamit M10A Ow »y Asp by Lantity M0B
eq. ' 2 Scde 1:1 I“"W”""' ] L Anga §ra wq 2 Scale 1: 1 -
124181 | Messscnaniiineivies Tere oy 1124791 Instiiuie ol Tecod oy |

E9C



—] | 125

B}

Fod

21.125 ©1.725

60° BASIC

“

6X@ 136 DRILL THRUECQL SPON®@ 1372

DWGH# M1

NOTE

1. .025 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

Materlal AISI 303 Stainless Tolerances Manual Teachi ng Ai d
X zous

Finish i
00X 1005 i

Black Oxide X Tachometer Retainer
i Drw. b App. bt
:am 1y 2 Scale 1: 1 M1 Jai‘gow);rmarmg I l}p?A:dru Shar on
3 ) 1/24/91 Massachusel1s Instituta of Technology |

89¢



1247/ .1250—;-1 r_
=

050/ .052

465/ 468

.040/.042

Not e

DWG# Mi2

1

RO30 tor all fillets and chamters

|Material  Alsi 303 Stainiess Taialonces G bl
Steel s
Finish XX 010
XXX +00§
Unless specitied Resolver key
Db App. by
gam”y 2 Scale 3: 1 e JBJ"Q’LW'W‘Q I Or. Andre Sharon
. . 1/24/91 Massachusetts Institute of Technol ogy

69¢



T ST e

The key seal should align wilh
the motor lead wirein

radial direction

(as shown)

—hllr- 1280/ 1300

020/ 022

0529/ 057

Note

1. INLAND'S RBE 3003 BRUSHLESS DC MOTCR WI TH SPECI AL KEY ARRANGEVIENT

DWGH M13

Rehab Robotic Aid

Tolerances
X tois
XX 1010
20Kt 005

Unless specitied

Motor Keyways

SCALE 1:1

Drw. b

Y App. by
Jain Charnnarong

Dr. Andre Sharon

9/12/90

Massachusetts Institute of Technology

0LT
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Appendix B

Actuator and Sensor Details



272

Appendix B.1 : RBE-3003-A0OX Brushless Motor



High Performance

RBE(H) 03000 MOTOR SERIES

273

20 (B6.9)

A) MOTOR: 8 AWG. (RED. WHT, BLK)

RBEH -03003~_00 | 3.945 (100.2)
[RBER-03004= 00[+420_(1712.3) SRS 28 AW (a‘-’- xj omG,
| RBEM-03005- 00 [5.045 _(128.1)
| RBEH-03008—_00 |5343 (1408) |
.l_ﬂ_
e A
- 0003
6248—
(15.9)
BOT™ EMDS

+.025
1.000 f=——— LENGTH
(23.4) MAX.

Frameless Motor
MODEL "A" DIM "B" DIM "C" DIM
RBE-03000—_00 | .525 (13.3) [ .705 (17.9) [1.385 (35.2)
RBE-03001-_00 |1.050 (26.7) | 1.230 (31.2) [1.910 (+48.5)
RBE—-03002-_00 | 1.625 (41.3) | 1.805 (45.8) | 2.485 (63.1)
RBE-03003—_00 | 2150 (54.6) | 2.330 (59.2) | 3.010 (76.5) LEADWRE — TEFLON COATED
RBE-03004—_00 | 2625 (86.7) | 2.805 (71.2) | 3.485 (88.5) TYPE "E” PER MIL-W—16878/4
RBE-03005-_00 | 3.250 (82.6) | 3.430_(87.1) |4.110 (104.4) s 6" MINIMUM LENGTH
RBE-03006-_00 | 3.750 (95.3) | 3.930 (99.8) | +.610 (117.1) sy A MG e A (oD ey me
DM B) SENSOR: #28 AWG. (BLU, BRN, ORG,
YEL, GRN)
+ ’ .‘i o
| I
)
| _, :
+.000 4.920 4.750 3.050 b 150{?}3?2) L
02 DIA. DIA. DIA. i
;’;‘J; MAX. MA MIN,
: TP, (77.5) -
(125.0) (x‘::i) ' S
1 | T~ MAGNET ASSY
| . | .
| i ! | |‘ o=
_‘J i i \‘—ARMATURE AND \ =
OTES: =—_.035 MTG. DIM. SERSORIASSHY 2.5005
1 - MOTOR SUPPLED AS TWO SEPARATE +.010 [
COMPONENTS, MAGNET ASS'Y AND SAT 475 NOTE: DIMENSIONS IN
ARMATURE & SENSOR ASS'Y. DIM. MAX. PARENTHESIS
2 - DIAMETERS "A” AND "8" TO 8E = (12.1) :EPR:ES%JS
CONCENTRIC WITHIN .002 S e
WHEN MOUNTED. .
3 — MOUNTING SURFACE BETWEEN
5.000 AND 4.920 DIAMETERS
ON BOTH SIDES.
Housed Motor
{2 e MOORL LENGIR LEADWIRE — TEFLON COATED %000
[ R8€+-03000-_00[2.320 (389) TYPE "B PER MIL-W—16878/4 - dret
| REEN-03001—_00| 2845 (72.3) | 6" MINIMUM LENGTH (s8.9)
T RBEH—03002—_00 | 3.4 .

100 —==t t-—
sy
| £.025
——— 1.500
(3a1)

PARENTHESIS !

REPRESENT
MILLIMETERS

“—— 1/4-20UNC-2B
THD. X.30 MIN. DP.
4 HOLES EQ. SPACED
ON A 4.900 DIA. B.C.
(124.5)

|
|
|
|
|
‘ NOTE: DIMENSIONS IN
|
|
|
|

INLAND MOTOR

TWX 710-875-3740

KOLLMORGEN CORPORATION (O<T

501 First Street, Radford, Virginia 24141

TEL 703-639-9045



INLAND MOTOR (7%

KOLLMORGEN CORPORATION <22

SIZE CONSTANTS

High Performa

4
RBE(H) 03000 MOTOR SERIES

MODEL NO. RBE- RBE- RBE- \ RBE- / RBE- |  RBE- RBE-
PARAMETERS g UNITS 03000 | 03001 03002 03003 / | 03004 | 03005 03006
Peak Rated Torque, 25% oz-in 837 1607 2390 31(05 / 3752 4597 5425
Nm 59 113 16.9 2rg/ 265 324 383
Power at Peak Rated Torque Watts 308 402 495 \62; 687 754 822
Max. Continuous Stall Torque, T, 0z-in 372 650 910 bﬂ4 1316 1620 1890
Nm [ 283 459 6.42 86 9.29 114 133
Max. Continuous Output Power Watts ‘ 466 596 709 786 865 992 1071
Motor Constant, + 15%. K, oz-inNW 478 80.0 106.9 1248 1427 1679 190.1
NmAW 0.34 056 0.75 0.88 101 118 134
TPR, +15% 1 (°C/W) 1.2 T 1.0 091 0.85 0.78 0.73
Viscous Damping, F, 0z-in/RPM | 5.4x10° 9.9x107 14.4x10° 18.7x10° 22.6x10° 27.6x10° 33.4x10°
Nm/RPM [ 38¢10° 7.0x10% 1.0x10* 1.3x104 16x10* 196104 2.4x10+
Hysteresis Drag Torque, T, 0z-in 8.4 154 220 28.0 336 408 492
Nm 0.059 0.1 0.16 0.20 0.24 029 0.35
Max. Cogging Torque 0z-in 11.0 200 28.0 36.0 440 530 0.0
Nm 0.08 0.14 0.20 0.26 031 0.38 0.43
\ nerifa. 0z-in-sec? | 3.2x10? 5.7x102 8.3x10 10.7x107 12.9x10? 15.8x102 18.1x107
| Frameless AEIAx Kg-m¢ 230 400° 5.9x10° 7 6x10+ 9.1x10* 122104 12.8410*
| Motor R 0z | 381 | 840 923 | 180 | 1420 1730 199.0
i g e am L0800 | 84 617 | 335 | 4006 4904 5642
| ) ety 0z-In-Sec 64x10¢ | 112x10? 16.5¢102 | 2126102 | 256x102 | 313x102 5 8x10°
| Housed | L Kg-me 45x10* 7.9¢10* 116x104 | 1500104 | 181x10¢ | 22.1x10¢ 25.3x10
Motor 4 i 0z 75 13 155 192 225 272 309
[ =W gm 2126 3189 4376 5431 5366 7698 8741
| No. of Poles 12 12 12 12 12 12 12
100 VOLT 'A' WINDING CONSTANTS afternate Windings Available
Peak Torque, +25%, T, 0z-in 837 1607 2390 3106 3752 4597 5425
Nm 59 13 169 219 265 324 383
Peak Current, +15%. I, Amps 6.5 8.3 103 119 134 15.9 174
Torque Sensitivity, = 10%, K, o0z-infAmp ! 128 193 233 261 219 290 n
Nm/Amp [ 0904 137 1.64 184 197 205 220
| NoLoad Speed, + 10% RPM | 1040 690 575 510 80 | 460 430
| Voltage Constant, + 10%. K VRadlsec | 0904 | 137 1.64 1.84 197 205 220 |
| L |
V/KRPM 946 I W43 [ 193 206 214 230 |
Terminal Resistance. = 12%. R, ohms @ 25°C 7.2 | 58 \ 47 ‘ 44 | 38 | 30 27 jl
Terminal Inductance. =30%. L, mH 194 225 N2 3 218 | 207 I 182 173 |
i | Power Watts 208 | a7 [ 2: 318 354 | 424 465
| Max. Continuous | T T T 1
Output Power Hlig) 0z-In 350 | 614 [ a8 1049 1228 | 1514 1767
| Nm |  2a7 | am | 606 7.40 8.74 10.7 125
| | [
| | | dheat RPM | o | ss | & | a0 1 30 35

+TPR assumes housed motor mounted to 12.0 x 12.0 x .50 * aluminum heat sink or equivalent.

PERFORMANCE CURVES CONTINUOUS DUTY CAPABILITY FOR 75°C RISE

m%ﬁ‘
B

0Z.IN

501 First Street, Radford, Virginia 24141

Design Features of RBE(H)
Brushlass Motors

High tcrgue to weight and inertia ratios

* Samar um cobalt rare earth magnets

3 phase delta or wye connection

Housed or frameless designs

Staticr:ary outer stator winding

rotaiirj inner permanent magnet rotor
Stainiess steel shafts (housed versions)
All mctors built to MIL-Q-9858A
Encapsulated windings available for harsh
environments

Built-in Hall effect devices for electronic
commutation

TEL 703-639-9045 TWX 710-875-3740 FAX 703-731-4193



High Efficiency Laminations 2F5
RBE(H) MOTOR SERIES

HIGH EFFICIENCY LAMINATIONS
: PERFORMANCE CURVES
The accompanying speed/torgue curves re- CONTINUOUS DUTY CAPABILITY FOR 75°C RISE
present the performance limits of the RBE(H) - ‘ _ i
brushless motors with high efficiency lamina- 2 (T . :
tions. The advantage of motors with high effi- 30 [N ——
ciency laminations is improved performance . —— — =
at higher operating speeds. 7 e ‘
Since these motors are best utiized with 2 HG—— i
custon windings, standard windings are not 22 S ;
available. To obtain the optimurn winding for 20 P S S
your application, please contact our applica- | EEESEE R ! ! ]
tion engineers at the factory. Em <X\ ——
- ANA\!
o 0070
- AT
PERFORMANCE PARAMETERS plEzen=mmat
. i ) 12 T I
The physical dimensions of the motors do not | 2 e
change from standard. Please refer to the out- o 007001 A\
line drawings on the DC brushless motor data EEmes—==mr = aen
sheets. IR
: 4 e
The Size Constants on the data sheets remain 5 1\ \L 1{ % BT
the same with the exception of the Viscous b [ e \\
Damping (F)) and Hysteresis Drag Torque (T¢) © 2 4 6 8 10 @ M 1 18 2 2 24 2
coefficients which are detailed with the respec- HOUTREM
tive curves. MODEL NO. RBE- | RBE- | RBE- | RBE- | RBE- | I
‘ ) PARAMETERS UNIT 00700 | 00701 | 00702 | 00703 | 0OTOM | |
As stated above, standard windings are not el ol ol e L T LR
LS e I A A A
PERFORMANCE CURVES PERFORMANCE CURVES
CONTINUOUS DUTY CAPABILITY FOR 75°C RISE CONTINUOUS DUTY CAPABILITY FOR 75°C RISE ‘
%
N
2 Ty
\
\
|- \,\_
\
|
g0 pJ124 __\\
)
. LT
8 oosozi L % kg \\\‘.
; \\ 8 - \‘\
i 40 |-ov20:
6 [Gosor; S %\
5 i~ \\ \\\Q_
= 30 [oram
— \ @\ P
8 W N 3
3 o | pE= —
s — —— \\\a\\ e e
: ——— i
0 \ R - Jirlasnl
036912151821242?3033 0 2 4 65 8 W 12 WM 16 18 20
1000 RPM 1000 RPM
nmsl%iimmm UNIT n:::u :;1;::.‘ ; mmmm UNIT I‘.\!“ﬂ!ﬂ:; ; ﬂ"‘;ﬂ &':iﬁi ;1::!
N -l EF v sl e -+l 3 O A e A
e P A Y E e A A YA

&
INLAND MOTOR wrossso (T

KOLLMORGEN CORPORATION (1< 501 First Street, Radford, Virginia 24141 TEL 703-639-9045 J




““.A“D MO'I'OR High Efficiency Lamingtiogs
KOLLMORGEN CORPORATION <z @ RBE(H) MOTOR SERIES

PERFORMANCE CURVES PERFORMANCE CURVES
CONTINUQUS DUTY CAPABILITY FOR 75°C RISE CONTINUOUS DUTY CAPABILITY FOR 75°C RISE
170
[ O1508+
180 P
0 \\ - = i !
140 \\ : .
130 £5m \\
[T \ I T 8 T :
) pEserm Tl : = i)
110 \\\ \‘ ‘ - o
100 \\\\;\ : R 1 600
J L) 1
z Seps \\lL 220 \\
vl SR Wl
SR e | 050 |
| et i & = J <
= =S
60 gg E 1 e z ol o
50 \ + E 300 —— §
- e - =X
P % 0 =
30— T\ x —\
20 %m—m\& o R
RS 4
s T i fete e
T o I 50 | R 2R
ol |10 e \ ~ " | S AN
o 1 2 3 4 S5 6 7 8 9 10 N 122 1B 0 1 2 3 4 5 L] 7 8
1000 RPM OO0 RER
MODEL NQ. | RBE- | RBE- | RBE. | RBE- | RBE- | RBE- | RBE- MODEL NO. | [ RBE- | RBE- | RBE- | RBE- | RBE- | RBE- |
PARAMETERS unt | otso | mstn | o150z | o153 | 01504 | 01505 | 01506 | PARAMETERS . unm | oz100 | o2 | 02wz | 02103 | ozina | o2i0s |
RPM Tx10* Bx10* 4 | 6 6x10* a2 X104 210? -nVRPM 0 i3} e | 22107 Bx10% |3 1|
Viscous Damoing. mw :a:o' ;5::0-};;::30 An:u* g;ﬂg* g:i::o- E‘J?a:g’ Viscous Campwy. :zn:vw Eilm ;::n’ :2;(10* 1531?)‘ gmlo’ zg::g‘l
o PREEEEEREEE 310 | 08 [ 728 | 3% | 571 | 816 | 937 | 1094
Hystoress Orag Torou. 1o | Soos | oum | notz | T o B - et L 3ot | a0 | o0 | ooss | oas | ‘oo
PERFORMANCE CURVES PERFORMANCE CURVES
CONTINUOUS DUTY CAPABILITY FOR 75°C RISE CONTINUQUS DUTY CAPABILITY FOR 75°C RISE
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MODEL KO WBE. | RBE | ABE- | RBE | RBE. | RBE- I g ABE | RBE- | RBE
PARAMETERS uNT | 01800 | o180 | o102 | 01803 | oiso | oises PARAMETERS UNIT | 63000 | 3007 | 3002 | 63003 | 03004 | 03005 | 63006
@ nRPM | 34x10° | 6.4x10* |9 1x10¢ | 1 2109 y 0 0 N 3 ; ; 7
e e e e O O =+ e e O R
ar-n 108 216 im 38 69 557 - 5 1
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501 First Street, Radford, Virginia 24141 TEL 703-639-9045 TWX 710-875-3740 FAX 703-731-4193
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Appendix B.2 : SSJH-44-B-2 Multi-speed Resolver



Litton

e (b atit

Clifton Precision

MULTISPEED PANCAKES (with Integral 1-Speed)

P.O Box 230, Clifton Heights, PA 19018
(215) 622-1000, FAX (215) 623-6344

. - IMPEDANCES DIMENSIONS
UNIT JruncTioN [ privagy |speep [ INPUT JOUTROTEACC 1 SHIFT | VOLTAGE |CURRENT | pOWER : i) it st WEISHT | Nores
eg) | (mV) (mA) (mW) Zro Zps Zso ob | ID | Ooaw &
s [ Lo | 4 (o] 0 | Lt | B L2 |8 (] e [ ]| v |
CTTEATN it RGO RN BRI Bl 5 [ oo B 114 s94 | 464541 e g;iigg 225 1oo| 47| e | 1,2
e [0 oo | 4 [ |18 L [ 00 ] 3 [ o Lo (|~ [m (oo o |
sainace 1| HECHRON Shoror 1| 22 S oevgsl| 2 o = AU L I e m:ggz = = 303 39f siof 25 | o2
ssina1-p2 [REDVER] goror [ 4 [ asvaoo [ S0 23] Ak 28 B L 322113230 o = 303 | 120] ass| 1es | 1.2
ssian-ss [RSDVEPL Rotor | o [ 2evao | 33| i3 | e O B 2B el '333‘;;338” = - 303 120 s30| w60 | 1,2
s [ oo | 2 [rovwn [ B0 | 0 Lt | 3 | AL Lo [t [Emerm e [ o] eofiws] o |
s [ oo | || 0 [ (oot ] 8 | b Le [mme] | [oaow| o] = |
SSIH-4T-A-1 RESI?;VER kotor | o | 20va00 [ 830 I o i 158 | 3570 | 193482 — HOAM L an0] so| 0] — )
SGIH-50-A- 1 SYN&HRO ROTOR 7% 26V-400 :::3 ;::: j:i 4;:; ;’g 52'2 “33'6 ';23::22{:‘) - b 5.00| 3.46]1.500] 1040 =
ot [0 o | 4 [wvow | 30 |0 [ an ] 5 | 8 L8 [ | [ ool ] = | -
s [0 o | [ | 28 | B 2 | o [ || [ o] oo o | -
SSIH-63-A-1 RES%L(VER ROTOR | & | 26v-400 ::::: : f"f: j:j ;ég 28 100 1570 | 160 +j208 - ggiigz 625 soi| e0| s0 | —
e [0 oo | 4 oo |1 e | S50 ] 2 | 2 | o e || e (o[ ooomn] o |
s [P o | 3 [ |18 [ | S8 0] B | o | | o | Do [ [ oo o |
s [0 o | 1 [ | 08 |l | 0L ] B | 0 | o | hme | gaamm [o[eovm] e |
i | s | 4 [ | 8 || i me [ [ m [ (| | [uw| o] ]
SSIH-200-A-1 RESI?;VER ROTOR | 0 | 26v-a00 ::fi 1:2 hid il i il '?22:;1[3) = ;?g:ggg 2000 | 16.00 | 1.000 | 10660

Notes:

I Stator ring or housing.

2. Rotor hub or ring

Although every effort has been made 10 ensure the accuracy of the information contained within this brochu
technical data and dimensions are subject to change without notice. Please contact us to verify all critical para

8LT



REVISIONS

ZONE| LTR,

DESCRIFTION DATE APPROVE
— IXA] NEW DRAWING
O [XB] REV./CN 45369

IM 215797, <2

- p—— Xy
-9 A —#i fe— 125 WIDE SLOT
c[.ool DIA] WITNESS MARK 4 PLACES EQUALLY SPACED
A 015 WIDE LOCATED EEB[e.ol0 TOTAL]
AS SHOWN
o fe—]158 MAX. KB f——__ 410°
; -C= (@) B|.C00 DIA (W) 37 -E-
B 095 TYR
=Tl
.1 y &
] 4
\_ +5°
015 X 45°
CHAMFER
J20 4.150
DIA. MIN. DIA. MAX.
+.004 BOTH SIDES BOTH SIDES
359
le— 145 MAX.
+ 053
29995 ROTOR 4310
DIA. 0.D. DIA. MAX,
'™ REF.
i ! 1.625 R.
Tk BSC.
& 1
i |
S .
SEE NOTE*3
] .03 R. MIN.
(7 PLACES)
UNIT SHOWN AT ELECTRICAL ZERO. POSITIVE DIRECTION OF ROTATION IS
COUNTERCLOCKWISE ROTATION OF THE ROTOR WHEN VIEWED FROM THE
H— ROTOR LEAD SIDE OF THE UNIT.
ROTOR STATOR ROTOR STATOR
[[a]oor ] o e — 5| R5 ’,_\ S5
BRN. . ERN, GRN. GRN.
5 IX ¢ LRE) N6
R3 3 R7 s7
RED RED BLU. - BLU.
< IL-w-22759/18 , m
HCH. MIN. R2 R4 S2 54 R& R8 S6 s8
ORG. YEL. ORG.  YEL. M—%&C_ VIOLET GRAY VIOLET GRAY
iE ALINED, THE :
F ELECTR[CAL ZERO. QY. meM PART OR MNOMENCLATURE MATERIAL coot [
) [FICATION REQD. QL IDENTIFVING NO. OR DESCRIPTION SPECIFICATION IDENT. NO.
i UST OF MATERIALS
oo TS, fepded 2258 epme ™ CLIFTON Feasey B
e OEXE CHI ﬁ DIVISION OF LITTON INGUSTRIES
ol R el 0ES. CHK = TR
e B P A N L e IX ¢ 36X RESOLVER
MICRO INCHEE PTA ABA 848 APPO. 7
=QUTLEINE=
MATERIAL RELEASED
sy &z ATAVY)
APPROVED CPPC g_ SUIL | COOE IOLNT. 1O, DRANING
PROTLCTIVE FINISH I SS‘J H"4 4—8_2
MEXT ASSY. Us{o oN APPROVED CUST D 86197
APPLICATION SCALL g !“)GNT !”‘"T ] o

1
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Appendix B.3 : TRT-200 Reaction Torque Sensor



LOW CAPACITY (INCH LBS.) I
GENERAL PURPOSE REACTION EEmE
TORQUE SENSOR

TRT SERIES

CAPACITY RANGES:
50, 100, 200, 500 INCH LBS.

The TRT & TRS Series™ reaction torque sensors
offer long-term reliability due to no moving
parts and state-of-the-art bonded foil
strain gages. The TRS Series

is also available as two axis.
torque and thrust on special
request. Whenever possible.

the best approach for precision
torque measurements Is via
reaction torque sensing.

eliminating high maintenance

of slip rings. bearings and brushes.
and high cost.

TRT & TRS SPECIFICATIONS

Rated Qutput (R.O.): 2 mV/V

T 10-32 UNF ON 1,00 MICROTECH CONNECTOR
Nonlinearity: 0.1% of R.O. B.C. BOTH ENDS N HITH 10’ 4 CONDUCTOR.

COLOR CODED. SHIELDE

Hysteresis: 0.1% of R.O. CABLE SUPPLIED

Nonrepeatabiiity: 0.05% of R.O.
Zero Balance: 1.0% of R.O.
Compensated Temp. Range: 60 to 160°F
Safe Temp. Range: -65 to 200°F

Temp. Effect on Output: 0.005% of Load/°F Sl e
Temp. Effect on Zero: 0.005% of R.O./°F
Terminal Resistance: 350 OHMs nominal
Excitation Voltage: 10 VDC .250 DIAR. PILOT
Safe Overload: 150% of R.O. +.002 -.000 L 1.00 --J
MAX.
OVERHUNG MAX. MAX.
TORSIONAL MOMENT SHEAR THRUST
CAPACITY STIFFNESS WXS W P
MODEL INCH LBS. INCH LBS./RAD. INCH LBS. LBS. LBS.
TRT-50 50 5.125 50 20 425
TRT-100 100 10,125 100 40 800
TRT-200 200 20.375 200 80 1400 |
TRT-500 500 75,875 300 200 2.600

14



282

LOW COST 12 VDC POWERED
AMPLIFIER / CONDITIONER MODULE

MODEL TM-1

The TM-1 Module provides low cost
dedicated conditioning for one bridge type
load or pressure sensor. The unit can be
placed near the sensor for high level signal
transmission. Several units can be powered
from a common power supply.

Balance and span pots are

low Tempco metal film for

long-term stability and

good resolution.

BENCH TOP V.O.M.
MILLIVOLT METER
X-Y PLOTTER
CHART RECORDER
A/D - COMPUTER

ANALOG OUTPUT
0-+8 VDC

BALANCE POT

LOAD CELL/
FORCE SENSOR

PRESSURE
TRANSDUCER

1
| SPAN POT I

SPECIFICATIONS

AMPLIFIER SECTION
Type:

Gain Range:
Input Sensitivity:
QOutput Voltage:
QOutput Current:
Nonlinearity:
Compliance:
Stability:

Tempco:

Noise and Ripple:

Filter Type:
Frequency Response:

Bipolar. differential
75 to 1000

1 MV/V minimum for 8 V output
0 to +8 VDC (linear to 9.5)

0 to 10 MA
01% maximum

1% plus vs. minus full scale

+.1% for 24 hours
01% full scale/°C

Less than 5 MV P-P
at gain = 1000

2 Pole Butterworth
DC to 220 Hz

BRIDGE SECTION
Excitation Voltage

Sensor Resistance:

Balance Range:

GENERAL

Weight:

Size:

Mounting:
Input/Qutput:
Operating Temp:
Power Requirea:

8 VDC +.25

120 OHM minimum,
1000 OHM maximum

+30% of output
(350 OHM bridge)

Approx. 2 0zs.

2.25 x 250 x 80 inches tall
Corner standoffs, 4-40 thread
Via screw terminals

0 to 70°C

12 VDC +.5 at 65 MA

(2.2, 22, 2200 Hz available
in lots of 10, no charge)
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Appendix B.4 : TG-2936-B Tachometer



TG-2936

2.20 V per RAD/S (max.)

625
. 125-130 DIA. THRU C'SINK 82° TO
230 MIN. DIA. (4) HOLES SPACED AS
MOUNTING .052 _|. e 235 SHOWN ON 3.330 DIA. B.C.
DIMENSION 072 | r MAX,
(N ‘
|
| I
=l —Ii I
i | .07
g 3729 : ' o T 16400 p i
3730 AX b ! | 1.6405
Y 360 e 370
AX. i l MAX. i
= I
|
_i_ "
L— 1.230 J
ROTOR REF. sy L
NOTES: S o
1 — TO BE SUPPLIED AS THREE SEPARATE COMPONENTS: ROTOR. STATOR WITH
KEEPER AND BRUSH ASSEMBLY CAUTION: DO NOT REMOVE KEEPER UNTIL ROTOR LEADS:

IS FULLY IN PLACE

2 — MOUNTING REQUIREMENTS: DIAMETERS "A” AND "B" TO BE CONCENTRIC WITH-

IN .001(.002 T I.R.) WHEN MOUNTED.

#24 AWG TYPE "E" TEFLON COATED
PER MIL W-16878 18" MIN. LG.

3 — WITH A C.C.W. ROTATION AS VIEWED FROM BRUSH END. A POSITIVE VOLTAGE

SHALL BE GENERATED ON RED LEAD.
4 — GOLD PLATED COMMUTATOR.
5 — METAL GRAPHITE BRUSHES (4).

28¢

TACHOMETER CONSTANTS Values Units
T R e e e L e T T e e e Y T e S il
Maximum Voltage Sensitivity - K¢ 2.20 V per RAD/S
Ripple Voltage (Average to Peak. unfiltered max) - Er 0.3 PERCENT
Ripple Frequencv (Fundamental) 91 CYCLES/REV.
Static Friction (Max.) - Tr 0.014 LB. FT.
Rotor Inertia - Jo Z3Le] Ot LB.FT.§¢
Maximum Terminal Voltage 150 VOLTS
Maximum Speed (Brush Limited) 90 RAD/S
Weight 5 LB.
WINDING CONSTANTS Winding Designations
UNITS TOLERANCES A [B) C D E F
Voltage Sensitivity - Kg V per RAD/S *10% 1.4 | 1.751 2.20 1.10 0.343
Maximum Operating Speed - Wmax RAD/S 90 86 68 90 90
Maximum Qutput Voltage - Vmax VOLTS 126 | 150 | 150 99 309
DC Resistance (25°C) - Re oHMS *+12.5% 475 | 777 | 1230 307 29
Inductance - Lg HENRIES *+30% 0.44 | 0.69 R[0T 76
Recommended Load Resistance - R OHMS 47K | 78K | 120K 30K 29K

1-26

Inland Motor Specialty Products

G

We kxzh}'fhg
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Appendix B.5 : 168-K400 Series Resolver-to-Digital
Converter



e
WADE IR USA 1L &

0 1

f/0 CONVERTER e
THO SPEED

e e

synchro resolver-'to-digitél‘ converter
single module 2-speed

16-bit

series 168K400

FEATURES
m 1:16, 1:32 or 1:36 speed ratios
m 20-second accuracy
m 16-bit byte/parallel output with 3-state
output latches
m 2-speed inputs, multiple pole or geared types
B Insensitive to rotor-to-stator phase shifts
up to 70°
m Single module

APPLICATIONS
Radar Tracking — Satellite Tracking —
Robotics — Precise Angle Measurements

GENERAL DATA

The Series 168K400 is the first 2-speed, high performance, syn-
chro (or resolver) - to - digital converter specifically designed to
operate with muitiple pole synchros or resolvers. The converter
employs a synthesized reference which corrects for rotor-to-stator
phase shifts up to 70° which is common to multipole synchros
or resolvers. The module also includes the 2-speed combining,
crossover network and stickoff circuits necessary for 2-speed con-
version. The binary angle output is 3-state addressable as either
two 8-bit bytes or one 16-bit word.

THEORY OF OPERATION

The theory of operation for single-speed tracking synchro-to-digital
(SID) converter is explained first. The same principles apply for
a resolver-to-digital converter.

Single-Speed Converter (See Figure 1)

The S/D converter determines the value of the input angle ® by
comparing a digital feedback angle © with the synchro input an-
gle. When the difference between the input angle and the feed-
back angle is zero, the output angle contained in the up-down
Counter is equal to the synchro input angle.

The Function Generator performs the trigonometric computation:
sin (®-0) = (sin®dcosO-cosPsinG)

Note that for small angles, sin (¢ - ©)=(®- ©). The equality given
by the above equation is true only in the first quadrant, i.e.. 0°
to 90° The analog inputs to the Function Generator have differ-
ent values depending on the quadrant in which the input angle
lies.

The ®- @ is an analog representation of the error between @ the
input angle, and © the output angle. This analog error is first
demodulated then fed to an analog integrator whose output con-
trols the frequency of a Voltage-Controlled Oscillator (VCO). The
VCO clocks the up-down counter. The up-down counter is func-
tionally an integrator, therefore the tracking converter in itself is
a closed-loop servomechanism with two lags, making it a “Type
II" servo loop. The “Type II"" servo loop tracking converter ex-
hibits no velocity errors and only minor acceleration errors.

e ASSAR AVENUE = CHATSWORTH, CA 91311 = (818) 709-5510
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ELECTRICAL SPECIFICATIONS
Parameter Value

16-bits (0.0055°)

20 seconds (1:32 or 1:36)
40 seconds (1:16)

Speed Ratios 1:16, 1:32 or 1:36
Allowable Synchro  +2°

Misalignment®

Allowable Rotor to

Stator Phase Shift

Resolution
Accuracy(®

Coarse Input +20°
Fine input +70°
Synchro Input
Rates® 47-70 Hz 350-450 Hz 800-1200 Hz
Maximum Tracking
Rate 250%sec 1000°%sec  1800°%sec
Acceleration
Constant (Kg) 4,500 75,000 230,000
sec7? " ‘secic sec 2
Power Supplies®
+15V 30 mA max (25 mA typ)
-15V 35 mA max (30 mA typ)
+ 5V 15 mA max (10 mA typ)

Digital Inputs/Outputs

Parailel Binary Angle 3-state, 2 TTL loads max.

Converter Busy (CB) 1 to 2 us positive pulse, 2 TTL loads
max.
Logic ‘0’ = tracking, logic ‘1" = error
2 TTL loads max.
Inhibit (INH)® Logic ‘0" latches angle output
Enable M (ENM)®  Logic ‘0’ enables bits 1-8
Logic ‘1’ disables
Logic ‘0’ enables bits 9-16
Logic ‘1’ disables

Built-In Test (BIT)

Enable L (ENL)®

Velocity Output
Scale Factor +1.0V +0.2V for 180%sec @ 1000 Hz
+1.0V +0.2V for 100°%sec @ 400 Hz

+1.0V +0.2V for 25%sec @ 60 Hz

Range +10V min.

Loading 10 kohms max.
Synchro/Resolver Input®

11.8V L-L 75 kohms min.

90V L-L 600 kohms min.

Reference Input™
23 to 29 Vrms
103 to 127 Vrms

180 kohms min.
800 kohms min.

Input Type® Solid-state differential
Temperature Ranges

Operating 0° to 70°

—55°C to 105°C (ET)

Storage -55°C to 125°C
Dimensions 3125" x 2.625" x 08"
Weight 75 oz
NOTES:

1. Accuracy applies for:
(a) +10% signal amplitude variation
(b) 10% harmonic distortion in the reference
(c) over power supply range
(d) over operating temperature range

2. With two-speed synchro converters, it is important to under-
stand that the output of the fine synchro domi*tes in the de-
termination of the coarse (1X) shaft angle. No ambiguities will
exist unless the allowable misalignment is exceeded.
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NOTES: (Continued)

3. Higher tracking and acceleration rates available, consult factory.

4 . All units can operate on voltages between +11.5V to +16.5V.
The tolerance on the +5V supply is +0.25V.

5.The Inhibit is a CMOS input with a 50 kohm pull-up to +5V.

6.Enable M and L are CMOS inputs with 50 kohm pull-downs
to ground.

7.Other voltages available, consult factory.

8.Any one stator and/or rotor line may be grounded. Common
mode voltages up to specified L-L voltage have no effect on
operation.

Two-Speed Converter (See Figure 2)

The operation of a 2-speed S/D converter is essentially the same
as the single speed except there are two Solid State Control Trans-
formers (SSCT) generating two error voltages. Assuming an off-
null condition (the input angle does not equal the output angle),
the crossover detector feeds the coarse SSCT error signal to the
demodulator which is driven by the rotor excitation. As the out-
put angle © approaches the input angle ® the coarse SSCT out-
put approaches a null. When the coarse SSCT output drops below
a preset threshold, approximately equivalent to 2.8 the crossover
detector switches the fine SSCT error signal into the demodula-
tor. Simuitaneously the source of the demodulator drive voltage
is switched to the synthesized reference which is derived from
fine stators therefore negating the fine rotor to stator phase shift.
The feedback angle © to the fine SSCT is multiplied by the speed
ratio therefore increasing the voltage gradient of the fine SSCT
by the same factor. The servo loop then is able to seek an even
finer null. The converter will continue to use the fine error signal
for continuous tracking. In order to eliminate false stable nulls
of 180°, an angle offset produced by the Digital Adder and the
Scaler, which produces the Stick-Off Voltage (SO), is introduced
into the coarse SSCT.

The 16-bit parallel binary angle is outputted through 3-state
transparent latches which can be enabled as one 16-bit word or
two B-bit bytes. By use of the Inhibit input, the 16-bit angle data
can be latched without affecting the operation of the converter
servo loop.

DIGITAL INPUTS/OUTPUTS

Digital outputs consist of 16 parailel data bits, a Converter Busy
(CB) and a BIT logic output.

The parailel digital outputs are addressable either as one 16-bit
word or two 8-bit bytes. When Enable M and L are at logic ‘0
the outputs are at normal logic ‘1’ or ‘0. When Enable M and L
are at logic ‘1" the outputs are in the high impedance state. Out-
puts are valid 0.5 microseconds after an Enable is driven 10
logic ‘0"

The CB output is a positive 1 to 2 microsecond pulse, and data
changes during the CB pulse. Data is valid at the trailing eagz
of the CB pulse.

The BIT logic output is a built-in test derived from the crossover
detector. Whenever the digital output is not tracking the synchro
or resolver input within the fine speed range the BIT output goes
to logic ‘1"

The Inhibit (INH) input locks the 16-bit transparent latch s0 that
the data bits will remain stable while data is being transferred.
The output is stable 0.5 microseconds after INH is driven to logic
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‘0" If a CB pulse occurs after an INH has been applied, logic ‘0’, TIMING

the 16-bit latch will remain locked and its data cannot change Whenever an input angle change occurs, the converter changes
until INH is driven back to logic ‘1’ and CB returns to logic ‘0" the digital angle in steps of 1 LSB and generates a CB pulse.
If an INH is applied during a CB pluse, the 16-bit latch will not During the 1 to 2 microsecond CB time, the output data is chang-
lock until the CB pulse is over. Inhibit commands do not affect ing and should not be transferred. The converter will ignore an
the updating of the converter no matter how long they are applied. INH command applied during a CB interval until that interval is

SINGLE-SPEED CONVERTER BLOCK DIAGRAM
Figure 1
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TWO-SPEED CONVERTER BLOCK DIAGRAM
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over. There are two methods of interfacing with a computer: (1)
synchronous, and (2) asynchronous. A simple method of syn-
chronous loading is to: (a) apply the Inhibit, (b) wait 0.5 micro-
seconds, (c) transfer the data, and (d) release the Inhibit.
Asynchronous loading is accomplished by transferring data on
the trailing edge of the CB pulse.

ANALOG VELOCITY OUTPUT

Velocity (VEL) is a DC voltage proportional to the angular veloci-
ty of the synchro or resolver shaft. Voltage polarity is positive for
an increasing digital angle and negative for a decreasing digital
angle. Other characteristics are listed in the specifications table.

DYNAMIC PERFORMANCE

The 168K400 series employs a “Type II"" servo loop (Kv = ™)
and very high acceleration constants (Ka). The loop dynamics
are completely independent of power supply variations over their
specific ranges. As long as the maximum tracking rate is not ex-
ceeded there will be no velocity lag and only minor acceleration

lags in the converter output. Acceleration lag can be computed
from the following equation:

E, = _acceleration (°lsec?)

Ka

The open loop transfer functions for all frequency options are
given below:

S S

(— +1) (—— +1)
66° 33 266° 133
Gso = —"'-S— Gaoo 5
— +1) +1)
52 11350 s? (1330
4822( 237 il
Gmoo = S
(—— +1)
s 3333

MECHANICAL OUTLINE

0.125 0.82
|<—— 2.625 ,o.ms——| = (Ma:)’i
l S
" o ENL o]
@ ENM MER
o BT E|S2 0
@ VEL -
ocs -
S e ;
3.125 p AN ©
+0.015 : :
260 | o !; Slsas (NOTE 1)
o1 AlS1 0O
0.015
£ e 315 3
o1 E -
o 10 .
5 : !
o7 > 0.100 !
24 : (Typ)
o4 L15v 0 (NOTE 3)
(-2} 15V 0
——— 3 IJIMSBI B’;e : ] —
| I{ /(

(NOTE 2)

0.262 ——2.300 +0.010 —=4 L— 0.162 +0.020

£0.920 BOTTOM VIEW SIDE VIEW

NOTES:

1. S4 pin appears on resolver input model only.

2. Rigid 0.025 diameter pins for solder-in or plug-in applications.
3. Noncumulative.

4. Dimensions are in inches unless otherwise specified.

ORDERING INFORMATION
168K INPUT STATOR REFERENCE FREQ. SPEED

SUFFIX TYPE VOLTAGE VOLTAGE RATIO
400 SYNCHRO 11.8V 26V 400 Hz  1:36
401 SYNCHRO 9oV 115V 400 Hz  1:36
402 SYNCHRO ov 115V 60 Hz 1:36
403 RESOLVER 11.8V 26V 400 Hz  1:36
404 RESOLVER 11.8V 26V 1000 Hz  1:36

NOTES:

1. Standard temperature range 0° to 70°C; add suffix ET for
—55° to 105°C temperature range.

2. Standard speed ratio is 1:36; for 1:16 or 1:32, add suffix
—16 or —32 to part number.

The standard part numbers listed do not cover the variety of mul-

tipole synchros or resolvers that are available.

In order for CSI to specify the right converter for a specific mul-
tipole synchro or resolver our applications engineering depart-
ment must have the following information:

(a) Rotor voltage and frequency

(b) Coarse (1X) transformation ratio and phase shift

(c) Fine (NX) transformation ratio and phase shift

(d) Zs (primary shorted)
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Appendix B.6 : Bearings



ORQUE TUBE SERIES RADIAL BEARINGS 2
WITH PHENOLIC CAGES

, _WIDTH

30:5 °b°-~ NARROW| - STANDARD WIDE

Bo Both (B) (Outer (Bg)| Inner (Bj) | Both (B)
l‘ ’l r .6250 1.0625 .2500 .2500 .2812 .2812

7500 | 1518751 | .2500 | 2500 ‘[n:2812 | 2812
8750 | 1.3125 | .2500 | .2500 i[":2812 | 2812

1.0625 | 1.5000 | .2500 | .2500 | .2812 | .2812

N T 13125 | 1.7500 | 2500 | .2500 | 2812 | .2812

Lg L d D 1.5625 | 2.0000 | .2500 | .2500 | .2812 | .2812
i 1.8125 | 2.2500 | .2500 | .2500 | .2812 | .2812

L 2.0625 | 2.6250 | .2500 | .2500 | .2812 | .2812

7 23125 | 2.8750 | .2500 | .2500 | .2812 | .2812

25625 | 3.2500 | .3120 | .3120 | .3750 | .3750

28125 | 3.5000 | .3120 | .3120 | .3750 | .3750

e B 3.0625 | 3.8750 | .3120 | .3120 | .3750 | .3750

RADIAL BEARINGS
WITH TEFLON SLUG

SEPARATORS

Both (B) |Outer (Bg)|Inner (Bj) | Both (B)

6250 | 1.0625 | .2500 | .2500 | .2812 | .2812
7500 | 518750 | 25000 | .2500 {2812 | 2812
8750 {81250 2500 | 2500 [ 52812 [ 2812
1.0625 | 1.5000 | .2500 | .2500 | .2812 | .2812
1.3125 | 175000 | 2500 | .2500 4W.2812 | 2812

1.5625 | 2.0000 | .2500 | .2500 | .2812 | .2812

NoXES: 1.8125 | 2.2500 | .2500 | .2500 | .2812 | .2812
1. Basic number denotes standard width for open bearing. 2.0625 2.6250 2500 2500 2812 2812
2. Basic numbers shown include SS for AlISI 440C stainless steel. 2.3125 2.8750 2500 .2500 2812 2812

If SAE 52100 chrome alloy steel is desired, delete SS. 25625 3.2500 3120 3120 3750 3750

_ABEC 5T is standard. 7T tolerances also available.

4. raMaximum shaft or housing fillet radius that bearing corners 2.8125 3.5000 3120 3120 3750 3750
will clear. 3.0625 | 3.8750 | .3120 | .3120 | .3750 | .3750

5. Also available with ribbon type cages. Consult NHBB for part
number designation.

* Load ratings shown are for chrome alloy steel.
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T BALL- LOAD RATINGS* LAND.DIAMETER
: e = U FILLETT COMPLEMENT 0 Lbsw (REFERENCE)
-z BASIC. % RADIUS =
" NUMBER T NO. U SIZE ‘DYN: STATIC e

; z - Dp e = Co i : Lo --
SSRI-538EEKF 015 12 1/8 547 344 STATAR) .933
‘SSRI-539EEKF .015 12 1/8 536 347 .894 1.054
“SSRI-540EEKF 015 14 1/8 581 408 1.019 1.179
‘SSRI-541EEKF .015 16 1/8 616 471 1.210 1.370
"SSRI-542EEKF 015 18 1/8 640 534 1.460 1.620
SSRI-543EEKF .015 25 1/8 761 746 1.706 1.866
SSRI-544EEKF .015 29 1/8 806 869 1.947 2.116
" SSRI-545EEKF .015 32 1/8 834 963 2.260 2.434
SSRI-546EEKF .015 34 1/8 879 1024 2.513 2.674
SSRI-547EEKF 015 26 3/16 1462 1598 2.793 3.019
SSRI-548EEKF 015 28 3/16 1505 1725 3.043 3.269
SSRI-549EEKF 015 32 3/16 1606 1977 3.356 3.582

BALL LOAD RATINGS* LAND DIAMETER

BASIC FILLET COMPLEMENT Lbs (REFERENCE)
RADIUS
NUMBER r NO. SIZE DYN. STATIC

2 Dp c Co Li Lo

SSRI-538EESL .015 12 1/8 547 344 773 933
SSRI-539EESL .015 13 1/8 567 376 .894 1.054
SSRI-540EESL .015 15 1/8 608 437 1.019 1.179
SSRI-541EESL .015 18 1/8 662 530 1.210 1.370
SSRI-542EESL 015 21 1/8 701 623 1.460 1.620
SSRI-543EESL 015 25 1/8 761 746 1.706 1.866
SSRI-544EESL 015 27 1/8 774 809 1.947 2.116
SSRI-545EESL .015 32 1/8 834 963 2.260 2.434
SSRI-546EESL .015 36 1/8 916 1084 2.513 2674
SSRI-547EESL .015 26 3/116 1462 1598 2.793 3.019
SSRI-548EESL 015 28 3/16 1505 1725 3.043 3.269
*~ SSRI-549EESL 0ilS 32 3/16 1606 1977 3.356 3.582
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ABEC 1

-BEC standards for dimensional tolerances and ter-
:inology have been established by the Anti-Friction
.earing Manufacturers Association. These are shown
in the tables below.

INNER RING Tolerance values in .0001 inch
= F-z - Single Bore
=z tfe=- Dlameter Variation
Bore: Bore z Sr -
Diameter Diameter Diameter - Radial : g R
(mm) Deviation ‘789 | 01 | 234 Variation Runout All Normal Modified Variation
d Admp Vdp Vdmp Kia ABs ABs ABs# \/Bs
Qver Incl. High Low Max. Max. Max. High Low Low Max.
" 08 25 -3 4 ] 25 25 4 0 -16 = 45
25 0 -3 4 3 25 o5 4 0 -47 -98 6
10 ‘8 -3 4 3 25 25 4 0 -47 -98 8
18 30 -4 5 4 3 3 5 0 -47 -9 8
0 50 3 -45 6 45 35 35 6 0 -47 -98 8
50 ) 3 -6 75 15 45 45 8 0 -5 -150 10
OUTER RING Tolerance values in .0001 inch
= - OPEN =1+ ~SHIELDED = 5
2 BEARINGS BEARINGS :
Single Outside ! =
) GM N Diameter Variation u““}“ - 5
utside utside t utside ngle
Diameter Diameter Diameter Series Diameter Radial Width Width
(mm) Deviation 7,89 [ 0,1 [ 234 0,1,2,3,4 Variation Runout Deviation Variation
D ADmp \Dp \/Dp* \Dmp* Kea ACs Vs
Over Incl. High Low Max. Max. Max. Max. High Low Max.
b5 3 =9 4 3 25 4 25 6
6 '8 -3 4 3 25 4 25 6
18 30 =35 45 35 3 45 3 ) Identical to ABs and
30 30 -45 55 45 3 6.5 3 8 */Bs of inner ring of
50 30 = 6.5 5 8 4 10 same bearing
80 120 -6 15 15 45 10 45 14

' This diameter is included in the group.
“ No values have been established for diameter series 7,8,9,0, and 1.

* Applies before mounting and after removal of internal or external snap ring.

“ This refers to the rings of single bearings made for paired or stack mounting.
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TYPE X KAYDON REALI-SLIM BALL BEARINGS (CONTINUED)

N9

e et = R T
- " KA:SERIES TR A
— SNAPOVER
Bearing Number - Dimensions in Inches Capacities @O Weight SEPARATOR
~  |Outside| Land | Land |Radial in Lbs] Thrust in Lbs. | Moment (Lbsin) in 1/8" BALLS
Current Former Bore | Dia. |Dia. L, |Dia. L, |Static | Dyn.| Static | Dyn. |Static | Dyn. | Pounds
oKAO020XPO | KA20XP | 2.000| 2.500| 2.186 | 2.314 310 780 350 .10
oKA025XPO | KA25XP | 2.500| 3.000| 2.686| 2.814 360 890 490| .13
*KAO030XPO | KA30XP | 3.000| 3.500| 3.186 | 3.314 400 1,000 650 .15
eKAO035XPO | KA35XP | 3.500| 4.000| 3.686| 3.814 430 1,100 810| .18
oKAO40XPO | KA40XP | 4.000| 4.500| 4.186| 4.314 430 1,170 1,020 .19 e
}
x KAD42XPO | KA42XP | 4.250| 4.750 | 4.436| 4.564 500 1,220 1,120 .20 F i‘
erA045XP0O | KA45XP | 4.500| 5.000| 4.686| 4.814 510 1,280 1,210 22
eKAO47XPO | KA47xP | 4750 5.250| 4.936 | 5.064 530 1,300 1,330 .23 I\@ .250
*KA050XPO | KAS0XP | 5.000| 5.500| 5.186 | 5.314 540 1,330 1430| .24 |_‘2T —F
®KA055XPO | KAS5XP | 5500| 6.000| 5.686| 5814 @ ([580| @ |[1440| @ 1,660 .25 i-Lﬁ
®KA060XPO | KABOXP | 6.000| 6.500 | 6.186| 6.314 610 1,500 1910 28
*KA065XPO | KA65XP | 6.500| 7.000| 6.686 | 6.814 640 1,610 2,180| 30
eKAO70XPO | KA70XP | 7.000| 7.500| 7.186| 7.314 680 1,670 2,460| .31
KAO75XPO | KA75XP | 7.500| 8.000| 7.686 | 7.814 710 1,780 2,760 .34
KA080XPO | KABOXP | 8.000( 8.500| 8.186| 8.314 740 1,830 3,070| .38
KA090XPO | KA90XP | 9.000| 9.500| 9.186| 9.314 800 2,000 3,700| .44
KA100XPO | KA100XP [10.000|10.500|10.186 [10.314 860 2,110 4,390| .50 @ F=.025
KA110XPO | KA110XP |11.000/|11.500[11.186 |11.314 910 2,780 5120 .52 Bearing corners are
XKA120XPO | KA120xP {12.000 12.500 |12.186 [12.314 970 2,390 5920| .56 pormakyiERam)ered
KB SERIES
SNAPOVER
Bearing Number Dimensions in Inches Capacities (1) Weight SEPARATOR
Outlsids I.:and I:and Radial in Lbs. Thruft in Lbs. Mm (Lbs-n) in 5/32" BALLS
Current Former | Bore | Dia. |Dia. L,|Dia. Ly/Static | Dyn.| Static | Dyn.| Static | Dyn. | Pounds
eKB020XPO | KB20XP | 2.000(| 2.625| 2.231| 2.393 440 1,100 510| .16
eKB025XPO | KB25XP | 2.500| 3.125| 2.731| 2.893 510 1,260 710| .19
eKBO30XPO | KB30XP | 3.000| 3625 3.231| 3.393 560 1,410 930| .24
eKBO035XPO | KB35XP | 3.500| 4.125| 3.731| 3.893 610 1,520 1,160 .27
eKB040XPO | KB4OXP | 4.000| 4.625| 4.231| 4.393 680 1,630 1,450| .30
eKB042XPO | KB42XP | 4.250| 4.875| 4.481| 4.643 690 1,690 1,570| .31
*KBO45XPO | KB45XP | 4.500| 5.126( 4.731| 4.893 720 1,800 1,730| .33
KB047XPO| KB47XP | 4.750| 5.375| 4.981| 5.143 740 1,860 1880| .34 3125 3125
KBO50XPO | KB50XP 5.000| 5.625| 5.231| 5.393 770 1,910 2,040| .38 [
eKBO55XPO | KB55XP | 5.500| 6.125| 5.731| 5.803 820 2,030 2,390| .41
eKBO60XPO | KB6OXP | 6.000| 6.625| 6.231| 6.303 870 2,140 2,740| .44
*KB065XPO | KBESXP | 6.500| 7.125| 6.731| 6.893| ® | 910 @ (2250 @ | 3,110 .47
KBO70XPO | KB70XP 7.000| 7.625| 7.231| 7.393 960 2,370 3,500( .50
KBO75XPO | KB75XP | 7.500| 8.125| 7.731| 7.893 1,000 2,480 3,920 .53
*KBOBOXPO | KB8OXP | 8.000| 8.625| 8.231| 8.393 1,040 2,590 4300| .57
®KBO90XPO | KBS0OXP | 9.000| 9.625| 9.231| 9.393 1,130 2,820 5,250| .66
KB100XPO | KB100XP |10.000 | 10.625 | 10.231 [10.393 1,180 2,990 6,090| .73
KB110XPO | KB110XP |11.000|11.625 [ 11.231 [11.393 1,240 3,210 7.010[ .75
KB120XPO | KB120XP |12.000 | 12.625 [ 12.231 [12.393 1,350 3,380 8,320/ .83
KB140XPO | KB140XP | 14.000 | 14.625 | 14.231 |14.393 1,460 3,720 10,480( 1.05
*KB160XPO | KB160XP | 16.000 | 16.625 | 16.231 |16.393 1,630 4,060 13,290| 1.20 @ F=.040
KB180XPO | KB180XP | 18.000 | 18.625 | 18.231 |18.393 1,750 4,390 16,000 1.35 Bearing corners are
KB200XPO | KB200XP |20.000 {20.625 | 20.231 |20.393 1,860 4,730 18,920 1.50 normally chamfered

* Available from stock — check for availability of other sizes. X
Capacities listed are not simultaneous. For combined loading
based upon 500 hours L, life @ 33
"F" is the maximum sha
Consult Kaydon for static capacity ratings.

@

3

NOTE:

et

— limited availability.
see discussion of Bearing Selection and Load Analysis. Dynamic capacities are
% RPM (1.0 million revolutions). Moment capacities are in pound-inches.

or housing fillet radius the bearing corners will clear.

KAYDON

CORPORATION



TYPE C KAYDON REALI-SLIM BALL BEARINGS (cpRmnuer

 KA“SERIES™

B

=T
2,

: 2 SNAPOVER
; SEPARATOR
Bearing Number " Dimensions in Inches - i3 _ Radial Capacity 1/8” BALLS
: R —. |- Outside Land.. Land. (Lbs.) ® 5
Current Former- | Bore Diameter | Dia. L, Dia. Ly Static |Dynamic| Pounds
eKA020CPO | KA20CP 2.000 2.500 2.186 2.314 310 .10
eKA025CPO | KA25CP 2.500 3.000 2.686 2.814 360 A3
eKAO30CPO | KA30CP 3.000 3.500 3.186 3.314 400 .15
eKAO035CPO | KA35CP 3.500 4.000 3.686 3.814 430 .18
eKAO040CPO | KA4OCP 4.000 4.500 4.186 4.314 480 19 teh
eKA042CPO | KA42CP 4.250 4,750 4.436 4.564 500 .20 F ‘j
eKAD45CPO | KA45CP 4.500 5.000 4686 4.814 510 22 s 3
eKAO47CPO | KA47CP 4.750 5.250 4936 5.064 530 23 .250
#KAO50CPO | KAS0CP 5.000 5.500 5.186 5.314 540 24 L2 T 1| ¥
eKAOS5CPO | KASSCP 5.500 6.000 5.686 5.814 o 580 | .25 ’ '-|1
eKAOGOCPO | KABOCP 6.000 6.500 6.186 6.314 610 .28
eKADG5CPO | KAGB5CP 6.500 7.000 6.686 6.814 640 .30
eKAO70CPO | KA70CP 7.000 7.500 7.186 7.314 680 31
eKAO75CPO | KA75CP 7.500 8.000 7.686 7.814 710 .34
eKAO80CPO | KABOCP 8.000 8.500 8.186 8.314 740 .38
eKA090CPO | KA9OCP 9.000 9.500 9.186 9.314 800 44
eKA100CPO | KA100CP | 10.000 10.500 10.186 10.314 860 50 @ F=.025
eKA110CPO | KA110CP | 11.000 11.500 11.186 11.314 910 52 Bearina cerners are
eKA120CPO | KA120CP 12.000 12.500 12.186 12.314 970 .56 normally chamfered
. KB SERIES SNAPOVER
b e s SEPARATOR
Bearing Number - Dimensions in Inches A Radial Capacity | Weight 5/32" BALLS
. Outside Land Land (Lbs.) in
Current Former Bore Diameter Dia. L, Dia. L, Static |Dynamic| Pounds
#KB020CPO | KB20CP 2.000 2.625 2.231 2.393 440 .16
eKB025CPO | KB25CP 2.500 3.125 2.731 2.893 510 .20
eKBO30CPO | KB30CP 3.000 3.625 3.231 3.393 560 24
eKB035CPO | KB35CP 3.500 4.125 3.731 3.893 610 .27
#KB040CPO | KB40OCP 4,000 4.625 4.231 4.393 680 .30
#KB042CPO | KB42CP 4.250 4875 4.481 4.643 690 31 3125,
®KBO45CPO | KB45CP 4.500 5.125 4,731 4.893 720 33 E T_”"J 3125
KBO47CPO | KB47CP 4.750 5.375 4.981 5.143 740 34 ' f
eKB050CPO KB50CP 5.000 5.625 5.231 5.393 770 .38 g g g s
#KBOS5CPO | KBS5CP 5.500 6.125 5.731 5.893 820 41 |_2_f_3| ‘_'L_
: ‘ i
#KBO60OCPO | KBGOCP 6.000 6.625 6.231 6.393 870 44 J Lﬂ |
oKBO65CPO | KB65CP 6.500 7.125 6.731 6.893 () 910 47
KBO70CPO | KB70CP 7.000 7.625 7.231 7.393 960 .50
KBO75CPO | KB75CP 7.500 8.125 7.731 7.893 1,000 53
eKBO8SOCPO | KBSOCP 8.000 8.625 8.231 8.393 1,040 57
KBO90OCPO | KB9OCP 9.000 9625 .| 9.231 9.393 1,130 66
KB100CPO | KB100CP | 10.000 10.625 10.231 10.393 1,180 .73
KB110CPO | KB110CP | 11.000 11.625 11.231 11.393 1,240 75
KB120CPO | KB120CP | 12.000 12.625 12.231 12.393 1,350 83
KB140CPO | KB140CP | 14.000 14,625 14.231 14.393 1460 | 1.08
KB160CPO | KB160CP | 16.000 16.625 16.231 16.393 1630 | 1.20 @ F=.040
KB180CPO KB180CP 18.000 18.625 18.231 18.393 1,750 1.35 Bearing corners are
KB200CPO | KB200CP | 20.000 20.625 20.231 20.393 1,860 | 1.50 normally chamfered

* Available from stock — check for availability of other sizes. X — limited availability.

NOTE: D

“F*" is the maximum shaft or housing fillet radius the bearing corners will clear.

Consult Kaydon for static capacity ratings.
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Capacities listed are not simultaneous. For combined loading see discussion of Bearing Selection and Load Analysis. Dynamic capacities ar
based upon 500 hours L, life @ 33 % RPM (1.0 million revolutions).
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¢don AEALI-SLIM Ball Bearings
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KAYDON Precision Tolerances and Recommended Fits

For REALI-SLIM Ball Bearings in Normal Applications

PRECISION CLASS 1

’ Bearing Diameters | Radial & Axial Rotating Shaft Stationary Shaft Bearing Diametral
Runout Clearance*
ring : Bearing | Bearing Shaft | Housing Shaft Housing Expected
2 | Bore . 0.D. ; Diameter | Bore Diameter Bore Before Minimum
(All : Nominal : Nominal | Inner- | Outer | Nominal | Nominal Installation After
weries) | +.0000 I +.0000 Race Race | +.0000 | +.0000 Nominal Nominal Instal.
10 —~.0004 | —.0005 ‘ 0005 | 0008 | +0004  +.0005 i—.ooo4 ; —.0008 | —.0005 } —.0010 L 0010 | 0016 f .0003
15 —.0005 —.0005 ; .0006 : .0008 ! +.0005  +.0005 | —.0005 : —.0010 l —.0005 ’ —.0010 ' .0012 : .0018 | .0003
020 —.0006 | —.0005 ; .0008 i .0010 +.0006  +.0006 :—0006 } —.0012 | —.0006 | —0012 r .0012 ‘ .0024 | .0003
025 —.0006 E —.0005 ; .0008 : .0010 | +0006  +.0006 | —.0006 ‘ —.0012 } —.0006 ‘ —.0012 ; .0012 : .0024 | .0003
030 —.0006 | —.0006 0008 | .0010 +.0006 +.0006 I—.OOOB . —0012 | —.0006 u —.0012 | .0012 .0024 : .0003
i ! ‘ i
035 —.0008 < —.0006 ' 0010 | .0012 ' +0008 +0006 ' —.0008 ' —.0016 ; —.0006 ! —.0012 | .0016 ' .0028 | .0004
040 —.0008 ' -.0006 ' .0010 | .0012 = +0008 +.0006 ' —.0008 —.0016 @ —.0006 . —.0012 | .0016 & .0028 ' .0004
042 —-.0008 -.0008 ' .0010 | .0014  +0008 +0008 ' -.0008 -.0016 ‘ —.0008 ‘ —.0016 | .0016 ' .0028 | .0004
045 —.0008 = -.0008 1 .0010 \ .0014 - +0008  +.0008 —.0008  -.0016 ‘ —.0008 " —.0016 .0016 .0028 ‘ .0004
047 ‘ —.0010 i -.0008 ' .0012 ‘ .0014  +.0010 +.0008 E—.0010 —.0020 ‘ —.0008 ( —.0016 t .0020 .0034 : .0006
050 —.0010 -.0008 . .0012 ; .0014  +.0010 +.0008 i —.0010 | —.0020 | —.0008 l —.0016 E .0020 ' .0034 ; .0006
055 —.0010 = -.0010 : .0012 .0016 = +.0010 +.0010 . -.0010 -.0020 } —.0010 l —.0020 ' .0020 .0034 1 .0006
060 —.0010  -.0010 : .0012 .0016 ' +.0010 +.0010 i —.0010 ‘ —.0020 ; —.0010 j —.0020 F .0020 i .0034 | .0006
065 —.0010 ' -.0010 : 0012 | 0016  +0010  +.0010 i—-.0010 —.0020 ‘ —.0010 1 —.0020 .0020 | .0034 ‘ .0006
070 —-.0010 -0012  .0012 0016 +0010 +0012 ' —0010 -—.0020 -—.0012 —.0024 .0020 .0034 .0006
; | ‘ ]
075 —.0012 -.0012 ' .0016 .0018 +.0012 +0012 —-.0012 —.0024 -—.0012 —.0024 .0024 : .0042 = .0007
080 —-.0012 -.0012 .0016 @ .0018 +.0012 +0012 —-0012 -—-.0024 —-0012 —.0024 . .0024 .0042 @ .0007
090 —-.0012 -.0012 0016 ' .0018 +.0012 +0012 ' —.0012 —-.0024 —-.0012 —0024 ' .0024 .0042 : .0007
100 -.0014 —.0014 .0018 ' .0020 +.0014 +.0014  —-.0014 —.0028 | —.0014 —.0028  .0028 .0048 | .0008
110 —.0014 -0014 .0018 .0020 +.0014 +0014 -—.0014 —.0028 -—-.0014 —.0028 . .0028  .0048 ! .0C08
120 —-.0014 —-.0014 .0018 ' .0020 +.0014 +0014 —0014 —.0028 —.0014 i—.0028 .0028 | .0048 .0008
140 —.0016 —-.0016 .0018 | .0020 +.0016 +.0016 = —.0016 —.0032 :-—.0016 i—.0032 .0032  .0052 .0010
160 —.0018 -.0018 .0018 ' .0020 +.0018 +.0018 ‘—.0018 —.0036 ' —.0018 | —0036 ' .0036 .0056 .0011
180 —.0018 -.0018 .0020 ! .0020 +.0018 +.0018 ' —.0018 —.0036 . —0018 ' —.0036 < .0036 .0056 .0011
200 —.0020  —-.0020 ' .0020 ' .0020 +.0020 +.0020 ‘ —.0020 -—.0040 ' —.0020 ' —.0040 . .0040 .0060 ' .0012
50 —.0030 —-.0030 .0020 ' .0020 +.0030 +.0030 —.0030 —.0060 —.0030 ' —.0060 .0060 : .0080 | .0018
.00 —0030 —-.0030 .0020 ' .0020 +.0030 +0030 -—.0030 -—.0060 ! —.0030 :—.0060 0060 : .0080 .0o1g
350 —.0040 —.0040 ' .0020 @ .0020 +.0040 +.0040 ' — 0040 -—.0080 | —.0040 -.0080 ' .0080 | .0100 .0024
400 —0040 —-.0040  .0020 ' .0020 +.0040 +0040 ' —.0040 l—.0080 ! —.0040 ! —.0080 ' .0080 : 0100 | .0024
netral clearance after installation theoretically can range rather widely if all Race Width Tolerance:
ontributing bearing, housing, and shaft tolerances are at either of their extremes. Up thru 12** Bearing Bore +.000 -.005
learances shown are the amounts expected according to the laws of probability. Over 12"’ Bearing Bore +.000 -.010

Il dimensions in inches.
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Kaydon REALI-SLIM Ball Bearing: |

KAYDON Precision Tolerances and Recommended Fits

T Y RE
For REALI-SLIM Ball Bearings in Normal Applications TYPE A

PRECISION CLASS 4

" Bearing Diametral
Bearing Diameters Radial & Axial Runout Rotating Shaft Stationary Shaft w TS
Bearing! Bearing | Bearing | Shaft | Housing Shaft Housing IEm:uam
Size | Bore | 0O.D. ! Diameter| Bore Diameter Bore Before ] Min
(All |Nominal ! Nominal Inner Outer Nominal! Nominal‘: Installation Af
Series) | +.0000 | +.0000 Race Race +.0000 | +.0000 | Nominal Nominal : Inst:
]

T ‘
| .0009 | .0001
: | ‘ f
—.0004 |—.0002 |—.0004 |.0005 | .0009 | .0001
H |
|
|

i ‘ s ‘ I ‘
10 | —.0002 | —.0002 1 R.0002, | A.0003 | R.0002, | A.0003 | +.0002 | +.0002 | —.0002 | —0004 |-.0002 | —.0004 | .0005
! | | | \ | i ‘
\

15 |—.0002 | —.0002 | R.0002, A.0003|R.0002, A.0003| +0002 +0002 | —.0002
: | i | i

|
.0012 | .0002

0Z0 | —.0003 . —.0003 | R.0002, A.0003 | R.0003.| A.0004 | +0003 ' +0003 | —.0003 | —.0006 |—.0003 |—.0006 |.0006
1 | | | i |
025 | —.0003  —.0003 | R.0002, | A.0003 | R.0003, | A.0004 | +.0003 | +.0003 —.0003 | —.0006 |—.0003 |—.0006 |.0006 |

030 ' —.0003 -.0003 R.0002, A.0003:R.0004, A.0005' +.0003 ' +.0003 = —.0003 ;—.0006 |—0003 —.0006.0006 | .0012 | .000Z

.0012 | .0002

035 | —.0003 —.0003 ! R.0003,: A.0004 | R.0004, A.0005 | +.0003 | +.0003 ' —.0003 | —.0006 1—.0003 —.0006 | .0006 | .0012 | .0002
|

—.0006 | —.0003 | —.0006 .0006 | .0012 | .0002

—.0006 | —.0004 ;—.0008 1.0008 | .0014 | .0002
| ! : | | ! | | |
R.0003, | A.0004 | R.0004, | A.0005 | +.0003 | +.0004 —.0003 | —.0006 |—.0004 :—.0008\ .0008 | .0014 | .0002

i i { i i | i i

040 | —.0003 ' —.0003 ! R.0003, | A.0004 | R.0004, A.0005' +.0003 | +.0003 ' —.0003
i ! | q ¥

042 | —.0003 ' —.0004 | R.0003, | A.0004 | R.0004, A.0005 +0003 = +0004 | —.0003

045 | —.0003 | —.0004
i ! {
.0014 | .0007

: | . ‘ .
+.0004 | —.0004 | —.0008 |—.0004 ' —.0008 .0008

047 | —.0004 ' —.0004 | R.0003, ! A.0004 | R.0004, . A.0005 : +.0004 |

050 | —.0004 —.0004  R.0003,| A.0004 | R.0004, A.0005 +0004 | +0004 ' —.0004
i |

] i ! ! i
055 | —.0004 ~—.0005 R.0003, A.0004 R.0005, A.0006 +.0004 ' +0005 -—.0004 i—AOOOS | —.0005 .0016 | .0003

|

|

o
—.0008 |—.0004 ' —.0008 | .0008 | o014, 0002
—.00101.0010 |
| i

| | |
060 ' —.0004 —.0005 R.0003,' A.0004 R.0005, A.0006 +.0004 +.0005 -—.0004 | —.0008 —.0005 —.0010'.0010 |.0016 ' .0003
065 | — 0004 -.0005 R.0003, A.0004:R.0005 A.0006 +.0004 +.0005 —.0004 ' —.0008 i—.0005 —.00101.0010 ! .0016 ' .0003

070 —.0004 -—.0005 R.0003, A.0004 R.0005, A.0006 +.0004 +0005 -—.0004 '—.0008 —.0005 -—.0010!.0010 |.0016 .0003

075 —.0005 —.0005 R.0004, A.0005:R.0005, A.0006 ' +.0005 +.0005 —.0005 :—.0010|—-.0005 —.0010!.0010 '.0016 ' .0003
080 ' —.0005 —.0005  R.0004,' A.0005: R.0005, A.0006 +.0005 +.0005 ' —.0005 | —.0010 | —.0005 :—.0010!.0010 | 0016 . .0003
080 ' —0005 -.0005 R.0004, A.0005:R.0005, A.0006 +.0005 +.0005  —.0005 |-.0010 j.—.0005 —.00101.0010 ! .0016 . .0003
100 ' —.0005 —.0005 R.000S,: A.0006' R.0006, A.0007 +0005 +.0005 @ —0005 | —.0010!—0005 —.0010/.0010 | .0016 : .0003

110 —.0005 —.0005 R.0005, A.0006 R.0006, A.0007 +.0005 +.0005 —.0005 |-.0010!—.0005 -—.0010'.0010 i .0016 .0003

120 | —.0005 -—.0006 R.0005,! A.0006 R.0007, A.0008 +.0005 +.0006 : —.0005 | —.0010 |—.0006 —.0012!.0012 | .0018 ' .0003
140 - —0006 -—.0006 R.0005, A.0007 R.0007, A.0008: +.0006 +.0006 —.0006 ' —.C012 —-0006 —.0012:.0012 | .0018 ' .0003
160 ' —.0006 . —.0007 ' R.0007, A.0008 R.0008, A.0009 +.0006 +.0007 —.0006 ' —-.0012 :—.0007 —.00142 .0014 ' .0020 .0004
180 ' — 0006 -—.0007 R.0007,. A.0008: R.0008, A.0009' +0006 +.0007 —.0006 | —.0012 ;—.0007 '—.0014!.0014 | .0020 ' .0004

200 | —.0007 | —.0008 | R.0008, A.0009! R.0009, A.0010/ +0007 +.0008 —.0006 | -:714 |—.0007 —.0016/.0014 | .0022 ' .0004

Total Width Tolerance — Duplexed Type A Bearings: *Diametral clearance after instal'ation theoretically can range rather widely if a
Up thru 2'' Bearing Bore +.000 —.020 contributing bearing, housing, and shaft tolerances are at either of their extreme:
Over 2" thru 5 Bore +.000 —-.030 Clearances shown are the amounts expected according to the laws of probability
Over 5" thru 14'* Bore +.000 —.040 Diametral clearance shown do not apply to type A (angular contact) bearings.
Over 14" Bore +.000 —.050

) All dimensions in inches.
Race Width Tolerance — Single Type C, X, A Bearings:

Up thru 12" Bearing Bore +.000 —.005 YD N
Over 12 Bearing Bore +.000 -.010
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- ion REALI-SLIN Ball Bearings
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KAYDON Precision Tolerances and Recommended Fits
For REALI-SLIM Ball Bearings in Normal Applications

PRECISION CLASS 3

Radial & Axial s SHatt Static Shaft Bearing Diametral
i i n a
Bearing Diameters Retioat Rotating Sha ary Clearance®
:aring | Bearing | Bearing Shaft Housing | Shaft Housing Expected
Size ! Bore | 0O.D. Diameter | Bore | Diameter . Bore Before Minimum
(All ! Nominal | Nominal | inner | Outer | Nominal | Nominali Installation After
eries) | +.0000 l +.0000 Race Race +.0000 +.0000 !l Nominal Nominal Instal.
| | ! i ! i |
10 —-.0002 | —.0003 | .0003 i 0004 | +0002 | +0003 | —.0002 | —.0004 | —0003 | —.0006 | .0007 | .0011 | .0003
I | I ! | | | | | }
15 —.0003 | —.0003 | .0004 | .0004 | +.0003 | +0003 -—.0003 | —.0006 1 —.0003 . —.0006 | .0008 | .0012 | .0003
{ | | 1 i |
; | . - | ! | | i ;
020 —.0004 ! —.0004 | .0004 | .0005! +.0004 +0004 ' —0004 | —.0008 ' —.0004 | —.0008 | .0008 | .0018 | .0002
025 —.0004 ' —.0004 ' .0004 .0005 | +.0004 ' +.0004 —.0004 | —.0008 | —.0004 | —0008 | .0008 | .0018 | .0002
030 —.0004 . —.0004 .0004 | .0006 | +.0004 +0004 —.0004 | —.0008 : —.0004 | —.0008 ! .0008 .0018 | .0002
‘ | | . | f | ; ‘
035 —.0005 —.0004 ' .0005 | .0006 | +.0005 @ +0004 @ —.0005 | —.0010 | —0004 | —.0008 | .0010 | .0020 | .0003
| ! i i ! | ! | : ;
040 —.0005 —-.0004 . .0005 | .0006 i +.0005 +,0004 . —.0005 | —.0010 ; —.0004 @ —.0008 | .0010 | .0020 | .0003
i i | | I *1 i E !
042 —.0005 | —.0005 | .0005 | .0008 | +.0005 | +.0005 | —.0005 | —.0010 ' —.0005 | —.0010 | .0010 @ .0020 | .0003
| i i E | [ | | | | 5
045 —.0005 | —.0005 | .0005 | .0008 | +.0005 | +0005 ' —.0005 | —.0010 I —.0005 ‘ —.0010 | .0010 | .0020 i .0003
i i i | | i t
047 —.0006 | —.0005 | .0006 | .0008 | +0006 | +0005 —.0006 | —.0012 | —0005 | —.0010 : .0012 | 0022 | .0003
‘ o | | | | N
050 —.0006 © —.0005 ' .0006 | .0008 | +.0006 +0005 —.0006 | —.0012 | —.0005 w| —.0010 | .0012 | .0022 | .0003
H | i |
g ) | 1 I i
055 —.0006 —.0006 .0006 ' .0009 ! +.0006 +0006 = —.0006 | —.0012 | —.0006 | —.0012 | .0012 .0022 | .0003
060 —.0006 -.0006 .0006 | .0009 | +.0006 +.0006 —0006 = —0012 —0006 | —0012 | .0012 .0022 | .0003
065 —.0006 —.0006 .0006 .0009  +.0006 +0006 —.0006 ! -.0012 -—-.0006 ' —.0012 .0012 0022 .0004 [
|
070 —.0006 —.0007 .0006 .0010 +.0006 +.0007 —.0006  —.0012 —.0007 ' —0014 0014 .0024 .0004 |
075 —.0007 —.0007 .0008 .0010 +.0007 +.0007 —.0007 ' -.0014 ' —.0007 ! —.0014 ‘ .0014 .0024 .0004
080 . —.0007 -.0007 @ .0008 : .0010 +.0007 ' +0007 —.0007 ! —.0014 ' —.0007 | _.0014 | .0014 ' .0024 | .0004
090 —.0007 -—.0007 ' .0008 .0010:! +.0007 +0007 ° —.0007 | —0014 | —.0007 ! —.0014 | 0014 0024 | .0004
100 —.0008 —-.0008 .0010 ° .0012 '@ +.0008 +.0008 —.0008 : —.0016 —.0008 ' —.0016 = .0016 .0026 | .0004
i i |
110 —.0008 —-.0008 .0010 | .0012 ' +.0008 +.0008 -—.0008 | —.0016 ' —.0008 | —.0016 | .0016 ' .0026 ' .0005
A I |
120 —.0008 -.0009 '@ .0010 .0014 ! +0008 @ +0009 -—.0008 | —.0016 ' —.0009 ' —-.0018 | .0018 ' .0028 | .0005
140 -.0008 -.0009 @ .0012 .0014 ' +0008 +0009 = —.0008 | —0016 —.0009 | —.0018 | .0018 = .0028 ! .0005 [
50 —-.0009 —-.0010 .0014 .0016 +.0009 +0010 -.0009 @ —.0018 —.0010 @ —.0020 ' .0020 = .0030 | .0005
180 —.0009 —.0010 .0014 .0016 : +.0009 | +0010 ' —.0009 | —0018 | —0010 | —0020 | .0020 . .0030 ! .0005
| i | i ‘ | | |
200 —-.0010 -.0012 ' .0016 | .0018 ' +.0010 ! +0012 ' —0010 | —.0020 !l —.0012 | —.0024 ' .0024 ' .0034 | .0006
wmetral clearance after installation theoretically can range rather widely if all Total Width Tolerance — Duplexed Type A Bearings:
-ntributing bearing, housing, and shaft tolerances are at either of their extremes. Up thrf{ 2" Beat:mg Bore +000 -.020
Cleararices shown are the amounts expected according to the laws of probability. Sder 2" thru 6° "Bore +.000 -—.030
Diametral clearances shown do not apply to type A (angular contact) bearings. Over 5" thru 14" Bore +.000 —.040
Over 14" Bore +.000 —.050
All dimensions in inches.
Race Width Tolerance — Single Type C, X, A Bearings:
Up thru 12" Bearing Bore +.000 —.005
p Over 12°° Bearina Bore +.000 —.010
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Appendix B.7 : DGPH-1610-B-1T high torque
miniature motor



Litton

CLIFTON PRECISION®

Clifton Heights PA 19018 = (215) 622-1000

Housed Torque Motor
Generator—Patentiometér? 9

DGPH-1610-B-1T

M3 X O.5MM TAP X .I77MIN. DP. CCw
4 HOLES EQUALLY SPACED ON A
1.102 DIA. BSC. POTENTIOMETER
: SCHEMATIC
| M2 X 0.4MM TAP sL
X .ITTMIN. DP. ow
e ' il
E Lx s
: 4 = a
P 1| I § L) S -
Q i_.l_. a8 o 3 99
3 ] a I g
0 E"_ 8 @
1=l s
1.465 DIA. MAX.~ L0478 [e——— | 968 MAX.— | 1196259992 DIA. 4 TERMINALS
ON 1.260DIA.
1.299*-990 1A~ —» +—070*:329
1962 £-9%99 D1A. - — |¢—094+.004 51| MIN:
1551 %:033. 2.953 MAX.—————»|
Performance Data:
Electrical Electrical
Characteristics Symbol  Values Units Tolerance Characteristics (Cont'd.) Symbol  Values Units Tolerance
Peak torque Tp 15.4 0z-in nominal Torque sensitivity Kt 9.5 0z-in/amp  =10%
Motor constant KM 1.9 0z-in/~watts nominal Back EMF constant Ke 067 volts/rad/sec +10%
Electrical time constant Te 2T milliseconds  nominal Inductance LM 6.5 millihenries  +£30%
Mechani m illi i
: echanical time constant ™ 54 milliseconds  nominal Generator
ower ér;pll(utto.rstuaélec. o - = Characteristics Symbol  Values Units Tolerance
Vis(?ois dampqing T - s fognd DC resistance RT 50 ohms +12.5%
———— 5
Zero impedance source Fo .026 0z-in/rad/sec nominal Indugtance — i L milhenriss = 300/0
Infinite impedance source  Fi 002 oz-in/rad/sec nominal Voltage sensitivity Ke 0:07 _ votsiraddsec =+ v
Rotor inertia M 0014 0z-in-sec: _nominal Load resistance RL 100 K ohms minimum
Weight 9.2 0z nominal Ripple voltage TR 7 pErGent maximum
Friction torque TF Ul 0z-in maximum Potentiometer
Ripple torque TR 7 percent  maximum Characteristics Symbol _ Values Units Tolerance
Max winding temperature 150 oG maximum Total resistance Rt 5K ohms +20%
Theoretical acceleration aM 11000 rad/sec’  maximum Effective electrical travel (ST 320 degrees =52
No Ipad speed wNL 597 rad/sec  maximum Linearity .5 percent maximum
DC resistance RM™ 24.5 ohms +12.5% Power rating 5 watts maximum
Volts @ peak torque Vp 40 volts nominal Although every effort has been made to ensure the accuracy of the information contained
within this brochure, the technical data and dimensions are subject 10 change without notice.
Amps @ DB&K torque lp 1.63 amps rated Please contact us to verify all c:ltlcal parameters.
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